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The future of Low Temperature Water Eletrolysis: 
Novel Developments 

 
Prof. Dr.  K. Andreas Friedrich 

Head of Electrochemical Energy Technology 
German Aerospace Center (DLR) 
Institute for Technical Thermodynamics Electrochemical Energy Technolo-
gy 
Stuttgart, Germany 

 
 

 
Hydrogen generation by electrolysis is expected to play an important role as a crosslinking technology be-

tween power generation on one hand and transport and industry on the other hand. When produced by water 

electrolysis from renewable energies - such as solar or wind - hydrogen can directly replace fossil fuels in 

transport and industry, thereby helping in the integration of renewable energies in other energy sectors. The 

relevant technologies are either the mature alkaline water electrolysis (AEL), the newer proton exchange 

membrane (PEMEL) water electrolysis, or the less-mature high-temperature solid oxide electrolysis (SOEL). The 

AEL has the benefit of using inexpensive materials and a superb durability record, whereas the PEMEL can ex-

cel with small footprint, high current densities and simplified system design. SOEL is not discussed here. 

An overview of recent developments in Europe and Germany regarding the use of electrolysis technology is 

provided. Furthermore, examples of research at DLR for integrating electrolyzers with renewables and for 

achieving cost reduction are given. Present activities, some highlights for low temperature technologies and 

the future research priorities are discussed. 
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Electrocatalysts Dissolution Assessment in Fuel Cell 
and Water Electrolysis Research 
 
Dr. Serhiy Cherevko 
Head of Electrochemical Energy Conversion 
Forschungszentrum Jülich GmbH 
Helmholtz-Institute Erlangen-Nürnberg for Renewable Energy 

 

Durability and degradation are in the focus of modern electrocatalysis research. Before moving to real ap-

plications, e.g. fuel cells in transportation or water electrolyzers for production of green hydrogen, novel elec-

trocatalytic materials must prove acceptable stability, but "how to assess the stability of electrocatalysts"? In 

the relatively mature proton exchange membrane fuel cell (PEMFC) research, stability is evaluated using vari-

ous accelerated stress tests (ASTs). Unfortunately, even for the most studied Pt/C electrocatalysts, degradation 

processes like carbon corrosion and Pt dissolution that occur during common ASTs are not easily distinguisha-

ble. Moreover, advanced electrocatalysts such as different shape-controlled Pt alloy nanostructures, showing 

promising stability in ASTs performed in model aqueous systems, are often rendered useless when moved to 

real applications. Catalysts free of platinum-group-metals demonstrate different degradation extents if tested 

in oxygen or argon. Iridium oxides, the state of the art OER electrocatalysts, are prone to dissolution in aque-

ous media but much more stable in solid electrolyte based electrolyzers. These examples demonstrate the 

need for rethinking current approaches to test electrocatalyst stability. This talk highlights our recent results 

on using coupled electrochemical techniques and tuned gas diffusion electrode (GDE) with inductively coupled 

plasma mass spectrometry (ICP-MS) and membrane electrode assembly (MEA) cells to investigate dissolution 

of electrocatalysts, such as Pt/C for PEMFC, Fe-N-C for anion exchange membrane fuel cells (AEMFC), and Ir 

dissolution in aqueous and solid polymer electrolytes, in-operando at conditions closely resembling those in 

real devices. It is anticipated that the presented new findings will be useful for researchers dealing with both 

more fundamental understanding of noble metal electrocatalysts corrosion and engineers resolving more 

practical issues with electrocatalyst stability in fuel cells and electrolyzers. 
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Oxygen electrode materials for reversible  
Solid Oxide Cells: Beyond simple perovskites   

 
Dr. Konrad Świerczek  
AGH University of Science and Technology,  
Faculty of Energy and Fuels.                                     
Krakow, Polonia. 

 
Reversible Solid Oxide Cells (rSOC), able to either utilize chemical energy of the fuel and oxidizer to gener-

ate electricity and heat or to operate in the reversed mode, generating e.g. hydrogen with the usage of the 

surplus electrical energy, are of the special interest, especially regarding distributed energy generation. Nu-

merous and strict requirements concerning transport, electrocatalytic and thermomechanical properties need 

to be fulfilled by the successful oxygen electrode material, and undoubtedly, perovskite-type and perovskite-

related oxides are one of the best candidates, and in fact, the mostly studied. Known relationships between 

the electronic structure of the bulk and the surface-related catalytic behavior of the perovskite-type oxides 

enabled a rapid progress in development of the effectively-working electrode materials. However, high elec-

trocatalytic activity in the oxygen reduction reaction (ORR) does not necessarily mean that the high efficiency 

of the oxygen evolution reaction (OER) can be also achieved in the reversed operation mode.  

In this work, several groups of mixed ionic-electronic conductors are discussed as candidate oxygen elec-

trode materials for rSOCs, all showing the crystal structure beyond that of simple perovskites. Among them, 

the A-site layered RE(Ba,Sr)Co2-yMyO5+δ (RE: selected rare-earth cations; M: Mn, Fe, Cu, etc.) double perov-

skites, in which Co-rich materials are of interest, as they are known to exhibit very high mixed conductivity and 

high electrocatalytic activity. However, usage of carcinogenic and expensive cobalt is also linked with the high 

thermal expansion, as well insufficient stability in relation to several candidate solid electrolytes. As the alter-

native, the copper-based RE1-x(Ba,Sr)xCuO3-δ oxides, having either RE-(Ba,Sr) cation-ordered or cation-

disordered sublattice, as well as the linked ordered or disordered oxygen sublattice defects are proposed and 

discussed in details. It is documented that the Cu-based complex perovskites may also exhibit attractive physi-

cochemical properties in such application. Finally, the high entropy approach to develop efficient oxygen elec-

trode materials is also presented, with an emphasis directed on the possible gains, which may arise from the 

presence of multiple cations at one or two cationic sublattices in the perovskite-type structure. 
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Neutron Imaging of Lithium Batteries and Fuel Cells 

 

 
Dr. Ralf F. Ziesche 
Helmholtz-Zentrum Berlin für Materialien und Energie,  
Berlin, Germany 

 

Electrochemical storage systems, such as lithium batteries and fuel cells, have become an increasingly im-

portant pillar in a zero-carbon strategy for curbing climate change, with their potential to power multiscale 

stationary and mobile applications. Immense progress has been made in electrochemical storage technology 

during the past decades, but significant challenges remain and new development strategies are required to 

improve performance, fully exploit power density capacity, utilize sustainable resources, and lower production 

costs. Suitable characterization techniques are crucial for understanding, inter alia, 3D diffusion processes, 

formation of passivation layers or dendrites in batteries or visualize the water management in fuel cells. Stud-

ies of such phenomena typically utilize 2D or 3D imaging techniques, offering locally resolved information. 

Over the last decades neutron imaging has been steadily growing in many disciplines as a result of improve-

ments to neutron detectors and imaging facilities, providing significantly higher spatial and temporal resolu-

tions. The high sensitivity for light-Z elements, in particular hydrogen and lithium, makes neutron imaging to 

the perfect probe to study inter alia, changes of the media distribution and transport mechanisms in electro-

chemical components. 

A short introduction in neutron imaging will be provided with focus on the research of electrochemical de-

vices. The advantages of neutron imaging will be discussed, whereby examples will provide a deeper insight in-

to dynamic, multi-dimensional, complementary imaging and structural analysis. The main challenges for neu-

tron imaging of electrochemical devices will be outlined and future developments of methods and their poten-

tial and significance for the electrochemical community will be discussed. 
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Advances in hydrogen production by thermochemical                                                        
water decomposition 
  
Dr. Marc A. Rosen  
Faculty of Engineering and Applied Science 
Ontario Tech University 
Oshawa, Ontario, Canada 

  
Hydrogen demand as an energy currency is anticipated to rise significantly in the future, with the emer-

gence of a hydrogen economy. Hydrogen production is a key component of a hydrogen economy. Several pro-

duction processes are commercially available, while others are under development including thermochemical 

water decomposition, which has numerous advantages over other hydrogen production processes. Recent ad-

vances in hydrogen production by thermochemical water decomposition are reviewed here. Hydrogen produc-

tion from non-fossil energy sources such as nuclear and solar is emphasized, as are efforts to lower the tem-

peratures required in thermochemical cycles so as to expand the range of potential heat supplies. Limiting ef-

ficiencies are explained and the need to apply exergy analysis is illustrated. The copper-chlorine thermochemi-

cal cycle is considered as a case study. It is concluded that developments of improved processes for hydrogen 

production via thermochemical water decomposition are likely to continue, thermochemical hydrogen produc-

tion using such non-fossil energy will likely become commercial, and improved efficiencies are expected to be 

obtained with advanced methodologies like exergy analysis. Although numerous advances have been made on 

sulphur-iodine cycles, the copper-chlorine cycle has significant potential due to its requirement for process 

heat at lower temperatures than most other thermochemical processes. 
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Digitalization of Battery Manufacturing Processes (online) 

Prof. Dr. Alejandro A. Franco
Laboratoire de Réactivité et Chimie des Solides (LRCS),       
Université de Picardie Jules Verne, and ALISTORE-European Research Institute, 
Fédération de Recherche CNRS, Amiens & Institut Universitaire de France. 
Paris, France. 

Lithium ion batteries (LIBs) are a very important technology for our societies. Their performance is strongly 

influenced by the mesostructure of their porous electrodes. This mesostructure results from a complex pro-

cess encompassing multiple steps and numerous parameters. Its understanding and accelerated optimization 

is vital for the future of battery technology. 

In this lecture I discuss a digital twin for accelerated optimization of the manufacturing process of LIBs we 

are developing within the context of the ARTISTIC project. Such digital twin is supported on a hybrid approach 

encompassing a physics-based multiscale modeling workflow, machine learning models and high throughput 

experimental characterizations. Different steps along the battery cells manufacturing process are simulated, 

such as the electrode slurry, coating, drying, calendering and electrolyte infiltration. The multiscale physical 

modeling workflow couples experimentally-validated Coarse Grained Molecular Dynamics, Discrete Element 

Method and Lattice Boltzmann simulations and it allows predicting the impact of the process parameters on 

the final electrode mesostructure in three dimensions. The predicted electrode mesostructures are injected in 

a continuum performance simulator capturing the influence of the pore networks and spatial location of car-

bon-binder within the electrodes on the solid electrolyte interphase formation (for anodes) and the electro-

chemical response (of anodes vs. lithium, cathodes vs. lithium and the full cells). Machine learning models are 

used to accelerate the physical models’ parameterization, to mimic their working principles and to unravel 

manufacturing parameters interdependencies from the physical models’ predictions and experimental data, 

and as a guideline for reverse engineering. The predictive capabilities of this digital twin, coupling physical 

models with machine learning models, are illustrated with results for different electrode formulations. Finally, 

the free online battery manufacturing simulation services offered by the project and our virtual reality tech-

nology supported on the project results to optimize battery electrodes are illustrated through several exam-

ples. 
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Molecular modeling of the nanostructure, mecha-
nisms of mobility, and water uptake of anion ex-
change polymer membranes (online) 
 
Dr. Valeria Molinero  
University of Utah 
USA 

 
Anion exchange membranes (AEMs) are an attractive alternative to proton exchange membranes in fuel 

cell applications because they can operate with nonprecious metal electrodes. However, widespread adoption 

of AEMs has been hampered by their insufficient ionic conductivity and chemical degradation. Much of the 

growing body of research on AEMs focuses on designing new polymer chemistries and architectures that 

would increase their conductivity, while controlling the swelling of the membrane due to water uptake. It is, 

however, challenging to assess the separate effects of water content and polymer architecture on the phase 

segregation and molecular transport of the ions and water in the membrane because changes in the chemistry 

of the polymer also impact the equilibrium water uptake. In this presentation we show that molecular simula-

tions provide a versatile tool to disentangle these effects and elucidate the role of polymer chemistry and ar-

chitecture on the water uptake, nanostructure, conductivity, electro-osmotic drag, and mechanisms of mobili-

ty of ions and water in ion exchange membranes. 
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Oxygen Reduction Activity Volcano Correlations for 
Non-precious metal MN4 Molecular Catalysts 
Compared to Those for Metallic Electrodes 
 
Dr. Jose Zagal 
Laboratorio de Electrocatalisis y Electronica Molecular,                                                       
Faculty of Chemistry and Biology,  
University of Santiago de Chile 
Chile 
 
 

The identification of reactivity descriptors in electrocatalysis is very important as it allows the rapid struc-

tural identification of the best possible electrocatalysts for a given reaction. However, it is important to clarify 

that durability is also an important parameter in electrocatalysis and high reactivity does not necessarily mean 

high durability.  

A classical well-studied reactivity descriptor in electrocatalysis is the binding energy of key intermediates to 

the active sites. For example, this is well documented for the catalytic activity of metal electrodes for the 

oxygen reduction reaction (ORR) alloys and metal oxides and less studied for molecular catalysts. For many 

reactions, including ORR, the activity, expressed as a current density at constant potential, plotted versus the 

M-O2 binding energy has the shape of a volcano. This is well documented in several papers, especially by the 

group of NØrksov for metallic electrodes and can be applied to many electrochemical reactions.  This has been 

recently extended to MN4 molecular catalysts, where MN4 stands for macrocyclic complexes like metal 

porphyrins, metal phthalocyanines, Cu phenanthrolines and in some case MNx pyrolyzed catalysts.  In contrast 

to metallic electrodes that have an electronic band structure and having a high density of active sites, MN4 

molecular catalysts have discrete energy levels and the active sites are discrete, usually the central metal, 

surrounded by an organic ligand with an MN4 central moiety. Essentially one of the key intermediates is the 

binding of the reacting O2 molecule to the active sites at the rate determining as a first step as:  

[MN4]ad + O2(aq) + e- ↔ [RMN4O2-]ad 

where MN4 is a surface confined macrocyclic complex or a pyrolyzed catalysts bearing a MN4 active moiety, 

embedded in a graphene or graphitic structure. As the ORR reaction involves the transfer of several electrons 

(2, 2+2 or 4 electrons), several adsorbed intermediates can be involved. If the controlling step is the first step, 

it is expected that for the binding step when Gad = 0, hypothetically a maximum activity should be observed 

and under these conditions, the partial coverage of adsorbed intermediate should be = 0.5. On thermodynam-

ic grounds this corresponds to a thermoneutral condition for the most active catalyst. In this work we have 

tested this hypothesis by studying ORR in alkaline media using several iron porphyrins and iron phthalocya-

nines as catalysts immobilized on graphite and carbon nanotubes.    
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Polymeric electrolytes for metalic lithium anodes                                                                                      
and Li-S batteries 
 
Dr. Andrea Calderon    
Instituto de Física Enrique Gaviola,  
Facultad de Matemática, Astronomía, Física y Computación,  
Universidad Nacional de Córdoba, 
Córdoba, Argentina. 

 
Lithium metal batteries (LMBs) and lithium-sulfur batteries (LSBs) are being considered strong candidate to 

replace lithium-ion batteries (LIBs) since their theoretical energy density is higher than the state-of-the-art 

LIBs. However, some issues need to be solved. During battery cycling the metallic lithium shows serious safety 

issues derived from dendrite formation, while sulfur is reduced to form electroactive polysulfides which are 

soluble in the electrolyte and produce the shuttle effect. These phenomena are responsible for a short life cy-

cle of the battery. Replacement of liquid electrolytes with a polymer electrolyte has been recognized as an in-

teresting approach to solve these problems because the possibility to design the properties from its composi-

tion, as well from inorganics additives. In this work we present results for a methacrylate-based polymer ma-

trix with different inorganic additives as electrolyte in LMBs and LSBs. 
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The role of lithium superoxide, lithium peroxide                                                                
and singlet oxygen in Li-O2 batteries 
 
Dr. Ernesto Julio Calvo 
INQUIMAE- Facultad de Ciencia Exactas y Naturales, UBA,   
Buenos Aires, Argentina. 
  

The rechargeable lithium oxygen battery introduced by Abraham in 1996 exhibits very high energy density 

comparable to fossil fuels. However, it suffers from capacity fading and the high charging overpotential due to 

parasitic reactions of the O2 reduction products with solvents and electrolyte. There is an extensive literature 

on this battery, and a consensus over the limitations due the oxygen chemistry; however, there is an ambigu-

ous interpretation on the reactivity of the different oxygen reduction species towards solvent and electrolyte. 

The first electron transfer to oxygen in aprotic solvents containing lithium ions is the formation of the radi-

cal anion superoxide forming an ion pair with solvated Li+: 

𝑂 + 𝐿𝑖 + 𝑒 → [𝐿𝑖𝑂 ]                                                                     (1) 

or a second electron transfer to yield lithium peroxide, Li2O2. 

[𝐿𝑖𝑂 ] + 𝐿𝑖 + 𝑒 → 𝐿𝑖 𝑂  ↓                                                         (2) 

In the presence of lithium ions, superoxide radical anion undergoes disproportionation into Li2O2 insoluble 

in aprotic solvents and soluble O2, a fraction of which has been found to be the extremely reactive singlet oxy-

gen (1O2 or 1g) as well as triplet oxygen (3O2): 

[Li O ]  + [Li O ]  → Li O  ↓ +x 𝑂 + (1 − 𝑥) 𝑂                            (3) 

where Li+O2
-DMSO is a surface solvated superoxide ion pair. 

In this presentation we will discuss the use of operando spectroscopic studies of Raman and Fluorescence 

and electrochemical methods to detect the different oxygen reduction intermediates. Pressure evolution 

measurements during discharge and charge and galvanostatic charge-discharge cycles of Li-O2 batteries with 

limited capacity and full discharge will be presented. Recent experimental results with redox mediators to re-

duce the potential extremes and a physical quencher of singlet oxygen, such as sodium azide will be disclosed. 

We will present a critical discussion of the role of the very reactive singlet oxygen with a lifetime is 5.5 μs in 

DMSO based on the cycle life of batteries with 1O2 physical quencher and the combination with redox media-

tor to limit the extreme potentials. 
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LiFePO4 battery material for selective lithium recovery 
from brines 
 
Dr. Sara Pérez-Rodríguez 
Instituto de Carboquímica (CSIC),  
Zaragoza, Spain. 

 
The sharp increase in the global lithium market due to the expansion of batteries and other energy storage 

devices demands the development of new sustainable and inexpensive technologies for lithium production. 

The largest lithium reserves are found in brines, which are highly concentrated salt solutions containing dis-

solved lithium in a high excess of other co-cations (such as sodium, potassium, and magnesium). Lithium-ion 

battery materials can be beneficially used for the selective sequestration of lithium from brines and their sub-

sequent release in a recovery solution resulting in a pure lithium salt. The selective capture/release of lithium 

ions by the battery material can be driven by electricity or redox agents. Here, an overview of lithium recovery 

from brines is discussed. Moreover, some examples of the chemical and electrochemical approaches for lithi-

um recovery using a common battery host material, LiFePO4, are given.  
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Technology for the hydrogen production by alkaline 
electrolysis: materials development and prototype 
design. 
 

Dr. Esteban Franceschini 
Instituto de Investigaciones en Fisicoquímica de Córdoba, 
Córdoba, Argentina.                                                                             

 
Undoubtedly, the need to decarbonize energy production to mitigate climate change is what is currently 

driving the development of technologies leading to the hydrogen economy. It is estimated that the market for 

green hydrogen, produced with minimal carbon dioxide (CO2) emissions, will reach 530 million tons by 2050, 

with a $ 300 billion export market and job creation. 

To meet long-term hydrogen demand in the European Union, estimated at 2,250 TWh/a, recent studies 

confirm that at least 1,000 TWh/a of hydrogen will have to be imported into Europe, at a cost of just under 

$5/kg if favourable wind and solar resources are taken into account. 

This requires, among other things, increasing the efficiency of electrolyzers for hydrogen production. Con-

ventional alkaline electrolyzers, although they are a mature technology (TRL 9), have a much longer lifetime 

than PEMs and can still be improved to increase their efficiency and thus reduce the cost of the hydrogen pro-

duced. 

This requires the use of materials with high efficiency and durability that can be scaled up and transferred 

to industry, such as nickel-based composites (Ni/TiO2, Ni/Nb2O5, Ni/WO3, etc.), but also computational optimi-

zations of the design of electrochemical cells (internal fluidics, electric field, thermal balance, etc.), peripheral 

devices (gas separators, electrolyte circuit, heat exchangers, etc.), the replacement of inputs by others of low-

er cost (such as the replacement of ultrapure water) and their experimental validation in medium and high 

power prototypes. 

This work presents local advances in the development, scaling and transfer to industry of materials for 

conventional alkaline electrolyzers, design and modelling of electrolyzers and their application to industrial 

prototypes. 
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Noble metal-free catalysts for hydrogen evolution  
 
Prof. Elena Pastor 
Instituto Universitario de Materiales y Nanotecnología (IMN) 
Departamento de Química 
Universidad de La Laguna 
Tenerife, España 

 
 

The development of noble metal-free catalysts with high activity for reactions in electrolyzers appears as 

the best option to reduce the cost of high purity H2 production. Transition metal carbides (TMCs) emerge as an 

alternative to noble metals for this application. In addition, ionic liquids (ILs) have generated interest in elec-

trochemical applications due to their electrical and mechanical properties. Here, recent results for the hydro-

gen evolution reaction (HER) at metal carbides and composite materials containing TMCs and alkyl pyridinium 

hexafluorophosphate are discussed. The activity towards the HER was deeply studied by differential electro-

chemical mass spectrometry (DEMS) following the ionic current for m/z = 2 for an accurate calculation of Tafel 

slopes. Thus, mechanism studies were achieved as the new method for finding the rate-determining step al-

lows discriminating contributions to reduction currents other than hydrogen production (e.g., surface oxide 

reduction currents). Finally, also results with other noble metal-free catalysts (as graphene-based materials) 

for the HER are described.  
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Carbon from waste biomass to synthesize Fe-N-C 
electrocatalysts for the oxygen reduction reaction 
 

 

Prof. Stefania Specchia 
Politecnico di Torino, 
Dept. of Applied Science and Technology,  
Torino, Italy 

 
Fuel cells are clean and 3efficient energy devices able to harvest electric energy from the chemical reaction 

of a fuel and oxygen without any byproduct. Up to now the most widely used electrocatalysts for the cathodic 

oxygen reduction reaction (ORR) in polymer electrolyte fuel cells (PEFC) make use of platinum or other noble 

metals to favor this sluggish reaction, but they face problems, such as expensive price, scarcity and geopolitical 

concerns correlated with the location of the main producers. Great efforts are being made in the design and 

development of low cost and stable ORR electrocatalysts not containing platinum group metals (PGM) but still 

retaining a good activity in alkaline or acidic environment. 

In the last decades the usage of transition metals electrocatalysts such as Fe-N-C have been proposed. They 

can reach electrocatalytic activities similar to those of PGM exploiting a process of heteroatom doping (mainly 

nitrogen-doped catalyst), although the mechanism of reaction and active centers are still object of debate. The 

study of N-doped porous carbon materials has become an interesting topic because of their low cost, non-

toxicity and renewability, displaying a promising performance as ORR electrocatalysts. A specific niche is being 

taken by biomass-derived materials, especially from waste, that have been considered for supercapacitors, 

metal-air battery, and fuel cells applications. The already low cost of PGM-free materials is even lowered if the 

starting precursors are a common and abundant waste. Moreover, this pathway of valorizing waste into 

valuable resources and products fits very well in the view of circular economy. 

Recently reported biomass derived materials with good activity were obtained from coconuts shells, 

eggplants, soybeans, or other biomass sources, but they are only the tip of the iceberg, as a multitude of 

materials have been synthesized, sometimes with more provocative value than real scientific interest. Purpose 

of this study is the engineering of the biomass carbon structure and incorporation of iron active sites in the 

material with ball milling method. The starting biomass material, pyrolyzed spent tea leaves and coffee 

grounds, presents a macro-porous structure. Hence, the porous network is increased by activation with CO2 or 

urea in order to artificially create and tune the pores. Tea and coffee are very common wastes commonly used 

by many families as a drink for breakfast or afternoon break. This implies that there is abundance of spent 

product that normally is thrown away without being recycled or reutilized. Thus, waste biomass could find a 

second life as a carbon source to be a precursor for ORR electrocatalysts. 

The best results have been obtained by ball milling of activated biochar and Fe(II) phthalocyanine. The 

biochar used as a carbon support was produced from pyrolysis of waste tea leaves at 1500 °C in argon 
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atmosphere, then activated with CO2 or urea. FE-SEM, HR-TEM, XPS, and Raman analyses were performed to 

investigate the morphology and the physicochemical properties of the electrocatalysts. The ORR activity and 

methanol tolerance of the Fe-N-C electrocatalysts were tested in rotating ring disk electrode (RRDE), showing 

promising results in terms of mass activity, onset and half-wave potential in an alkaline environment. Two 

different short potential cycling protocols demonstrated the high stability of these Fe-N-C electrocatalysts, 

especially when compared with a 20 wt. % commercial Pt/C electrocatalyst. 
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Low carbon hydrogen through biomass gasification 
 
Prof. Dr. Electo Eduardo Silva Lora 
Univ. Federal de Itajubá,  
Brazil 

 
Biomass as an energy source: today and in 2050. Is there enough land for biofuels? Global land availability 

and biomass potentials in different scenarios. Biomass gasification as an hydrogen source: world and countries 

potentials. Green hydrogen for biofuels yield enhancing. General scheme of the Biomass-to-hydrogen process 

(BTH). The synthesis gas reforming and shift processes. Types of gasifiers and fluids most suitable for hydrogen 

production: Indirect heated gasifiers, steam and supercritical water. Negative carbon emissions of hydrogen 

production through gasification – the HyBECCS concept. Other biological routes to obtain hydrogen: biogas, 

etanol and microbial hydrogen. Technological maturity-TRL of biohydrogen routes. Economic viability of 

hydrogen obtained through biomass gasification. Hydrogen costs comparisons. Life Cycle Analysis of the BTH 

process. Case studies. 
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*NiFe2O4 hollow spheres electrocatalysts for anion 
exchange membrane electrolysers (online)

Prof. Dr. Vincenzo Baglio   
CNR-Istituto di Tecnologie Avanzate per l'Energia, 
Italy 

Among various energy systems that work through electrochemical reactions, electrochemical water 

splitting is today one of the most efficient and reliable methods. It is one of the greenest ways to produce pure 

hydrogen without any greenhouse gases which makes it a sustainable, pollution-free, eco-friendly method 

when powered by renewable sources such as wind or solar. Among the different electrolysis types, low-

temperature systems (< 100 °C) are more promising since they allow flexibility, high current density, and long-

term durability, depending on the employed technology. Liquid alkaline electrolysis is the most developed and 

mature technology; the advantages are related to the cost since the high pH allows the use of platinum group 

metal (PGM)-free catalysts whereas the disadvantages include a low current density due to the more 

considerable physical distance between electrodes, and maintenance costs associated with the caustic 

electrolyte. For proton exchange membrane (PEM)-based systems, the electrodes are physically in contact 

with a polymeric membrane to form a membrane-electrode assembly (MEA). The zero-gap approach can 

improve performance by minimizing the electrode distance and ohmic loss. Compared with liquid alkaline 

systems, the PEM electrolysis is more recent. Still, it allows for a higher operating current density, better 

efficiency and dynamic behaviour in terms of rapid response, fast start-up and broader operating range. PEM 

electrolysis technology is favourite in terms of safety and high gas purity with the possibility to work under 

high differential pressure conditions. However, the need for PGM catalysts and component coatings can 

increase costs. Compared with the other technologies, AEM electrolysis systems have less commercial history 

and are developmental, but they share similarities with liquid alkaline and PEM electrolysis. As with PEM 

systems, AEM electrolyzers use a zero-gap approach, but the membrane conducts hydroxide. AEM 

electrolyzers should combine the advantages of both the liquid alkaline and PEM technologies in terms of the 

higher purity of generated H2, better efficiency and dynamic behaviour. Furthermore, using an alkaline 

solution of lower concentration, they are less prone to corrosion, and, finally, they can use inexpensive 

catalysts. For the water splitting process, two reactions are fundamental: the anodic oxygen evolution reaction 

(OER) and the cathodic hydrogen evolution reaction (HER). To satisfy the efficiency of both reactions, the 

research to develop new and func-tional catalysts is mandatory. In particular, the OER is the rate determing 

step and requires very active electrocata-lysts to decrease the overpotential for this reaction. Several 

proposals emerged in recent years through which various combinations of electrocatalysts were evaluated in a 

half-cell configuration to investigate the catalytic activities for the reactions occurring at the electrodes. Even 

noble metal-based catalysts deposited on polymeric membranes were tested in the electrolyzers. Abundant 
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availability, strong ac-tivity, cost-effectiveness, and substantial electrocatalytic ac-tivities of transition metals 

make them an alternative to re-place the noble-metal electrocatalysts.  

The use of transition metals in an oxide form have been widely developed in recent years. Simple structures 

such as Co3O4, NiO QDs and MnO with overpotentials of 339, 320, 540 mV, respectively, prove to be accepta-

ble competitors in the electro-oxidation of water. The window of opportunity opened by these variants of 

transition metals in the OER has led to incorporate these into nanostructures such as NiCo nanosheets, which 

yielded 332 mV results com-pared to their Ni-Co oxide bulk structure with an overpotencial close to 340 mV. 

Nanostructured morphologies of-fer the advantage of larger amounts of active sites for OER; this advantage 

has increasingly led to the development of 2D and 3D nanostructured materials which in theory provide a 

greater number of active sites exposed to the OER. This is the case of NiCo2O4 hollow microcuboids with 290 

mV overpotential and a tafel slope of 53 mV dec-1 very close to IrO2. Some of these promising mixed oxides 

such as 3D NiFe2O4 hollow spheres have been brought to real-life conditions in water electrolysis micro-fuel-

cell tests where sig-nificant micro-scale hydrogen production of 2.5 x10-5 mg s-1. This work explores the activity 

in an anion exchange membrane electrolyzer of a 3D NiFe2O4 with hollow spheres morphology.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* NiFe2O4 hollow spheres electrocatalysts for anion exchange membrane electrolysers,  
A. Martinez Lazaro, Angela Caprì, J. Ledesma Gárcia, A. Arenillas, I. Gatto, L.G. Arriaga and Vincenzo Baglio*  
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Production of hydrogen and its derivatives from 
natural gas. Current situation and perspective in 
Argentina 
 
Prof. Dr. Daniel Borio 
Planta Piloto de Ingeniería Química,  
Universidad Nacional del Sur 
Bahía Blanca, Argentina 
 

A brief perspective of the H2 demand in Latin America is presented. Different technologies to produce 

synthesis gas from natural gas are analyzed, focusing on the H2 yield and the CO2 emissions. Some alternatives 

of Carbon Capture and Utilization (CCU) in industrial plants to produce pure H2 and NH3 are discussed. The 

Carbon Intensity (CI) of technologies based on Steam Methane Reforming (SMR) and Autothermal Reforming 

(ATR) is compared. The importance of NH3 in the context of Argentina is highlighted, both as a carrier to export 

H2 and as a key intermediate for the production of fertilizers and chemicals (substitution of imports). 
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Preparation of Ni-Fe alloys from hydrotalcite precursors for carbon dioxide 
methanation (O-1H-V)
V. Laura Barrio*1, I. Agirre1, Rafael Canales1

1 Bilbao School of Engineering (UPV/EHU), Plaza Ingeniero Torres Quevedo 1, 48013 Bilbao (Spain) 1 

(*) Pres. author: rafael.canales@ehu.eus1 (**) Corresp. author: laura.barrio@ehu.eus1 

Keywords: CO2 methanation, catalysts, photocatalyst, hydrotalcite. 

1. Introduction

The use of renewable technologies is a challenge for
mitigating climate change and environmental degradation. 
A possible technology is PtG which uses renewable electric 
power to produce and storage gaseous fuels such as hydro-
gen or methane. Most typical systems use electrolysis to 
produce hydrogen, which is used to catalytically reduce CO2 
to methane via Sabatier reaction. 

Ni, Ru, Co and Fe metals are the most used for methana-
tion reaction. Many authors focus their studies on promot-
ing Ni-based systems through bimetallic catalysts supported 
on different metal oxide materials. One of the multiple op-
tions are hydrotalcite (HTC) derived materials due to the 
possibility to tune the metal content in order to improve 
metal active sites distribution.  

Therefore, this work was undertaken with the aim of 
synthesizing four different Ni-Fe-Mg-Al catalysts from hy-
drotalcite precursors and comparing to Ni/γ-Al2O3 prepared 
by conventional incipient impregnation. Indeed, different 
substitution of trivalent Fe by Al cations will be synthesized, 
but with the M2+/M3+ ratio fixed at 3. 

2. Experimental

2.1 Catalyst synthesis 

Nickel iron- structures derived from hydrotalcite precur-
sors with different metal loadings were synthesized by co-
precipitation using NaOH and Na2CO3 following the method 
described by P.Guerrero-Urbaneja [1]. Al was replaced by Fe 
between 6-27 wt% and calcined at 773K during 4 h in pres-
ence of air and reduced (25% vol H2/N2) at 1023K (10K/min) 
for 2h. The 25Ni catalyst supported on y-Al2O3·was synthe-
sized by wetness impregnation [2] and reduced at 723K in 
same conditions. 

2.2 Characterization&Activity tests 

All catalysts were tested between 473K and 723K at 10 
bar (abs) in a thermo and photocatalytic reactors with a 
space velocity of 55,7 h-1. For photocatalytic reactions, two 
different light sources (365 and 470 nm) were used with the 
same light intensity (2,4W·cm-2) to ensure the same condi-
tions. Physicochemical characterization of catalytic samples 
by N2 adsorption-desorption isotherms, ICP-OES, XPS, STEM-
EDS, UV-vis DRS, H2-TPR and CO2-TPD showed differences in 
chemical state and metal-support interactions indicating the 
importance of the morphological and surface properties of 
nickel-iron or individual metal phases in driving the 

methanation activity of the catalysts. 

3. Results and Discussion

3.1 Activity tests 

The activity was measured for all the temperature range 
studied and CO2 conversion results are shown in Figure 1. 
For the thermochemical experiments, activity continuously 
increased with temperature almost reaching equilibrium 
conversion and a high selectivity to methane. The catalyst 
with the highest activity was the HTC Ni and when Al was 
replaced by Fe the activity decreased for all the temperature 
range. For the photocatalytic measurements, activity is 
higher for higher Al content suggesting that there is not syn-
ergistic effect for Ni-Fe alloy. But, comparing HTC Ni with 
25Ni/Al2O3, activity is slightly higher conversion of 72,0 and 
67,3 % at 523 K, respectively, using visible light. Analysing 
both light sources, significant activity was reached mainly at 
low temperatures (523K) in the presence of UV and visible 
lights, but mainly for the visible light. 
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Figure. 1. A) CO2 conversion results of thermocatalytic activity. B) 
CO2 convesion using UV light. C) CO2 conversion using visible light. 

3.2 Catalys characterization 

BET results (Table 1) show that increasing Fe content sur-
face area and pore volume decreased while pore size in-
creased. N2 adsorption-desorption isotherms obtained were 
type IV, exhibiting H2 hysteresis loops typical of mesoporous 
structure.  

Table 1.  Specific area BET, pore volume and pore size. 

Sample BET area 
(m2·g-1) 

Pore Volume 
(cm3·g-1) 

Pore size 
(nm) 

HTC 27Fe-Ni 135,6 0,26 3,9 

HTC 16Fe-Ni 166,0 0,28 3,5 

HTC 6Fe-Ni 214 0,35 3,2 

HTC 27Ni 95,6 0,08 3,4 

25Ni/Al2O3 191,8 0,39 6,1 

 
Table 2 compiles metals  contents from ICP-OES. 

Measured values are similar to nominal ones.  

Table 2. ICP-OES results of HTC derived materials. 

Sample Ni Fe Al Mg 

HTC 27Fe-Ni 23,40 26,9 6,7 43,16 

HTC 16Fe-Ni 25,34 15,95 13,5 45,15 

HTC 6Fe-Ni 27,01 6,21 19,05 47,72 

HTC 27Ni 23,20 26,3 21,2 52,60 

25Ni/Al2O3 26,1 - - - 

 

 

Figure. 2. H2-TPR profiles of HTC and 25Ni/Al2O3 catalysts 

H2-TPR results (Figure 2) revealed for the HTC samples 
two different peaks a small one at 630 K and a broad one at 

1020 K. The first peak may be attributed to the reduction of 
bulk NiO species. And the second one, to the reduction of 
bulk and surface Fe3+ to Fe2+ and Fe0 and also to the 
reduction NiO species in close contact with the support, as 
well as nickel aluminates [2]. Furthermore, it can be 
observed that higher Fe contents decreased the 
temperature requiered for the complete reduction. And for 
the 25Ni/Al2O3 catalyst, a significant peak is observed at 
lower temperatures (< 800K) associated to the reduction of 
NiO bulk species. 

Subsequently, XPS studies will identify main metal and 
their oxidation states for the comparison of metal atomic 
ratio between ICP-OES results and clarify the interaction of 
all metals under reduced condition, and used. 

Diffuse reflectance spectroscopy (Figure 3) shows that 
all the samples are active in the UV and visible regions. 
Moreover, the effect of replacing Al by Fe as an active metal 
presents higher absorption in the UV and visible spectrum 
than HTC Ni and 25Ni/Al2O3. 

 

 

Figure. 3. UV-vis absorbance spectra 

CO2-TPD profiles (Figure.4) revealed similar desorption 
profiles in weak (373-473K) and medium (473-623K) basic 
centres. Similarly, strong basicity is observed in all HTC sam-
ples and the 25Ni/Al2O3 catalyst, with the exception of the 
HTC Ni, with a smaller contribution. 

 

 

Figure. 4. CO2-TPD profiles of all catalysts 

STEM-EDS results show the dispersion of active metal 
NPs as well as the average pore size of all used catalyst. For 
all the samples, metal particles are evenly dispersed on the 
catalyst surface and particle size increases for the higher Fe 
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contents from 12 to 16 nm in the case of the HTCs and 13 
nm for the 25Ni/Al2O3 catalyst. 

4. Conclusions 

HTC Ni catalyst synthesized from hydrotalcite-like pre-
cursors presented higher activity than the Ni alumina cata-
lyst prepared by incipient wetness impregnation, mainly due 
to the presence of well distributed NiO species with strong 
interaction preventing sintering of Ni NPs. Differences in ac-
tivity are higher for themocatalytic experiments.  
For the catalysts derived from HT-like precursors catalysts 
partial replacement of Al by Fe on the structure did not en-
hance activity and mainly photocatalytic activity. 
Significant activity was achieved for the photocatalytic ex-
periments in the visible range up to a 71% CO2 of conversion 
at very low temperature (523 K) due to the CO2 adsorption 
on medium sites. 
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1. Introduction

Hydrogen will play a crucial role in the energy transition
due to its high potential to contribute to the decarboniza-
tion of the economy. Green hydrogen, produced from en-
ergy from renewable sources or residual waste heat, will 
serve as raw material for the chemical industry, particularly 
in  carbon dioxide-emitting industrial sectors (steel plants, 
refineries, cement plants), for mobility, for the residential 
and tertiary sectors, and for massive energy transportation 
or long-time energy storage. This last point is especially im-
portant since energy generation, in the case of renewables, 
does not always match in time with its demand. 

Green hydrogen can be produced from water by elec-
trolysis or direct thermal decomposition according to Reac-
tion 1.   

𝐻2𝑂 → 𝐻2 +
1

2
𝑂2 (r.1) 

One of the main drawbacks of direct thermal decompo-
sition is that the reaction only proceeds for temperatures 
above 2800 K. However, water thermal decomposition can 
be performed at significantly lower temperatures, i.e. 973 – 
1273 K, through a multi-step approach using thermochemi-
cal cycles [1]. Thermochemical cycles are composed by 
multi-step processes that form a closed cycle, in which the 
overall reaction is Reaction 1. 

A generic two-step process makes use of metal oxides 
as a redox pair, MOox/MOred according to the following re-
actions:  

𝑀𝑂𝑟𝑒𝑑 + 𝐻2𝑂 → 𝑀𝑂𝑜𝑥 + 𝐻2 (r.2) 

𝑀𝑂𝑜𝑥 → 𝑀𝑂𝑟𝑒𝑑 +
1

2
𝑂2 (r.3) 

This way, the intermediate reactants can be recycled 
whereas hydrogen and oxygen are released in different 
steps [2].  

Among two-step thermochemical cycles for water split-
ting, the one proposed by Tamaura [3] exhibits a considera-
bly low operation temperare, i.e. 973 – 1073 K [4]. This cycle 
is generally depicted according to the following reactions: 

2𝑀𝑛𝐹𝑒2𝑂4(𝑠) + 3𝑁𝑎2𝐶𝑂3(𝑠) + 𝐻2𝑂(𝑔) →

6𝑁𝑎(𝑀𝑛1 3⁄ 𝐹𝑒2 3⁄ )𝑂2(𝑠) + 3𝐶𝑂2(𝑔) + 𝐻2(𝑔) (r.4) 

6𝑁𝑎(𝑀𝑛1 3⁄ 𝐹𝑒2 3⁄ )𝑂2(𝑠) + 3𝐶𝑂2(𝑔) →

2𝑀𝑛𝐹𝑒2𝑂4(𝑠) + 3𝑁𝑎2𝐶𝑂3(𝑠) +
1

2
𝑂2(𝑔) (r.5) 

However, the production of hydrogen decreases  upon 
cycling, comprimising the industrial implementation of the 
process [4].  

In this work, two strategies have been tested in order to 
improve the cyclability of the process: the substituion of 
pure Na2CO3 by mixtures of alkali metal carbonates and the 
addition of inorganic particles to the reaction mixture. 

2. Experimental

2.1 Material and methods 

First, pure Na2CO3 was substituted by three different al-
kali metal carbonate mixtures: a) a Li2CO3:Na2CO3 mixture 
with a molar ratio of 0.07:0.93 namely 0.07LiNa, b) a 
Li2CO3:Na2CO3 mixture with a molar ratio of 0.5:0.5 namely 
0.5LiNa, and c) a Li2CO3: Na2CO3:K2CO3 mixture with a molar 
ratio of 0.32:0.33:0.35 namely LiNaK. The stoichiometric 
MnFe2O4:Na2CO3 molar ratio of the original cycle, i.e. with 
pure Na2CO3, is 2:3. Consequently, the MnFe2O4: Carbonate 
mixture mixtures were prepared using this molar ratio. The 
results were compared with the ones obtained using the 
original MnFe2O4:Na2CO3 mixture, namely Na.  

Secondly, the addition of SiO2 and CeO2 in the original 
MnFe2O4:Na2CO3 cycle was evaluated. The SiO2 and CeO2 
were first mixed in a mortar with the MnFe2O4 spinel. The 
obtained mixtures were then mixed with pure Na2CO3 to 
achieve a MnFe2O4:Na2CO3 molar ratio of 2:3. These result-
ing mixtures were named as Si-Na and Ce-Na. 

The cyclability of the prepared mixtures was studied in a 
STA 449 Jupiter thermobalanze (Netzsch). The mixtures 
were submitted to five consecutive thermochemical cycles 
consisting of two reaction steps: the decarbonatation step 
(Reaction 4) and the carbonatation step (Reaction 5). Before 
the first cycle, the reaction mixture was heated up to 750 ˚C 
under 100 mL/min of N2 with a heating ramp of 10 ˚C/min. 
Later, in the the decarbonatation step, the mixture reacted 
at 750 ˚C in the presence 100 mL/min of N2 and 0.5 g/h of 
water vapor. The carbonatation reaction was carried out at 
the same temperature in presence of 100 mL/min of CO2. 
Each thermochemical cycle lasts approximately 24 h. For the 
first cycle, the duration of the decarbonatation step was 5 h, 
while 3 h were used for the successive cycles. The produc-
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tion of hydrogen during the decarbonatation step was meas-
ured using a Unisense H2 UniAmp sensor. All the mixtures, 
before and after the cyclability tests, were characterized by 
XRD and SEM. 

3. Results and discussion 

3.1 Cyclability test  

The hydrogen productions upon cycling for all the stud-
ied mixtures are shown in Table 1. 

Table 1. Hydrogen production per cycle for the studied mixtures 

Mixture 
Hydrogen production (mmol H2/gmixture) 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Total 

Na 1.10 0.05 0.04 0.03 0.01 1.24 

0.07LiNa 0.87 0.05 0.02 0.00 0.00 0.94 

0.5LiNa 0.41 0.00 0.00 0.00 0.00 0.41 

LiNaK 0.10 0.00 0.00 0.00 0.00 0.10 

Si-Na 0.37 0.00 N.D. N.D. N.D N.D. 

Ce-Na 0.67 0.06 0.05 0.05 0.06 0.88 

N.D= Non-data. 

As reported in the literature [4], the results indicate that 
the original cycle has a low cyclability at the used operating 
conditions. After the first cycle, the hydrogen production de-
creases significantly from 1.10 mmol H2/gmixture to 0.05 mmol 
H2/gmixture. On the following cycles, the hydrogen production 
continues to decrease reaching a value of 0.01 mmol H2/gmix-

ture for the fifth cycle. 
Regarding the carbonate substitution, i.e. 0.07LiNa, 0.5 

LiNa and LiNaK mixtures, the results suggest that substitut-
ing Na2CO3 by other carbonate mixtures did not improve the 
cyclability of the process in terms of hydrogen production. 
The best result was obtained for the 0.07LiNa mixture with 
a hydrogen production of 0.87 mmol H2/gmixture for the first 
step. However, this mixture exhibits a similar behaviour as 
the Na mixture.  The hydrogen production decreases signif-
icantly after the first cycle reaching a value of 0.00 mmol 
H2/gmixture for the forth cycle. However, the 0.07LiNa mixture 
exhibits a faster reaction kinetics and a higher cyclability in 
terms of mass variation. The 0.5LiNa and the LiNaK mixtures 
exhibit no hydrogen production after the first cycle.  

The effect of SiO2 and CeO2 particles on the hydrogen 
production was first evaluated using a MnFe2O4:Na2CO3 mix-
ture. The addition of CeO2 has a positive impact on the cy-
clability. It stabilizes the hydrogen production after the sec-
ond cycle around 0.05 mmol H2/gmixture. In turn, the addition 
of SiO2 has a negative impact on the cyclability: no hydrogen 
was produced after the first cycle. 

3.2 Characterization of the mixtures 

The result of the XRD analysis of the mixtures with 
mixed carbonates and and with SiO2/CeO2 particles are 
shown in Fig 1 and 2, respectively. 

 

Fig. 1. X-Ray diffraction patterns for the different carbonate mix-

tures, Na, 0.07LiNa, 0.5LiNa and LiNaK. 

 

Fig. 2. X-Ray diffraction patterns for the different mixtures with 

SiO2 and CeO2 particles, Na, 0.07LiNa, Si-Na and Ce-Na.  

Regarding the carbonate substitution, i.e. 0.07LiNa, 0.5 
LiNa and LiNaK mixtures, the XRD analysis suggests that the 
loss of cyclability is due to the formation of substoichio-
metric phases that prevents a return to the initial form of 
the material. In general, the less the Na2CO3 content in the 
mixture, the higher amount of substoichiometric phases is 
formed.  

As Alvani reports [4], it is reasonable to consider that 
the presence of substoichiometric phases decreases the cy-
clability in terms of hydrogen production. Nevertheless, it 
seems to be another reason behind the loss of cyclability, as 
there is no direct relation between the amount of the sec-
ondary phases and the H2 yield of the different mixtures. For 
instance, the Na-SiO2 shows the lowest amount of non-
stechiometric phases but poor reversibility in terms of hy-
drogen production.  

Complementary analysis are necessary in order to dis-
cover the reason behind the loss of cyclability. In order to 
gain information of the material at a microscopy level, 
charazterization techniques such as SEM-EDX and HR-TEM 
will be carried out. Moreover, the combined effect of 
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CeO2/SiO2 and the use of mixed carbonates is currently un-
der investigation.  

4. Conclusions 

The substitution of Na2CO3 by carbonate mixtures did 
not improve the cyclability of the process in terms of hydro-
gen production. However, the 0.07LiNa mixture exhibits the 
fastest reaction kinetics and highest cyclability in terms of 
mass variation. 

The addition of CeO2 improves the cyclability in terms of 
hydrogen production whereas the addition of SiO2 has a 
negative impact.  

The XRD analysis suggests that the formation of sub-
stoichiometric phases might cause the loss of cyclability in 
terms of hydrogen production. However, a direct relation 
between the phase composition and the H2 yield of the dif-
ferent mixtures was not found. Further analysis are being 
carried out in order to clarify this point.   
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1. Introduction

Water splitting is a process that enables the production of 
hydrogen by direct water decomposition in its elements. 
The energy required to cleave H-O-H bonds can be supplied 
by different power sources: electrical (current), thermal 
(heat), or light (electromagnetic radiation). Generally, the 
difference in water splitting processes is made whenever 
one or another type of energy source is applied to conduct 
the reaction, referred to as electrolysis, thermolysis, or pho-
tolysis[1]. Electrolytic water splitting is driven by passing the 
electrical current through an electrolyser, where conversion 
of the electrical energy to chemical energy takes place at the 
electrode-electrolyte interface through charge transfer re-
actions. These devices have attracted attention because of 
their high energy density, safe operational mode, and high 
abundance of water. However, this promising energy stor-
age technology is limited by the sluggish kinetics of oxygen 
evolution reaction (OER) [2]. The current benchmark of elec-
trocatalysts for OER applications is based on precious metals 
(Ir and Ru) and their oxides (IrO2 and RuO2) [3]. Yet, their low 
abundance, high cost, poor chemical stability in alkaline me-
dia obstruct them from the tenable application. Therefore, 
it is vital to develop a more efficient, stable, and low-cost 
non-noble electrocatalyst for OER. Over the past few years, 
remarkable efforts have been devoted to explore electo-
catalysts based on transition metals oxides (TMOs), which 
have been proven to present high catalytic activity towards 
OER [5, 6]. In addition, TMOs are environmentally friendly 
and abundant in the Earth’s crust, and mixtures of TMOs can 
be made to promote synergistic effects to overcome typical 
issues of TMOs, such as poor electrical conductivity or lim-
ited stability. In this work, the synthesis of a trimetallic spi-
nel (Mn0.5Ni0.5 Co2O4) with a 3DOM morphology using a 
poly– methylmethacrylate (PMMA) template made of 
spheres with an average diameter of 160 nm is reported [4]. 
This material was physicochemically characterized by differ-
ent techniques to corroborate the incorporation of Mn and 
Ni into the Co3O4 crystal structure and the formation of the 
3DOM morphology. This material was evaluated in an elec-
trolyser based on an anion exchange membrane (FAA3-50 
from FumaTech) as the electrolyte. Additionally, the perfor-
mance was compared to that obtained using benchmarked 
IrO2 electrocatalysts.  

2. Experimental

Anodes were prepared using Mn0.5Ni0.5 Co2O4 samples with 
20 wt% ionomer, spraying the anodic catalytic ink directly on 
the FAA3-50 membrane, with a final loading of 3 mg/cm2. 
The cathodes were prepared by mixing, in an ultrasonic ice 
bath for 30 minutes, a commercial (Alfa Aesar) 40 wt.% Plat-
inum on carbon (Pt/C), as the electro-catalyst, and the FAA3 
ionomer (with an amount of 20 wt.% of the total solid con-
tent). The ink was deposited by spray coating technique 
onto the Sigracet 25-BC Gas Diffusion Layer (SGL) to obtain 
a gas diffusion electrode (GDE). Anode and cathode were 
made with geometrical area equal to 5 cm2. Before the as-
sembly, the anodes and cathodes were exchanged, sepa-
rately, in a 1 M KOH solution for 1 h. Then they were coupled 
by a cold-assembling procedure to realize a membrane-elec-
trode assembly (MEA) and tested in an electrolyser. The 
electrochemical characterizations were carried out in single 
cell configuration with a size of 5 cm2, in terms of polarisa-
tion curves, in a temperature range between 30°C and 60°C 
and atmospheric pressure. A 1 M KOH solution was supplied 
by a peristaltic pump to the anode compartment, at a flow 
rate of 5 ml/min. The electrochemical measurements were 
carried out using a potentiostat-galvanostat device 
PGSTAT302N equipped with an FRA module (Autolab). I-V 
curves were performed at a scan rate of 5 mV/s. 

3. Discussion

A novel and highly durable electrocatalyst for water splitting 
are presented. This work demonstrated the feasibility of 
synthesizing a trimetallic spinel with a 3DOM morphology   

Figure 1 TEM images of 3DOM Mn0.5Ni0.5Co2O4 Electrocatalyst 

Keywords: Hydrogen production, oxygen evolution reaction, water splitting, anion exchange membrane. 
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The synthesis method allows obtain spheres with diameters 
close to 160 nm allowed us to obtain a surface area of 65.73 
m2 g–1, a kind of netting is formed as shown in Figure 1. Once 
the electrodes are prepared, the catalyst samples were eval-
uated in an electrolyser, showing a very high current density 
(2.5 mA cm-2) at 2.2 V (Figure 2). This value is even better 
than that obtained with an IrO2 as anode catalyst (2 A cm-2). 
 

 

Figure 2 Linear sweep voltammetry at diferrent temperatures the 
MEA equipped with Mn0.5Ni0.5 Co2O4 anode catalyst. 

4. Conclusions 

The Mn0.5Ni0.5 Co2O4 electrocatalyst with a 3DOM morphol-
ogy showed an excellent actitvity towards OER in an anion 
exchange membrane electrolyser, paving the way for de-
creasing the cost of green hydrogen production. 
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1. Introduction

The intervention of hydrogen of renewable origin, green
H2, in the energy mix of a country is a topic of great interest 
today as it is emerging as an energy vector conducive to the 
decarbonization of the economy and the energy transition 
from a fossil energy system to one based on renewable en-
ergies [1]. Thus, in the context of the Hydrogen Economy, 
green H2 is produced, stored, transported and distributed 
for use as energy vector or chemical input. The diversity of 
pathways of production, with different levels of scientific 
advancement and technological maturity, motivates the re-
alization of this work, which proposes to carry out a system-
atic bibliographic review, supported by bibliometric meth-
ods, of the scientific literature and the registration of pa-
tents on the production of green H2, in the period 2010-
2020.  

2. Method

The method used is carried out in three stages. The first
involves identifying the pathways and processes to produce 
green H2; the second, to carry out a bibliographic search on 
the pathways and processes identified; and the third, to 
carry out the bibliometric analysis of the bibliographic explo-
ration results. These stages are associated with a set of ac-
tivities, namely: analysis of review articles on green H2 pro-
duction processes; selection of production pathways and 
processes to study; construction of keywords and search 
equations; consulting selected scientific and patent data-
bases; review, debugging and validation of the results; 
downloading and processing of information in specialized 
software (Vantage Point and VosViewer); generation of bib-
liometric indicators and their corresponding analysis and dy-
namic interpretation. Based on the maximum length of this 
summary, the results of the two H2 production processes 
with the highest activity in scientific and patent publications 
are presented: electrolysis and gasification, although the full 
study covers nine processes from the three selected produc-
tion pathways.  

3. Results and discussions

The preliminary bibliographic review of the production
processes of green H2 allows identifying the prioritized re-
newable primary sources (RPS), their ways of conversion 
and the production processes associated with the greatest 
activity and relevance at present. Thus, the selected RPSs 

are biomass energy, direct solar energy, wind energy and hy-
dropower; while its derived energies are thermal, biochem-
ical, photonic, and electrical energy, from whose individual 
or joint conversion 14 green H2 production processes are ob-
tained on which a systematic bibliographic search is carried 
out in the Scopus databse, following the general procedure 
used in bibliometric studies in the knowledge field of energy 
[2].  

Based on the bibliometric indicators generated, Figure 1 
shows the green H2 production pathway for the five pro-
cesses with the highest activity, having a scientific produc-
tion of more than 300 articles in the study period. Conven-
tional electrolysis is seen to be the process with the most 
access pathways, while biomass energy is the most versatile 
of all types of energy. Also, one of the emerging technolo-
gies to produce green H2, photoelectrochemistry, is included 
in this group and with promising development prospects [3]. 

Fig. 1. Pathways of selected processes for green H2 production. 

In Figure 2, the evolution of the five aforementioned pro-
cesses is presented, it can be seen that gasification and elec-
trolysis are the processes that lead, in that order, the statis-
tics for all the years of the study period. This result is not 
accidental, since both are well known processes in their 
structure and behavior, with mature technologies and 
widely used in the process industry. In the context of the Hy-
drogen Economy, its participation has two distinctive as-
pects, the primary energy source that is the base of the pro-
cess and its final uses. 
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Fig. 2. Evolution of scientific publications of selected processes 

      In keeping with this result, the technological develop-
ment of both processes is presented, measured by the 
number of patents registered annually, Fig. 3 (a, b). 

Fig. 3a. Evolution of patents for gasification. 

 

Fig. 3b. Evolution of patents for electrolysis. 

The technological innovation curves show the usual be-
havior, with peaks and valleys in correspondence with the 
behavior of the scientific literature. There is also a more pro-
nounced growth in electrolysis in the last 4 years (Fig. 3a), 
which could be attributed to its qualification as the main 
green H2 generation process [4].      

4. Conclusions 

A retrospective and current state of the development, 
scientific and technological, of the production of green H2 is 
presented, through a bibliometric analysis of the scientific 
literature and patent registration in the period 2010-2020. 
There is a growing trend in scientific publications, with the 
leadership of gasification and electrolysis processes, and an 
important participation of photoelectrochemistry. Regard-
ing technological development, electrolysis has experienced 

high growth in the last five years and gasification has a pen-
dular behavior. The results indicate the preponderance of 
conventional H2 production processes, but with the sus-
tained advance of emerging technologies, such as photoe-
lectrochemistry and dark fermentation. It is concluded that 
the production of green H2 constitutes a stage in the value 
chain of the Hydrogen Economy in full scientific progress 
and technological development, combining mature pro-
cesses with new processes based on the use of innovative 
types of RPS conversion. The results help to identify the cur-
rent state and interpret the trends in the generation of 
knowledge, technological development and innovation in 
the production of green H2 that support the formulation of 
policies and actions for the incorporation of the Hydrogen 
Economy in a given context.   
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1. Introduction

Hydrogen has become an energy vector of interest, be-
cause it allows the storage of energy from different sources, 
particularly interesting when is coupled with renewable 
ones. The combustion of hydrogen generates only water, 
thus avoiding the emission of polluting gases that promote 
global warming. Hydrogen can be produced through the 
electrolysis of water, usually carried out in alkaline liquid 
electrolyzers (AEL), using nickel electrodes as catalysts for 
the hydrogen evolution reaction (HER). It is known that the 
formation of alloys with other transition metals, such as co-
balt, generates a significant increase in the activity of the 
HER catalysts. The formation of alloys alters the position of 
the nickel "d" bands, and with them, its Fermi level. These 
new alloyed materials can be obtained as an electrochemi-
cal deposition coating by simply adding the precursor salts 
to the traditional Watts bath. 

NiCo alloys possess distinctive mechanical, thermophys-
ical and magnetic properties; and compared to pure nickel, 
NiCo deposits have higher hardness and better wear and 
corrosion resistance. Several publications evaluated their 
catalytic activity for HER in alkaline media, working with al-
loy coatings with different Ni/Co ratios [1]–[3]. All of them 
conclude that the HER at NiCo electrodes is superior to that 
of Ni. However, the correlation between the catalytic activi-
ties of the alloys and the structural properties is not exhaust-
ively carried out. In a previus work [4], we study the NiCo 
alloy in electrochemical baths with different Co2+ proportion 
and pH. Now we present a morfollogical and electrochemi-
cal study, using a modified nickel Watts bath, with a con-
trolled pH. 

2. Experimental

2.1 Materials 

Hydrochloric acid (Cicarelli, PA grade), potassium hy-
droxide (Anedra, PA grade), nitric acid (Cicarelli, PA grade), 
sulfuric acid (Cicarelli, PA grade), ethanol (Cicarelli, 96%), ac-
etone (Cicarelli, PA grade), cobalt (II) sulfate heptahydrate 
(Anedra, PA grade), nickel (II) sulfate hexahydrate (Anedra, 
PA grade), nickel (II) chloride hexahydrate (Anedra, PA 
grade) and boric acid (Merck, PA grade) were used as pur-
chased, without prior purification. Milli-Q water was used 
for rinsing and solution preparation. AISI 316L stainless steel 
plates were used as substrate, partially covered with insu-
lating tape to expose a surface area of 4 cm2. The 

composition of the steel is: Cr 17%, Ni 12%, C 0.01%, Mn 2%, 
Si 0.75%, P 0.045%, S 0.03%, Mo 2.50% and Fe% rest. 

2.2 Solution and Sample Preparation 

The AISI 316L steel plates were pretreated with the 
cleaning method detailed in Gómez et al [4]. They were then 
coated with an adhesion layer, or nickel strike deposit, using 
a 225 g/L NiCl2⋅6H2O solution acidified to pH 0.5 with HCl, to 
improve the adhesion of the alloy layer. A second layer of 
nickel was electrodeposited on top of the strike layer but 
with the formulation of a modified Watts bath to obtain the 
coating of a NiCo alloy. For this bath, 280 g of NiSO4·6H2O, 
35 g of NiCl2·6H2O, 45 g of H3BO3 and three different ratios 
of CoSO4·6H2O per liter, were used to synthesize the NiCo 
alloy. The proportions of CoSO4·7H2O were: 1.5, 3.5 and 15 
mol % of the total moles of Ni2+ present per liter. The sam-
ples are named in function of the bath composition. The pH 
of each solution was kept at 3.5 independet of the 
CoSO4·7H2O concentration. Nickel electrodeposition in 
every step was performed in a two-electrode cell with a 
nickel anode, by application of a - 0.05 A/cm2 pulse at 55 °C, 
during 1800 s for the strike layer and 2700 s for the catalytic 
layer. The total coating thickness is about 75 μm, which in-
cludes 30 μm from the adhesion layer and 45 μm of the cat-
alytic layer. 

3. Discussion

3.1 Chemical and Structural Characterization 

The morphology of the deposits obtained was estab-
lished by SEM micrographs of the different NiCo alloy elec-
trodes, which are shown in Figure 1. The images show the 
nominal compositions of Ni2+ and Co2+ in the baths (EDP). 
The metallic Ni and Co compositions can also be observed 
(EDS) and were determined with EDS. It is notable that Co 
deposition is preferential to Ni since the Co/Ni ratios in the 
deposits are significantly higher than the Co/Ni ratio used in 
the baths. This has been published as due to the formation 
of a CoOH film at the liquid-electrode interface, which hin-
ders the adsorption of Ni2+ on the cathode for its reduction 
[2], [3]. As the amount of deposited Co increases, it can be 
observed that the surfaces change from having a low relief 
with stepped structures and larger grains, to a higher relief 
with well-defined pyramidal shapes, with apparently smaller 
grains. 

The crystalline structure of the coatings was determined 
by means of the diffractograms obtained by X-ray diffraction 
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for the different NiCo alloys, which can be seen in Figure 2. 
The peaks present at 2θ values of approximately 45.5° and 
53° correspond to the (111) and (200) planes of nickel for a 
face-centered (fcc) cubic crystallization system. The 
intensities have been normalized with respect to the (111) 
plane of Ni. The absence of extra peaks is a first indication 
that the synthesized materials are true alloys. As the amount 
of Co increases, the decrease of the intensity of the peaks 
corresponding to the (200) planes is observed until 
disappearing for NiCo 15% mol. This implies a possible 
change of cristallographic sistem from fcc to hcp or a 
mixture between fcc and hcp. 

 
Figure 1: SEM images of the surface of NiCo deposited plates, 
taken at 5 kV and at two different magnifications. The 
composition is indicated in each image as % mol Ni and Co: EDP 
corresponds to the nominal composition of the bath, EDS 
corresponds to the composition of the electrodeposits obtained 
by EDS. 

 
Figure 2: X-ray diffractograms of the NiCo plates, obtained at 2θ 
values between 10° to 70° and amplified in the Ni signal zones. 

The roughness obtained by surface root mean square 
(RMS) of the samples was analyzed by confocal microscopy 
images at two magnifications: 1070x and 2132x, each one 

contemplating a geometric surface of (258 µm)2 and (130 
µm)2, respectively. Table 1 shows the measurements ob-
tained for each NiCo sample and compares them with a pure 
Ni sample, electrodeposited with a Watts bath (Ni-Watts). 
The RMS values for the electrodes with deposited Co con-
tent of less than approximately 32%, do not differ signifi-
cantly from those obtained for the Ni-Watts samples. For 
NiCo 1.5% mol the RMS is 1.4% higher and for NiCo 3.5%, 
13.3% higher than for Ni-Watts. However, for NiCo 15% mol 
with 57.22% Co content in the alloy, the RMS increases sig-
nificantly, being 55.7% higher than that of Ni. Such an in-
crease is consistent with what was observed in SEM micro-
graphs where the surface shows pyramidal structures with 
large unevenness. 

Figure 3 shows the spectra obtained with Raman confo-
cal spectroscopy for the as-deposited, fresh and aged NiCo 
alloys. The samples were subjected to an aging process for 
hydrogen production at -1.5 VSCE for 4 h at 25 °C in 1 M KOH. 
The fresh electrodes show no differences between each 
other, even though they possess different Co content, but a 
change is observed when the Raman spectra of the aged ma-
terials are analyzed. In all newly synthesized samples, the 
spectra contain signals between 400 and 1100 cm-1 corre-
sponding to NiO surface oxide and other non-stoichiometric 
nickel oxides.  The CoO signals are presented as two broad 
bands that can be observed centered at 440 and 702 cm-1.  

Table 1: RMS obtained at different magnifications: the average 
values of the Ni-Watts electrodes (0% Co) and of the different 
alloys synthesized are presented. 

%Co+2 
(mol bath) 

%Co+2 
(mol EDS) 

RMS 
1070x (µm) 

RMS 
2132x (µm) 

0 0 0.35 0.32 
1.5 20.86 0.35 0.30 
3.5 31.93 0.39 0.38 
15 57.22 0.54 0.52 

In all aged electrodes, hydroxide signals can be found in 
different regions of the spectrum. Both, Co(OH)2 and 
Ni(OH)2, have a signal at high wavenumbers, approximately 
at 3500-3650 cm-1 corresponding to the stretching of the O-
H groups. The presence of hydroxides is associated with the 
formation of passivation layers for HER. 

 
Figure 3: X Raman spectra obtained for samples deposited with 
different Co ratios for NiCo alloys. Inset graph: magnification in 
the area where the O-H stretching signals are present. 
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3.1.1 Electrochemical characterization 

Electrochemical experiments were performed in a three-
electrode electrochemical cell with a thermostatic jacket, 
using a large-area platinum foil as a counter electrode and a 
saturated calomel electrode (SCE) as a reference electrode 
(0.243 VRHE). The electrolyte consisted of a deoxygenated 1 
M KOH aqueous solution.  

Cyclic voltammetries were performed to compare the ef-
fects produced on the current density before and after the 
aging process. The values of the current densities obtained 
at -1.5 VSCE are given in Table 2. Comparing these data, it is 
observed that the NiCo 3.5% mol electrode is the most ac-
tive for HER at the two temperatures studied. At 25 °C, this 
electrocatalyst shows a current density 93.3% higher than 
NiCo 1.5% mol and Ni-Watts; and 41.4% higher than NiCo 
15% mol. The current density values measured in the 
voltagrams of the aged plates are lower than for the newly 
synthesized ones, except for NiCo 15% mol where no varia-
tion is observed. This implies that, when using NiCo elec-
trodes for hydrogen production, a deactivation is generated. 
This may be due to the formation of passivating layers of hy-
droxides of Ni and Co. On the other hand, as with Ni-Watts 
electrodes, it can be observed that the increase in tempera-
ture causes an increase in current density, and hence, the 
increase in the amount of hydrogen generated.  

Table 2: Current densities (j) obtained at -1.5 VSCE and onset 
potentials (EOP), taken from cyclic voltammetries recorded at 5 
mV/s, at 25 and 50 °C.  

Temperature 25 °C 50 °C 

Electrode 
fresh aged fresh aged 

j (A·cm-2) a -1,5 VSCE 

Ni-Watts -3.0.10-2 -2.6.10-2 -4.9.10-2 -5.5.10-2 
NiCo 1.5% -3.1.10-2 -2.6.10-2 -4.5.10-2 -4.1.10-2 
NiCo 3.5% -5.8.10-2 -5.0.10-2 -8.7.10-2 -8.1.10-2 
NiCo 15% -4.1.10-2 -4.2.10-2 -5.4.10-2 -5.5.10-2 

Electrode EOP (VSCE) 

Ni-Watts -1.03 -1.03 -1.02 -1.03 
NiCo 1.5% -0.84 -0.82 -0.85 -0.74 
NiCo 3.5% -0.96 -0.75 -0.96 -0.75 
NiCo 15% -1.08 -0.82 -0.96 -0.78 

The onset potentials (EOP) of NiCo plates are lower than 
those obtained for Ni. If the aged NiCo plates are compared 
with the freshly synthesized ones, it can be observed that 
the EOP become less negative. The decrease in overpotential 
for EOP is an indication that less energy is required to start 
hydrogen production. Therefore, there will be a grater 
chance that, whith the same overpotential, a higher current 
density corresponding to HER will be achieved. 

Figure 4 shows the chronoamperometric profiles ob-
tained for NiCo alloys and compares them with Ni-Watts, in 
order to simulate electrode aging. The measured current 
density values indicate that NiCo alloys are 10 times more 
active than Ni-Watts, the most active being NiCo 3.5% mol.   

4. Conclusions 

NiCo alloy electrodes were synthesized using Ni-Watts 
baths modified with different proportions of CoSO4·7H2O: 

1.5, 3.5 and 15% in mol of Co2+. The synthesis was carried 
out on AISI 316L steel plates previously coated with Ni strike.  

The evaluation by electrochemical experiments indicates 
that NiCo electrodes are notably more active for HER than 
Ni-Watts in alkaline medium. Particularly NiCo 3.5% is the 
one with the highest current density. In CVs, this electrode 
generates 93.3% more current at -1.5 VSCE than Ni-Watts, 
and in chronoamperometry it is 889% higher. 

 NiCo 3.5% is observed to have the highest (111)/(200) 
ratio while maintaining the fcc structure. These planes are 
associated with the presence of more active sites for hydro-
gen detachment in Ni cathode.  

The presence of nickel and cobalt oxides, formed by ex-
posure to air, was observed in all fresh electrodes. Once 
aged, the plates developed surface nickel and cobalt hydrox-
ides which are associated with the formation of passivation 
layers. 

 
Figure 4: Chronoamperometries performed on NiCo alloys and Ni-
Watts in 1 M KOH at -1.5 V vs. SCE, at 25 °C for 4 hours. 
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1. Introduction

The deployment of technologies coupled with renewable 
energy sources for the sustainable production of hydrogen is a 
promising route to allow rapid decarbonization of the energy. 
Proton exchange membrane water electrolyzers (PEMWE) 
emerge readily for converting renewable electricity into 
storable hydrogen. Aside from many advantages, there are 

some demerits needed to be circumvented for PEMWE 
technology to keep up with the ambitious targets envisioned 
for the near future. The catalysts used for both oxygen 
evolution reaction (OER) and hydrogen evolution reaction 
(HER), typically based of Ir and Pt respectively, contribute for 
ca. 8-10 % of the overall balance of stack cost. Assuming a 
typical Ir loading of 2 mgIr∙cm-2 and operation at 4 W∙cm-2, 

nearly 500 kg of Ir is required per GW, which in turn poses a 
major and prohibitive roadblock for the commercialization of 
PEMWEs, since Ir is a scarce and expensive metal with a mere 
yearly production rate of < 9 ton. According to the European 
FCH-JU and US department of energy (DOE), the investment 
costs must be at least halved for PEMWE to be competitive at 
the GW scale applications; currently, 1000-2000 €∙kW-1 shall be 

lowered down to 300-600 €∙kW-1. 
There had been several ventures to meet capital cost 

targets, especially concerning the development of cutting-
edge, high structured novel catalysts in order to reach the 
energy density goal of ca. 0.01 gIr∙kW-1 at 1.79 V, corresponding 
to an Ir loading reduction by a factor of 40 (0.05 mgIr·cm-2)[2]. 
Besides the efforts, electrochemical and morphological 

characterizations had enabled to decouple several triggering 
degradation mechanisms associated with Ir-based catalysts’ 
instability; unanimous conjectures point out that support 
materials must have high surface area coupled to favour 
electronic/lattice interactions with Ir catalyst and enable the 
enhancement of both stability and OER specific activity. Lately, 
metal-doped SnO2 had been assigned as good supports for IrO2 
and Ru catalysts. Doping metals such as In-, Ta-, Nb-, In- SnO2 

provide fair conductivity and a great catalyst-support 
interaction which offers enhanced stability to IrO2. A recent 
work has delved into the possible corrosion mechanisms 
associated with tin-based electrocatalyst supports. The time-
dependent dissolution of In, F and Sb from SnO2:F (FTO), 
SnO2:Sb (ATO) and SnO2:In (ITO) catalysts was studied in a harsh 
acidic and oxidative electrolyte environment, ranging from 

cathodic potentials to high anodic potentials - oxygen evolution 
regions (-0.6 to 3.2 V RHE). The FTO film was highlighted as a very 

promising support for catalysts due to its unmatchable stability 
at such conditions, surpassing both ATO and ITO [3].  

The former evidence served as motivation for the present 
work. FTO nanoparticles were produced for the first time for 
serving as support to Ir nanoparticles, using a modified polyol 
reduction method. The microstructural properties of the 
support particles were analysed upon applying several heat 

treatments and the effect of electronic and lattice strain on the 
overall performance and stability of the catalyst in OER 
conditions was both screened in an RDE setup and in PEMWE 
single-cell operation. Herein, the optimum preparation routes 
of IrOx/FTO anodes are reported, which besides allowing to 
drop the loading of Ir by nearly 70 %, also ensure 1.75-fold 
higher performances @ 2 V and 80 °C comparatively to a cell 

using the state-of-the-art catalyst (IrO2). 

2. Experimental

2.1 Synthesis of the electrocatalysts and preparation of elec-
trodes 

Fluorine doped tin oxide (FTO) nanoparticles were prepared us-
ing a modified sol-gel procedure. Ethanol was added to a salt 
precursor of tin oxide and stirred for 2 hours. Simultaneously, 
distilled water and NH4F were added dropwise into the beaker 
containing the previous solution. The pH of the solution was 
carefully controlled to alkaline pH. A white opaque precipitate 
was formed which consisted of the FTO nanoparticles. The so-
lution was filtrated and dried for 4h at 60 °C. Three annealing 
treatments were performed placing 150 mg of as-prepared FTO 
powder in a tubular furnace for 4 hours under airflow (200 
mL∙min-1) at 300 °C, 500 °C and 700 °C. A modified polyol reduc-
tion was used to support IrO2 salt precursor - IrCl3·xH2O (Alfa 
Aesar) on the prepared FTO powders, in an ethane-1-2-diol so-
lution (pH=13), maintaining a ratio of 1:1 wt. % /wt. % between 
the precursor and the support, at 175 °C on a hot plate for three 
hours. The final catalysts were described as XIrO2/FTO_Y, 
where X refers to a mass fraction and Y to the annealing tem-
perature. A catalyst ink was prepared by mixing the synthesized 
powders, IrO2/FTO or commercial Pt/C which was then sprayed 
on top of Nafion 115 at both sides to produce catalyst coated 
membranes with 1 mgcatalyst·cm-2 at the anode side with Ir based 
catalysts, and 0.3 mgPt·cm-2 at the cathode side. A 4 cm2 active 
area PEM water electrolyser was assembled using two Ti PTLs 
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with Pt coating, a hydrophilic carbon paper at the cathode side 
(Sigracarb 2050, Fuel CellStore) and each prepared CCM placed 
in the middle. A torque of 0.6 Nm was applied to 4 screws which 
served to clamp the cell. 

2.2 Electrochemical characterization 

The catalyst suspension deposited on the Au tip consisted of 20 
µL containing an overall mass of metallic iridium of 2.8 ±0.1 µgIr 

(loading of 14.3 µgIr·cm-2). The working electrode was dipped 
into the electrolyte (0.1 M HClO4(aq)) and conditioned in Ar dur-
ing 100 cycles between 0.05 V – 1.4 V (vs. RHE) at 100 mV s-1 
and 0 RPM. A cyclic voltammogram (CV) was recorded from 
0.05 V to 1.4 V using a scan rate of 20 mV·s-1. Afterwards, a lin-
ear sweep voltammetry (LSV) was recorded from 1.1 V to 1.9 V 
vs. RHE at 1600 RPM to ascribe the OER mass activity of each 
catalyst. An accelerated stress test (AST) was performed and 
the OER catalytic performance of the synthetized catalysts was 
evaluated once again. The AST consisted of cycling the potential 
in the typical potential range of PEMWE cell operation (1.1 V to 
1.8 V) for 10 000 cycles at a scan rate of 100 mV·s-1. Each PEM 
electrolyser containing the prepared CCMs was characterized 
by performing a polarization curve at 60 °C, and by retrieving 
electrochemical impedance spectra in galvanostatic mode (8 
A). To assess the stability of the best performing system, a 
chronopotentiometry was recorded at 1.3 A cm-2 for 320 h and 
75 °C. 

3. Results 

3.1 Electrocatalytic OER performance of IrOx/Fluorine doped 
SnO2 supports using RDE 

Fig.1 displays the cyclic voltammograms recorded at 20 mV·s-1 
for the all-synthesized electrocatalysts and the commercial un-
supported IrO2 from PREMETEK. The CV spectra show that de-
pending on the type of support, the initial Ir valence states dif-
fer from one another due to the peaks arising at different po-
tentials. All synthesised catalysts reveal that mainly hydrous Ir 
oxide (IrOx - 0.6 V to 1.0 V vs. RHE) was generated; these cata-
lysts are amorphous and possess more defects in comparison 
to crystalline materials, therefore are expected to have higher 
activities and enhanced usage of Ir active sites. On the other 
hand, there is no evidence of metallic Iridium redox pairs in 
none of the synthesised electrocatalysts, which typically appear 
at potentials below 0.4 V vs. RHE. Whilst the FTO based catalyst 
annealed at 500 °C depicts the earliest onset tendency for OER 
activity at more oxidative potentials, the catalyst annealed at 
300 °C presents the best activity for hydrogen evolution. 
Moreover, the larger anodic peak current density reached for 
the sample 30IrO2/FTO_500 and the quasi-symmetric redox 
peaks, with no substantial peak potential separation unveil that 
this catalyst is mostly reversible with a larger number of active 
Ir trivalent/tetravalent species. 

 

Fig. 1. OER characterization of XIrO2/FTO_Y in RDE setup by 
means of a) CVs retrieved at 20 mv·s-1 and b) OER LSVs 
recorded at 2 mV·s-1 in an Ar saturated 0.1 M HClO4 solution at 
25 °C. The loading of Ir catalyst was kept at 14.2 µgIr·cm-2 in 
the 0.196 cm2 Au WE tip at 1600 RPM. 

 Fig.1 b) displays the LSVs corresponding to the OER perfor-
mance of the prepared electrocatalysts. The Ir NPs supported 
in FTO annealed at 500 °C unveil the earliest onset and there-
fore highest OER mass-activity (MA) at 1.51 V, Table 1. All the 
synthetized electrocatalysts outperformed the commercial cat-
alyst in terms of catalytic activity, except for 30IrO2/FTO_300. 
The measured OER activities measured at an overpotential of 
280 mV, approached the best values attained in the literature 
and even outperformed the most ambitious commercial cata-
lysts, especially, 30IrO2/FTO_500 which delivers a 5-fold higher 
OER activity at 1.51 V vs. RHE comparatively to the commercial 
catalyst (77 A·g-1 vs. 15.5 A·g-1 at 25 ◦C, 1600 RPM in 0.1 M 
HClO4).  These results suggest that dispersing Ir nanoparticles in 
FTO is beneficial to decrease the activation energy barrier of 
OER and there is an optimum degree of calcination/annealing 
temperature for boosting the beneficial support features, 
which happens at 500 ◦C, Table 1. 

Table 1. Data regarding OER mass activity of prepared 
catalysts and specific MA variation upon AST of 10 k cycles. 

Catalyst 
OER activity @ 

1.51 V (mA·cm-2) 

Tafel Slope 
(mV·dec-1) 

OER activity 
variation upon 

the AST (+/- %) 

IrO2 15.5 83.7 ± 4 - 50 

30IrO2/FTO_N

C 
27 

63.8 ± 7 - 41  

30IrO2/FTO_3
00 

6.9 
186 ± 4 + 74.3 

30IrO2/FTO_5
00 

77 
59 ± 1 + 0.41 

30IrO2/FTO_7

00 
17 

64.8 ± 6 - 25.5 

 
Tafel slope values were obtained at a steady-state current 

density, in the overpotential window of 0.25 V < η <0.45 V. The 
smallest slope value was achieved for the catalyst 
30IrO2/FTO_500 with solely 59 mV·dec-1, followed by 63.8 
mV·dec-1 (30IrO2/FTO_NC), 64.8 mV·dec-1 (30IrO2/FTO_700), 
83.4 mV·dec-1(IrO2) and finally 186 mV·dec-1 (30IrO2/FTO_300). 
The Tafel slope of the commercial catalyst falls in the typical 
range of such types of catalysts reported in the literature [5,6]; 
the lower Tafel slopes also indicate that the reaction faces a 
chemically controlled kinetics unlikely to 30IrO2/FTO_300 
which presents a higher Tafel slope indicating that the limiting 
step faces a competition between a chemically governed and 
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an electron transfer mechanism. The latter suggests the sup-
port annealing step at 300 ◦C might have condemned the initial 
microstructure providing insulating properties instead of elec-
trically conductive features. The accelerated stress test pro-
duced distinct OER end of life activities depending on the type 
of annealed FTO support. In fact, the cycling increased the ac-
tivity of the former worst-performing catalyst, 30IrO2/FTO_300 
in ca. 74 %; yet, no significant OER activity variation was noticed 
for the catalyst 30IrO2/FTO_500, which suggests that this cata-
lyst is highly stable under harsh acidic OER conditions. Regard-
ing the non-calcined and calcined support at the highest tem-
peratures, 700°C, the OER MA loss was 41 % and 25.5 %, re-
spectively, suggesting that the catalyst-support interaction was 
detrimental and the corrosion of the support was triggered in-
fluencing the activity of the Ir NPs, see Table 1. 

3.2 PEMWE performance 

Comparatively to the benchmark IrO2 catalyst, all prepared 
anodes with an overall loading of 0.3 mgIr/cm2 based of FTO 
demonstrate much lower overpotentials, especially at the 
activation (< 200 mA·cm-2) and ohmic overpotential regions, Fig 
1a). The use of FTO nanoparticles allows the improvement of 
the in- and through-plane electrical conductivity of the catalyst 
layer, thus allowing to circumvent the major problems verified 
with other less stable and less conductive ATO or ITO based 
anode layers. The EIS spectra recorded at 2 A·cm-2, Fig.2b) show 
that there is an evident decrease on the charge transfer 
resistances associated with the OER reaction for the Ir catalysts 
dispersed in FTO nanoparticles (500 °C, 700 °C). Minor mass-
transport resistances are noticed for Ir dispersed in FTO 
nanoparticles annealed at 500 °C compared to the Ir 
commercial catalyst. 

 

Fig. 2. PEMWE performance and stability using IrO2 and 
30IrOx/FTO_Y (NC/500°/700°) CCM anodes in a cell with 
N117 at 60 °C); b) EIS recorded at 2 A·cm2; c) long-term 

chronopotentiometry at steady 1000mA·cm-2 d) Pol 
curves recorded at BoL and after 200 h of operation @ 
75 °C. 

 
The cell was subjected to a chronopotentiometry at high 

current densities - 1.3 A·cm-2, for over 320 h and the 
overpotential of the cell was kept constant at η=0.82 V, 

thereafter no visible triggered degradation mechanisms, such 
as the dissolution of fluorine ions, are attributed to anodes 
composed of FTO nanoparticles prepared under an annealing 
step at 500° C, as evidenced in Fig. 2c. After 200 h of continuous 
operation, the current density of the cell even improved 
substantially suggesting the enhancement of water-gas 
management was probably due to further rearrangement of 
the catalyst layer microstructure, Fig. 2d. 

4. Conclusions 

Iridium oxide nanoparticles were successfully nucleated in 
synthetized FTO nanoparticles with an optimum size of the 
metal particles of ca. 4.75 nm. FTO nanoparticles prepared un-
der an annealing step of 500 °C in airflow, boosted electrical 
and microstructural features; besides lowering the loading of 
Iridium in 70 % in the anode of a PEMWE, the performance of 
the cell was improved in ca. 75 % at 2 V, 60 °C when using an-
odes of FTO annealed at 500 °C, compared with IrO2 anodes. 
The calcination temperature was found to deeply influence the 
morphology and activity of iridium electrocatalysts supported 
on FTO. All electrochemical evidences were supported by phys-
icochemical characterization (HR-TEM, XPS, TGA, EDS). The re-
sults accomplished, provide critical perspectives for the future 
preparation of high-performing cost-effective and sustainable 
PEMWEs, thus enabling the clean and efficient energy produc-
tion and storage opportunities. 
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1. Introduction

Due to the increasing consumption of fossil fuels and in-
creasing environmental problems, paradigm shifts toward 
searching for clean, green, and renewable energy sources 
have recently intensified. Hydrogen is one of the cleanest, 
green, free of carbon print, and most sustainable energy 
sources that can offer high-density fuel for various applica-
tions[1]. In this context, electrochemical water electrolysis 
plays a vital role in producing hydrogen. So far, only 4% of 
the total H2 produced worldwide is shared from water elec-
trolysis due to its high energy consumption, low efficiency, 
and expensive catalysts. The hydrogen evolution reaction 
(HER), the half-reaction at the cathode electrode, consumes 
a significant amount of electrical energy due to its slow re-
action kinetics. Pt-based precious electrocatalysts have 
shown excellent HER activity; however, their scarcity and 
high cost limit their use for sustained large-scale applica-
tions [2]. As a result, designing and developing electrocata-
lysts with high performance, activity, and durability has be-
come a hot spot in recent research studies to reduce the en-
ergy consumption of the HER process. The emerging earth-
abundant transition metal phosphides (TMPs) are consid-
ered as a promising electrocatalyst for HER [3]. However, 
their performance and stability still need further improve-
ment to meet the large-scale application requirement.   

Herein, we report a facile approach and cost-effective 
strategy for transforming commercially available stainless 
steel mesh substrate (SSM) into a high-performance and sta-
ble electrocatalyst for alkaline HER. The surface of SSM was 
modified by transition metal phosphide, NiCoP, through a 
hydrothermal route followed by phosphorization. In situ fos-
tering of active bimetallic phosphide on the conductive SSM 
substrate grants a shorter path for the diffusion of ions and 
electrons and helps to prevent active catalytic layers from 
detaching/peeling off from the substrate.   

2. Experimental

2.1 Synthesis of NiCo@SSM
NiCo@SSM was grown on SSM substrate via a hydro-

thermal route. Briefly, 2 mmol of Ni(NO3)2·6H2O, 4 mmol of 
Co(NO3)2·6H2O, 24 mmol of urea, and 12 mmol of NH4F were 
mixed in 30 mL ultra-pure water to form a homogeneous so-
lution via magnetic stirring for about 30 min. A piece of SSM 
(1 × 2 cm2), which was cleaned by ultra-sonication (15 

minutes each) sequentially in 3 M HCl, ethanol, and Milli-Q 
water, was immersed into the above solution. Then, the mix-
ture was transferred into a 50 mL Teflon-lined stainless au-
toclave and maintained at 180 °C for 12 h. After cooling 
down to room temperature, the NiCo uniformly grown on 
the SSM was removed, washed with ethanol and water, and 
dried at 70 0C. For comparison purposes, Co@SSM was also 
synthesized.   

2.2 Synthesis of NiCoP@SSM 

The as-prepared NiCo@SSM precursor and 2.0 g of 
NaH2PO2·H2O were put in the same ceramic boat, separated 
by 2 cm, and placed in the center of a horizontal tube reac-
tor. Then, under N2 flow, the reactor's temperature was in-
creased to 350 °C with a ramp rate of 5 °C min−1 and then up 
to 400 °C at 1 °C min−1 and maintained for 2 h to phosphatize 
the precursor. Finally, the reactor was cooled to room tem-
perature, washed with water, and dried at 70 °C to obtain 
NiCoP@SSM. The same procedure was followed to prepare 
CoP@SSM catalyst.   

3. Results

Commercially available SSM substrate was modified
through a hydrothermal route followed by phosphorization. 
Monometallic and bimetals of Co and NiCo were grown on 
SSM by hydrothermal method, designated as Co@SSM and 
NiCo@SSM. Moreover, to obtain CoP@SSM and 
NiCoP@SSM, the as-prepared Co@SSM and NiCo@SSM 
sample was subjected to phosphorization. For comparison 
purpose, Pt/C was also coated on SSM. The HER perfor-
mance of the as-prepared and the state-of-the-art Pt-based 
electrocatalyst was measured using a three-electrode sys-
tem controlled by a potentiostat/galvanostat AUTOLAB 
PGSTAT302 at room temperature. Figure 1a shows the HER 
polarization curve of the pristine SSM and the different ac-
tive materials are grown on the SSM. Figure 1b shows Tafel 
plot extracted from the HER polarization curve. Figure 1c 
presents Nyquist plot of the various samples, and Figure 1d 
shows the chronopotentiometry stability test of the best 
performing NiCoP@SSM catalyst.   
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Figure 1. (a) HER polarization curve recorded at 5 mVs-1 scan 
rate in 1 M KOH solution, and (b) Tafel plots, (c) Nyquist plot 
and (d) Chronopotentiometry stability test of NiCoP@SSM 
sample measured at -138 mV overpotential.  

4. Discussion 

The HER electrocatalytic performances of the various 
catalysts was tested using line sweep voltammetry (LSV) at 
5 mV s-1 in 1.0 M KOH alkaline aqueous solution. As it is clear 
from Figure 1a, the pristine SSM has a sluggish response to-
ward HER. After in situ growth of active metals, the modified 
SSM reveals an enhanced HER catalytic activity. In particular, 
the NiCoP catalyst shows an excellent activity, presenting a 
low overpotential of 138 mV to derive a current density of 
10 mAcm-2 (138 mV @ 10 mA cm-2), which is better than the 
other counterparts: SSM (534 mV @ 10 mA cm-2), Co@SSM 
(312 mV @ 10 mA cm-2), NiCo@SSM (277 mV @ 10 mA cm-

2), and CoP@SSM (193 mV @ 10 mA cm-2). The Pt/C@SSM 
exhibits the best catalyst activity with an overpotential of 44 
mV to reach 10 mA cm−2. The relatively higher catalytic ac-
tivity of NiCoP@SSM compared to the counterparts could be 
attributed to the synergetic effect of the bimetals and the P 
dopant, which can alter its electronic structure. The SSM 
with 3D open structure is beneficial for infiltrating electro-
lytes and facilitating electron transportation. The coupling 
between the NiCoP layer and the 3D substrate of SSM can 
reduce the resistance of the contact area; hence, electron 
transfer between the SSM substrate and NiCoP catalytic 
layer can be easier, eventually promoting the HER activity.  

Moreover, Tafel slope extracted from polarization curves 
was determined to analyse HER's catalytic kinetics. Accord-
ingly, the NiCoP@SSM catalyst shows a relatively lower Tafel 
slope of 74 mV dec-1, which is remarkably smaller than the 
other counterparts (as shown in Figure 1b), signifying its 
fastest kinetics for HER.  

Furthermore, electrochemical impedance spectroscopy 
(EIS) was used to study the kinetics of electron transfer on 
the interface of catalyst/electrolyte. The EIS spectra of the 
various electrocatalyst is shown in Figure 1c. According to 

the diameters of semicircles in Nyquist plots, the charge-
transfer resistance (Rct) of the SSM based electrocatalyst are 
increasing order of NiCoP@SSM (11.0 Ω cm2) < CoP@SSM 
(36.2 Ω cm2) < NiCo@SSM (282.6 Ω cm2 < Co@SSM (494.6 Ω 
cm2) << pristine SSM (4483 Ω cm2). The considerably re-
duced Rct value of NiCoP@SSM indicates an enhanced elec-
tron-transport efficiency at the electrode-electrolyte inter-
face, leading to a significant contribution to the superior 
HER activity.  

Another essential criterion for HER electrocatalyst is the 
stability. The best performing NiCoP@SSM catalyst was sub-
jected to a stability test at -138 mV of overpotential for 24 
h. As shown in Figure 1d, NiCoP@SSM exhibits excellent sta-
bility for HER, with a slight decline, during continuous 24 h 
continuous operation.  

In the meantime, physicochemical characterization, in-
cluding X-ray diffraction (XRD), scanning electron micros-
copy (SEM), inductively coupled plasma (ICP), and X-ray pho-
toelectron spectroscopy (XPS), will be performed to gain fur-
ther insights into the properties of the catalysts.   

5. Conclusions 

In summary, a 3D porous NiCoP@SSM electrocatalyst 
was prepared through a hydrothermal route followed by 
phosphorization as high performance HER electrocatalyst. 
Benefiting from the porous sponge-like structure of the sub-
strate, in situ growth of electroactive species, and promoted 
electrical conductivity, the optimized NiCoP@SSM catalyst 
displays excellent HER activity (138 mV of overpotential at j 
= 10 mA cm-2 with low Tafel slope of 74 mV dec-1) and good 
stability in alkaline media. The development of NiCoP thin 
layer on 3D porous SSM substrate provides a new avenue 
for synthesizing non-precious, low cost, easily scalable, and 
efficient HER electrocatalyst.  
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1. Introduction
The need to find some innovative strategies to develop new 
energy technologies is a priority since the use of fossil fuels 
has become unsustainable. Hydrogen is a promising vector 
for the storage and transport of energy from renewable 
sources. Water electrolysis is considered a sustainable pro-
duction method if powered by renewable sources because 
it does not produce direct carbon emissions [1]. 
Electrocatalytic oxygen reduction/evolution reactions 
(ORR/OER) are essential for renewable energy conversion 
and storage devices such as electrolyzers and fuel cells 
[2][3]. Still today, some of the leading research lines are 
aimed at obtaining electrocatalysts characterized by high 
stability, high activity, high efficiency, economically sustain-
able and, at the same time, PGM-free [4].  
Until now, alkaline electrolysis is the technology that shows 
the greatest potential. In an alkaline electrolytic cell, the 
electrodes are in contact with an alkaline solution, generally 
potassium hydroxide. The high hydroxide concentration in-
fluences both cell performance and conductivity, but this 
technology suffers from low productivity and high mainte-
nance costs associated with the caustic electrolyte. In the 
last few years, a growing interest has been tied to a system 
based on anion exchange membranes (AEM) due to their 
high selectivity, low resistance, and high current density ob-
tained [5][6]. At the cathode, the water is split to form H2 
releasing hydroxide anions, which pass through the mem-
brane and are oxydized at the anode producing O2. For the 
latter reaction, good prospects are associated with electro-
catalysts based on transition metal oxides that show good 
conductivity and stability under the conditions of use. This 
work reports the synthesis and use of a NiFe2O4 spinel de-
posited directly on a commercial anion exchange membrane 
(FAA3-50 by FumaTech). 

2. Experimental

NiFe2O4 was obtained by a liquid-phase method, at atmos-
pheric pressure, via the so-called oxalate route [7]. The 
brown precipitate obtained was then filtered under vacuum 
and dried in an oven at 80°C overnight. Then it was calcined 
at 350°C, in air, for 2h. 
Anodes were prepared mixing for 30 minutes, under soni-
cation, an exact amount of the catalysts with 20 wt.% of ion-
omer. The obtained ink was then applied by spray coating 
technique directly onto the FAA3-50 membrane, with a 
loading of 3 mg/cm2, forming a catalyst-coated membrane 
(CCM). Cathodes were made using a commercial Platinum 
on carbon. The ink was deposited by spray coating tech-
nique onto the Sigracet 25-BC Gas Diffusion Layer (SGL) to 
obtain a gas diffusion electrode (GDE) with 0.5 mg/cm2 Pt/C. 
Ni felt was coupled to the CCM (at the anode side) for all the 
tests performed. 
The CCM and cathodes were previously exchanged in a 1M 
KOH solution for 1h before assembling them.  
The crystallographic structure and morphology of the cata-
lyst powder were investigated by X-ray diffraction (XRD) and 
Scanning Electron Microscopy (SEM). The XRD pattern of the 
sample was obtained by a Bruker D8 Advance diffractome-
ter (Bruker, Billerica, MA, USA), scan type: Coupled TwoTh-
eta/Theta, measurement range: 5–80°, step size: 0.010° in 
0.1 s, Voltage: 40 kV, Current: 40 mA, Anode: Cu (kalpha1: 
1.54060 Å, kalpha2: 1.54439 Å). The obtained spectrum was 
compared with reference peaks for the spinel structure. 
Scanning electron microscopy (SEM) analysis was carried 
out employing a Philips XL-30-FEG scanning electron micro-
scope. The analyses were performed with an accelerating 
voltage of 20 kV and a spot width of 3. 
Electrochemical characterizations were carried out in a tem-
perature range between 30 - 60°C at atmospheric pressure. 
Electrochemical measurements were realized out using a 
potentiostat-galvanostat device PGSTAT302N equipped 
with an FRA module (Autolab). I-V curves were performed at 
a scan rate of 5 mV/s. An alkaline solution (KOH 1M) was 
supplied by a peristaltic pump to the anode section of the 
single cell, with a flow rate of 5 ml/min.  

3. Discussion

The crystalline structure was analyzed by XRD, confirm-
ing the spinel structure. Figure 1 shows the XRD pattern of 
the sample, with broad peaks indicating very small 
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crystallite size (less than 3 nm). The inset of Figure 1 shows 
the SEM micrograph, which reveals a porous structure. 

 

 
Figure 1 XRD pattern of the NiFe2O4 sample, with the Miller in-
dexes. The inset shows a SEM image. 

Electrochemical tests were carried out increasing the tem-
perature in a range between 30°C and 60°C. At 2.2 V, current 
density values equal to 1.6 A/cm2, 2.17 A/cm2, 2.69 A/cm2 
and 3.0 A/cm2 were obtained, respectively, which are higher 
than those reached using noble metal catalysts (not shown). 
 

 
Figure 1 Polarization curves, at different temperatures, of the cell 
based on NiFe2O4 catalyst at the anode. 

4. Conclusions 
A  nano-sized nickel-ferrite sample was synthesized and 

used as an electrocatalyst for anion exchange membrane 
(AEM) water electrolyzers. The application of the ink directly 
on the membrane resulted in a homogeneous coating. The 
electrolyzer showed good activity for the oxygen evolution 
reaction (OER) and proper durability (not shown here). A 
comparison with commercial noble metal catalysts (IrO2) 
showed, at the same temperature and cell configuration, 
higher current density values. It is also believed that this sys-
tem can be easily further improved. Particularly relevant, at 
60°C, is the value of 3.0 A/cm2 recorded at 2.2 V. 
 
 
Acknowledgements 
The authors thank the Italian ministry MUR for funding 
through the FISR2019 project AMPERE (FISR2019_01294). 
 

References 
[1] S. Marini, P. Salvi, P. Nelli, R. Pesenti, M. Villa, M. 

Berrettoni, G. Zangari, Y. Kiros, Advanced alkaline 

water electrolysis, Electrochim. Acta. 82 (2012) 384–
391. 
https://doi.org/10.1016/j.electacta.2012.05.011. 

[2] S. Zhao, L. Yan, H. Luo, W. Mustain, H. Xu, Recent 
progress and perspectives of bifunctional oxygen 
reduction/evolution catalyst development for 
regenerative anion exchange membrane fuel cells, 
Nano Energy. 47 (2018) 172–198. 
https://doi.org/10.1016/j.nanoen.2018.02.015. 

[3] Z.F. Huang, J. Wang, Y. Peng, C.Y. Jung, A. Fisher, X. 
Wang, Design of efficient bifunctional oxygen 
reduction/evolution electrocatalyst: Recent 
advances and perspectives, Adv. Energy Mater. 7 
(2017) 1–21. 
https://doi.org/10.1002/aenm.201700544. 

[4] Y. Zhu, B. Zhang, Nanocarbon-based metal-free and 
non-precious metal bifunctional electrocatalysts for 
oxygen reduction and oxygen evolution reactions, J. 
Energy Chem. 58 (2021) 610–628. 
https://doi.org/10.1016/j.jechem.2020.10.034. 

[5] M.A. Hickner, A.M. Herring, E.B. Coughlin, Anion 
exchange membranes: Current status and moving 
forward, J. Polym. Sci. Part B Polym. Phys. 51 (2013) 
1727–1735. https://doi.org/10.1002/polb.23395. 

[6] R.K. Nagarale, G.S. Gohil, V.K. Shahi, Recent 
developments on ion-exchange membranes and 
electro-membrane processes, Adv. Colloid Interface 
Sci. 119 (2006) 97–130. 
https://doi.org/10.1016/j.cis.2005.09.005. 

[7] S.C. Zignani, M. Lo Faro, S. Trocino, A.S. Aricò, 
Investigation of NiFe-based catalysts for oxygen 
evolution in anion-exchange membrane electrolysis, 
Energies. 13 (2020). 
https://doi.org/10.3390/en13071720. 

 
 
 

039



       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

Highly stable silica-doped ceramic supports for Iridium-based OER catalysts for 
PEM electrolysis (O-9H)
A. R. Marques1,2*, S. Delgado1,2, T. Lagarteira1,2, T. Lopes1,2, A. Mendes1,2** 

1 LEPABE – Laboratory for Process Engineering, Environment, Biotechnology and Energy, Faculty of Engineering, University of Porto, Rua Dr. 

Roberto Frias, 4200-465 Porto, Portugal 
2 ALiCE – Associate Laboratory in Chemical Engineering, Faculty of Engineering, University of Porto, Rua Dr. Roberto Frias, 4200-465 Porto, 

Portugal 

(*) Pres. author: rmarques@fe.up.pt (**) Corresp. author: mendes@fe.up.pt 

Keywords: Electrolysis, Hydrogen, Catalysts, Activity, Stability 

1. Introduction

The development of technologies that can efficiently
use energy from renewable sources is a top-priority 
challenge that society faces today [1,2]. In this context, 
green hydrogen, produced by water electrolysis using  
surplus renewable electricity, arises as a sustainable and 
clean energy vector. Among the different types of 
electrolysers, the Proton Exchange Membrane (PEM) 
technology stands out due to its compact design, high power 
density and dynamic operation [3]. However, among the 
main technological barriers to its widespread 
commercialisation are the prohibitively high costs of 
precious group metal (PGM) catalysts (Iridium - Ir at the 
anode and Platinum - Pt at the cathode) and their lack of 
stability for long-term utilisation [4]. The latter is especially 
problematic on the anode side since the oxygen evolution 
reaction (OER) is known to generate a very corrosive 
environment [5]. Therefore, it is critical to drastically reduce 
the overall system cost (1900-2300 €∙kW-1) [6,7] by lowering 
the state-of-the-art loading of PGMs (ca. 2-4 mg∙cm-2) [8]. It 
is important to redesign the catalyst structure towards 
decreasing Ir loadings while not limiting the electrochemical 
performance. This can be achieved by maximising Ir 
utilisation via its dispersion onto high surface-area supports 
rather than using conventional unsupported, typically 
unstable electrocatalysts. Simultaneously, the support must 
display corrosion resistance and good electrical 
conductivity. This strategy will allow to obtain a smaller 
average Ir particle size that may exhibit a higher OER mass-
activity. 

Ceramic oxides, such as zirconium (IV) dioxide (ZrO2) 
and cerium (IV) oxide (CeO2), are well known for their long-
term stability in harsh environments, which is a key factor to 
develop durable OER supported catalysts [9]. Still, ZrO2 and 
CeO2 are semiconductor materials and present low electrical 
conductivity and surface area, which deeply affect the 
anode performance. Thus, surface engineering is crucial to 
enhance the catalytic activity without harming the support 
durability [10]. In this regard, a promising approach is to 
incorporate silicon dioxide (SiO2) in the metal oxide 
supports. Silica contains a porous structure and silanol 
groups (Si-OH), which are responsible for its hydrophilic 
properties. As so, water molecules can easily reach Ir 
particles for OER to occur, leading to a decrease in both 

mass transport resistances and an increase in OER activity. 
Moreover, silica will act as a binder between Ir particles and 
the support, which might help prevent the main signs of 
early catalytic degradation, such as Ir migration and/or 
agglomeration and diffusion of dissolved Ir particles 
throughout the support [11,12].     

In this work, silica-doped ceramic oxides were used as 
supports for Ir-based catalysts with ca. 30 wt.% of 
electrochemical active metal. The electrocatalysts referred 
to as Ir/SiO2-ZrO2 and Ir/SiO2-CeO2,were prepared using a 
modified polyol synthesis method. The synthesised catalysts 
were then extensively characterised electrochemically to 
measure their catalytic activity and stability. 
Physicochemical characterisations were also carried out, 
namely TEM, TGA, XPS and B.E.T (not shown) to 
complement and corroborate the electrochemical 
measurements. To the best of the authors’ knowledge, this 
study reports the utilisation of such materials for conducting 
OER in the mentioned conditions for the first time. The 
results obtained with the as-prepared catalysts were 
compared with the commercially available IrO2 from 
Premetek and with Ir/CeO2 and Ir/ZrO2 prepared without 
SiO2 via the same synthesis procedure.  

2. Experimental

2.1 Synthesis procedure 

The catalysts were prepared via the polyol method in 
alkaline media and the synthesis setup consisted of a three-
neck round bottom flask placed in a heating plate and 
connected to a reflux condenser and a thermometer. The 
synthesis procedure is as follows: NaOH pellets (Sigma 
Aldrich) were dissolved in ethylene glycol (VWR) to form the 
reducing medium; after complete dissolution, silica (SiO2 – 
Sigma Aldrich) and ceramic oxides (CeO2 or ZrO2 - Sigma 
Aldrich) were added to the solution under moderate stirring; 
then, iridium salt precursor – IrCl3∙xH2O (Sigma Aldrich) was 
added to the mixture. The obtained slurry was heated under 
reflux and kept at ca. 180 °C for 3 h. After the synthesis, 
1 M HNO3 solution was added drop-wise to adjust the pH. A 
filtration step was used to recover the catalyst 
nanoparticles, which were then washed with ultrapure 
water (18.2 MΩ cm, Millipore) and dried at 80 °C for 5 h. 
2.2 Electrochemical characterisation: activity and stability 

Electrochemical measurements were carried out in a ro-
tating disk electrode setup and the catalytic suspension was 
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prepared as follows: 5 mg of catalyst were dispersed in a 1:4 
mixture of isopropanol (Merck) and ultrapure water with 
Nafion ionomer suspension (5 wt.%, QuinTech). Then, the 
working electrode (WE) tip (gold - Au, 0.196 cm2) was coated 
with 20 µL of the suspension, dried under rotation until pro-
ducing a catalytic layer with ca. 0.015 mgIr∙cm-2. 

The electrochemical characterisation, including cyclic 
voltammetry (CV), linear sweep voltammetry (LSV) and elec-
trochemical impedance spectroscopy (EIS), was performed 
in a setup composed of an electrochemical station (Zahner 
IM6-ex), a rotator (RDE710, Gamry Instruments) and a 
three-electrode jacketed cell (Gamry Instruments). A satu-
rated Ag/AgCl and a graphite rod were used as reference 
and counter electrodes, respectively.  

Prior to any electrochemical measurement, the electro-
lyte (0.1 M HClO4) was purged and kept under Ar flow. The 
activity test protocol starts with an activation phase (100 
CVs between 0 V and 1.4 V vs RHE at 100 mV∙s-1), and after 
that, a complete characterization is performed, including: 1) 
three CVs recorded in the same potential range at 20 mV∙s-

1; 2) three LSVs recorded from 1.1 V to 1.7 V vs RHE at 
10 mV∙s-1 while rotating the WE at 1600 rpm; 3) finally, EIS 
at 1 kHz and with 5 mV of amplitude was retrieved and 
served to estimate the ohmic resistance assigned to the 
electrolyte. 

The electrochemical active area was obtained through 
the Cuupd technique. The WE was kept at 0.05 V vs RHE in N2-
purged 0.5 M H2SO4 to reduce all the Ir species. Then, a first 
background was retried by cycling the potential between 
0.2 V and 0.72 V vs RHE at 20 mV∙s-1. The procedure was re-
peated by changing the electrolyte to 0.5 M H2SO4 with 
5 mM CuSO4 to obtain the CV where Cu species adsorb in 
the catalyst active sites. 

To evaluate the OER stability of the electrocatalysts, an 
accelerated stress test (AST) was performed. It consisted of 
10 000 potential cycles between 0.8 V and 1 V vs RHE at 
100 mV∙s-1, while rotating the WE at 200 rpm [13]. 

3. Results and Discussion 

3.1 Electrochemical characterisation of the synthesised cat-
alysts  

Fig. 1 shows the CV curves obtained for the synthesised 
catalysts. Both supported catalysts exhibit typical Ir redox 
peaks between 0.8 and 1.2 V vs RHE, which correspond to 
the transition from Ir(III) to Ir(IV) and from Ir(IV) to Ir(V) [14]. 
Moreover, forward and backward scans are separated by a 
considerable gap in current density and both show pro-
nounced, well-shaped and symmetric pair of redox peaks. 
This indicates that the supported catalysts are stable when 
subjected to subsequent reduction and oxidation events 
and that SiO2 particles did not affect the catalytic surface 
area available for conducting OER. Concerning the commer-
cial IrO2 catalyst, Ir redox peaks are less pronounced than 
the supported samples, which in turn display higher charge 
density, suggesting the existence of more electrochemically 
active sites.  

 

Fig. 1. CVs of the prepared catalysts (electrolyte: Ar-purged 0.1 M 

HClO4; scan rate: 20 mV∙s-1). 

 

According to the LSV measurements (Fig. 2.), supported 
catalysts with SiO2 display an earlier onset at ca. 1.46 V vs 
RHE, whereas supported catalysts without SiO2 show an on-
set at ca. 1.50 V vs RHE and a significant mass transport re-
sistance, since the latter require a considerable overpoten-
tial to reach higher current densities. Regarding the com-
mercial IrO2 sample, OER on-set potential is ca. 1.60 V vs 
RHE. This means that OER kinetics are clearly favoured in the 
prepared catalysts (especially those with SiO2), since a much 
lower overpotential is required to overcome the reaction ac-
tivation energy barrier. These results suggest that the pres-
ence of silica particles not only decreases the ohmic re-
sistance but also facilitates the kinetic mechanisms for OER 
to occur. 

 

Fig. 2. Polarisation curves for the prepared catalysts (electrolyte: 

Ar-purged 0.1 M HClO4; RDE rotation: 1600 rpm; scan rate: 

10 mV∙s-1). 

In Figure 3, the OER mass activity and the electrochem-
ical active area values are presented. The OER mass activity 
(mA∙mgIr

-1) was retrieved from the current density recorded 
at 1.51 V vs RHE normalised by the mass of Ir in the Au tip, 
whereas the active area was calculated by the charge varia-
tion between the background CV and the Cuupd CV. The dis-
persion of Ir particles in support materials such as ZrO2 and 
CeO2 allows obtaining higher Ir utilization, reducing the Ir 
particle size, which also improves the OER activity. Moreo-
ver, the addition of SiO2 leads to a further increase in both 
parameters. 

041



 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 

The latter indicates that a structure of extended surface 
area and number of active sites is formed with the addition 
of SiO2 to the ceramic oxides. Ir/SiO2-CeO2 displays the high-
est OER activity (193.97 mA∙mgIr

-1) and active area 
(4.18 x 1011 m2), which represents an improvement of ca. 
97 % and 63 %, respectively, compared to the values ob-
tained for the benchmark IrO2 catalyst. 

 

Fig. 3. OER mass activity and electrochemical active area values 

obtained for the prepared catalysts. 

3.2 Stability assessment 

After performing the degradation test, CV, LSV and EIS 
were again recorded to quantify the overall loss of perfor-
mance. This is typically assessed by comparing the OER mass 
activity values from the beginning of life (BoL) with those at 
the end of life (EoL - after 10000 cycles) (Table 1).  

Table 1. OER mass activity values at BoL and EoL. 

AST 
IrO2 

Premetek 

Ir/ 

ZrO2 

Ir/ 

SiO2-ZrO2 

Ir/ 

CeO2 

Ir/ 

SiO2-CeO2 

OER mass 

activity at 

BoL 

(mA∙mgIr
-1) 

5.27 99.72 153.51 102.33 193.97 

OER mass 

activity at 

EoL 

(mA∙mgIr
-1) 

2.87 

(- 46 %) 

72.75 

(- 27 %) 

154.61 

(+ 0.7 %) 

82.18 

(- 19 %) 

200.24 

(+ 3.1 %) 

 

Once again, commercial IrO2 catalyst presents the worst 
performance, losing ca. 46 % of OER mass activity upon 
10000 cycles. On the other hand, supported catalysts with-
out SiO2 show a decrease in OER mass activity of ca. 20 %, 
which can be assigned to Ir dissolution or particle agglomer-
ation. Interestingly, supported catalysts with SiO2 maintain 
a remarkable performance after the AST, demonstrating no 
loss in OER activity. This suggests that silica particles act as a 
shield of the catalyst structure, preventing Ir migration from 
the support and thus improving its stability. 

4. Conclusions 

Catalysts consisting of ca. 30 % of Ir dispersed in silica-
doped ceramic oxides were effectively prepared through a 
polyol synthesis. The as-prepared catalysts not only dis-
played higher OER activities (153.51 mA∙mgIr

-1 for Ir/SiO2-
ZrO2 and 193.97 mA∙mgIr

-1 for Ir/SiO2-CeO2, respectively) but 

also an improved durability after intensive potential cycling, 
compared with the benchmark IrO2 catalyst.  

To the best of the authors knowledge, this is the first 
work concerning the enhancement of Ir-based catalysts with 
incorporation of SiO2 particles in the catalyst composition 
for OER. According to the obtained results, the addition of 
silica allows the improvement of OER mass activity due to its 
hydrophilic and porous nature and an increase in catalytic 
stability when subjected to an accelerated stress test. Its 
presence in the composite support prevents Ir degradation 
mechanisms, such as Ir particle growth and Ir detachment 
from the support. The prepared catalysts emerge as very 
promising solutions for use as anodes of PEM electrolysers, 
given their excellent performance during long-term utilisa-
tion. 

To validate the new catalyst’s performance under real 
conditions, those will be used to produce membrane elec-
trode assemblies (MEAs) and then, tested in a single-cell 
configuration to perform PEM water electrolysis. Addition-
ally, to further optimise the PGM loading, some studies 
should be carried out in order to boost electrical conductiv-
ity with even decreased Ir contents.    
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1. Introduction

Currently, there is considerable interest in promoting
technologies for the clean production of hydrogen from 
renewable energies resources (RES) for later use in 
transport or energy storage [1]. In this framework, the 
production of the carbon-free “green hydrogen” via elec-
trolysis of water from wind and/or photovoltaic energy is 
seen as one of the most viable and promising way. 

On the other hand, it is well known that the integration 
of renewable energy resources in energy systems has im-
posed several challenges, considering the uncertain and 
variable energy production. As a result, it may happen that 
energy balance cannot be guaranteed, which would affect 
the stability of the power grid. In the last decades, a lot of 
research in the field of hybrid energy storage systems (ESS) 
has been made to deal with excess or deficit of energy at 
different rates and successfully integrate RES into the elec-
trical grid.  In this framework, the present work proposes 
combining short-term battery energy storage system 
(BESS) and long-term hydrogen-based energy storage sys-
tem (HESS) to deal with excess or deficit of energy and 
successfully integrate RES into the electrical grid. The sys-
tem studied has a typical structure of electric-hydrogen 
hybrid refueling station [2]. It consists of a DC bus connect-
ed to an external electrical network and renewable genera-
tion, storage, demand and hydrogen production systems. 
The integration of the electrolyzer and the fuel cell in the 
DC Microgrid (MG) is carried out controlling the duty cycle 
of the power converters with Interconnection and Damping 
Assignment control (IDA-PBC). This technique has gained 
popularity in recent decades because it assigns a desired 
port-controlled Hamiltonian structure (PCH) to the closed 
loop while ensuring a desired dynamic behavior [3]. 

The main objective of the control strategy is to ensure 
the supply of electrical energy to the loads, quality in the 
electrical variables of the network and safety operation 
condition of the components. Representative simulation 
results under demanding conditions verify the effective-
ness of incorporate hydrogen energy storage systems with 
IDA-PBC for this class of problems. 

2. Microgrid

An isolated DC MG with typical structure of hydrogen
refueling stations is proposed, Fig 1 [2]. It has a single DC 
bus in which energy storage devices, renewable energy 
resources and loads are connected directly or through in-
terfacing parallel converters. The ESS devices consist of 
BESS and HESS, both connected to the bus by bidirectional 
DC-DC converters. As mentioned before, the HESS system
is essentially composed of an electrolyzer (EL) and a fuel
cell (FC). The EL generates hydrogen using the energy
available from RES and is sized in order to dispatch a possi-
ble hydrogen demand and supply the FC. The FC uses avail-
able hydrogen when the energy from the RES is not enough
to compensate the power demanded by the loads. Finally,
the RES are constituted of a PV array and a wind turbine
(WT) generator, both has its own Maximum Power Point
Tracking (MPPT) controllers and converters associated. The
power exchange between the ESS, RES and the load is en-
sured by controlling the power converters. Each DC/DC
converter is controlled by a standard pulse width modula-
tion (PWM) that generates the switching signals. There-
fore, the control variables to carry out the objective are the
duty cycles of those converters. In order to design a control
that guarantee a correct balance of power on the DC bus
and quality of its electrical parameters, a complete math-
ematical model of the proposed DC MG is developed.

Fig. 1. Isolated DC MG scheme with a typical structure of electric-

hydrogen hybrid refueling station. 
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2.1 Hydrogen energy storage system 

In this subsection, the characteristic curve, voltage 𝑉ℎ 
versus current 𝐼ℎ, of the HESS is modeled. This function is 
computed as a five-order polynomial equation of the 
piecewise function, expressed as follows: 

𝑉ℎ(𝐼ℎ) = {
𝑉𝑓𝑐 = (𝐼ℎ + 𝐼𝑚𝑓𝑐)

𝑉𝑒𝑙 = (−𝐼ℎ + 𝐼𝑚𝑒𝑙)
     (1) 

where 𝑉𝑓𝑐  and 𝑉𝑒𝑙  are the voltages of the FC and EL respec-

tively. The maintenance currents 𝐼𝑚𝑓𝑐  and 𝐼𝑚𝑒𝑙  are also 

taken into account which are the minimum currents at 
which the FC and EL will operate to guarantee their availa-
bility. Therefore, the current of the HESS 𝐼ℎ  is the differ-
ence between the current of the FC or the EL with its re-
spective maintenance current. It is important to highlight 
that both maintenance currents, whose sum is 𝐼𝑚𝑡𝑜𝑡, are 
fed by current sources coming from the bus. 

Electrolyzer: The EL modeled in this work is of the alka-
line type, consisting of a NiO diaphragm and two activated 
electrodes immersed in KOH electrolyte. The cells of the EL, 
of bipolar design, are connected in series and the EL volt-
age 𝑉𝑒𝑙  [4]: 

𝑉𝑒𝑙 = 𝑁𝑒
𝑟(𝑇𝑒)

𝐴𝑒
𝐼𝑒𝑙 + 𝑁𝑒 [𝑉𝑟𝑒𝑣 + 𝑠(𝑇𝑒) log (

𝑡(𝑇𝑒)

𝐴𝑒
𝐼𝑒𝑙 + 1)]    (2) 

where 𝑁𝑒 is the number of cells connected in series, 𝐼𝑒𝑙  is 
the EL current, 𝑇𝑒 is its operating temperature, 𝐴𝑒 is the 
area of each cell, 𝑉𝑟𝑒𝑣  is called the voltage necessary to 
produce electrolysis if the process is reversible or ideal and 
finally 𝑟(𝑇𝑒), 𝑡(𝑇𝑒) and 𝑠(𝑇𝑒) are temperature-dependent 
parameters specific to each EL. The temperature is consid-
ered to be kept constant by external control. 

Fuel cell: Proton-exchange membrane fuel cell (PEMFC) 
is considered in this work. Its voltage 𝑉𝑓𝑐  can be expressed:  

𝑉𝑓𝑐 = 𝑁𝑓𝑐 [𝑉𝑜 − 𝑏 log (
𝐼𝑓𝑐

𝐴𝑓𝑐
) − 𝑅𝑓𝑐 (

𝐼𝑓𝑐

𝐴𝑓𝑐
)]                (3) 

where 𝑁𝑓𝑐  is the number of cells connected in series, 𝐼𝑓𝑐  is 

the FC current, 𝐴𝑓𝑐  is the area of each cell, 𝑉𝑜  is the open 

circuit voltage of each cell, 𝑏 is the so-called slope of Tafel, 
𝑅𝑓𝑐  is the resistance of each cell [4]. 

 
2.2 Battery energy storage system 

 In the MG, a lead-acid battery bank is connected by a 
bidirectional converter to the bus. The battery voltage is: 

𝑉𝐵 = 𝐸𝑜 −
𝑄 𝐾

𝑄−∫ 𝐼𝐵 𝑑𝑡
+ 𝐴𝑒−𝐵 ∫ 𝐼𝐵 𝑑𝑡 − 𝐼𝐵𝑅𝐵                (4) 

where 𝐸𝑜  is a constant voltage, 𝐾 is the polarization volt-
age, 𝑄 is the capacity of the battery, 𝐼𝐵  is its current, 

∫ 𝐼𝐵 𝑑𝑡 is the actual battery charge, 𝐴 is called the ampli-
tude of the exponential zone, 𝐵 is the exponential zone 
time constant inverse and 𝑅𝐵 the internal resistance. 

3. Nonlinear model 

In this section, the aforementioned DC MG is modeled. 
The state variables involved, shown in Fig.2, are: 

[𝑥1; 𝑥2; 𝑥3; 𝑥4 ; 𝑥5; 𝑥6; 𝑥7] = [𝐼ℎ; 𝐼𝐵; 𝑉𝐶ℎ; 𝑉𝐶𝐵; 𝐼𝑏ℎ; 𝐼𝑏𝐵; 𝑉𝑏] 
with 𝐼ℎ  the HESS current, 𝐼𝐵  the battery current, 𝑉𝐶ℎ  and 
𝑉𝐶𝐵  the output voltage of the converters, 𝐼𝑏ℎ  and 𝐼𝑏𝐵  the 
output currents of the converters and finally, 𝑉𝑏 the capaci-
tor or bus voltage. 

The vector of control variables is [𝜇ℎ; 𝜇𝐵] =
[1 − 𝑈ℎ; 1 − 𝑈𝐵] where 𝑈𝐵  is the duty cycle of the battery 
converter and 𝑈ℎ  that of the HESS converter. The system of 
equations that represents the microgrid is: 

�̇�1 =
1

𝐿ℎ
[𝑉ℎ − 𝑥3𝜇ℎ]     ;    �̇�5 =

1

𝐿𝑏ℎ
[𝑥3 − 𝑥5𝑅𝑏ℎ − 𝑥7] 

�̇�2 =
1

𝐿𝐵
[𝑉𝐵 − 𝑥4𝜇𝐵]    ;    �̇�6 =

1

𝐿𝑏𝐵
[𝑥4 − 𝑥6𝑅𝑏𝐵 − 𝑥7]  

�̇�3 =
1

𝐶ℎ
[𝑥1𝜇ℎ − 𝑥5]     ;    �̇�7 =

1

𝐶𝑏
[𝑥5 + 𝑥6 + 𝐼𝑛𝑒𝑡 −

𝑥7

𝑅𝐿
]           

�̇�4 =
1

𝐶𝐵
[𝑥2𝜇𝐵 − 𝑥6]                 (6) 

where 𝐼𝑛𝑒𝑡  is the net current between that generated by 
the RES and that consumed by the maintenance currents. 
Then, the equilibrium of the system 
𝑥∗ = [𝑥1

∗; 𝑥2
∗; 𝑥3

∗; 𝑥4
∗ ; 𝑥5

∗; 𝑥6
∗; 𝑥7

∗] can be expressed as:  

𝑥∗ = [
1

𝜇ℎ
∗ (

𝑉𝑑

𝑅𝐿
− 𝐼𝑛𝑒𝑡 − 𝜇𝐵

∗𝑥2
∗) ; 𝑥2

∗; (𝑉𝑑 + 𝑥5
∗𝑅𝑏ℎ)  

; (𝑉𝑑 + 𝑥6
∗𝑅𝑏𝐵) ; 𝑥1

∗𝜇ℎ
∗; 𝑥2

∗𝜇𝐵
∗; 𝑉𝑑]             (7) 

with 𝑉𝑑  the voltage reference of the DC bus. The control 
variables at equilibrium are:  

[𝜇ℎ
∗; 𝜇𝐵

∗] = [
𝑉ℎ(𝑥1

∗)

𝑥3
∗ ;

𝑉𝐵(𝑥2
∗)

𝑥4
∗ ]           (8) 

4. IDA-PBC 

Given the nonlinear system �̇� = 𝑓(𝑥, 𝑢) where 𝑥 ∈ ℝ𝑛 
is the vector of states, 𝑢 ∈ ℝ𝑚 is the control action with 
𝑚 < 𝑛. The control objective is to find the state-feedback 
𝑢 = 𝛽 (𝑥), such that the closed-loop dynamics: 

�̇� = [𝐽𝑑(𝛽 (𝑥)) − 𝑅𝑑)]∇𝐻𝑑             (9) 
Where 𝐻𝑑  is a desired smooth energy function that has 

a local minimum at the equilibrium point 𝑥∗. The positive 

semi-definite matrix 𝑅𝑑 = 𝑅𝑑
𝑇 ≥ 0 represents the desired 

damping or dissipation. The interconnection structure is 
captured in the 𝑛 ×  𝑛 skew-symmetric matrix 𝐽𝑑(𝑢) =
−𝐽𝑑(𝑢)𝑇which, in this particular case, depends on the con-
trol variable. In this context, the equilibrium 𝑥∗ is locally 
stable and it will be asymptotically stable if the largest in-
variant set under closed-loop dynamics contained in 

{𝑥 ∈ ℝ𝑛|∇𝐻𝑑
𝑇𝑅𝑑∇𝐻𝑑 = 0} is equal to {𝑥∗} [3]. 

The desired energy function is given by 𝐻𝑑 =
1

2
(�̃�𝑇𝑄�̃�) and 

the diagonal matrix 𝑄 = 𝑑𝑖𝑎𝑔[𝐿ℎ; 𝐿𝐵; 𝐶ℎ; 𝐶𝐵; 𝐿𝑏ℎ; 𝐿𝑏𝐵; 𝐶𝑏]. 

Fig. 2 Electrical diagram with the variables involved of the MG. 
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The dissipation variable 𝑟2 > 0 corresponding to the state 
𝑥2 is incorporated to add damping to the system. 
Therefore, the proposed control variables are as follows: 
with 𝑥2

∗ ≠ 0 

{

𝜇ℎ =
𝑅𝐿𝑉ℎ

[(𝑅𝑏ℎ+𝑅𝐿)𝑥7
∗−𝐼𝑛𝑒𝑡𝑅𝑏ℎ𝑅𝐿−𝑅𝑏ℎ𝑅𝐿𝑥2

∗𝜇𝐵]

𝜇𝐵 =
−𝑥7

∗+√𝑥7
∗2+4𝑥2

∗𝑅𝑏𝐵(𝑉𝐵+𝑟2𝑥7
∗(𝑥2−𝑥2

∗))

(2𝑥2
∗𝑅𝑏𝐵)

             (10) 

and with 𝑥2
∗ = 0 

  {
𝜇ℎ =

𝑅𝐿𝑉ℎ

[(𝑅𝑏ℎ+𝑅𝐿)𝑥7
∗−𝐼𝑛𝑒𝑡𝑅𝑏ℎ𝑅𝐿]

𝜇𝐵 =
𝑉𝐵

𝑥7
∗ + 𝑟2𝑥2

                                      (11) 

As there could be uncertainty in the system parameters, 
the need to have null steady state error in the battery 
current and the importance of keeping the bus voltage 
close to the nominal value, it is necessary to add integral 
action to the IDA-PBC. Since the feedback interconnection 
of dissipative and observable zero-state systems is 
Lyapunov stable, it is proposed the new control variables: 

{
𝜇ℎ

′ = 𝜇ℎ + 𝑘ℎ ∫(𝑥7 − 𝑉𝑑) 𝑑𝑡 ; 𝑘ℎ > 0

𝜇𝐵
′ = 𝜇𝐵 − 𝑘𝐵 ∫(𝑥2 − 𝑥2

∗) 𝑑𝑡 ; 𝑘𝐵 > 0
                 (12) 

5. Results 

Simulation results of the system with IDA-PBC subject 
24 hours profiles of irradiance, wind speed and load 
consumption are considered. In Fig. 3(a) is presented the 
irradiance power 𝑃𝑃𝑉  profile throughout the day, in Fig. 3 
b) is shown the power profile of the wind turbine 𝑃𝑊𝑇 . 
Finally, in Fig. 3(c) the power load consumption profile 𝑃𝐿  is 
depicted. Figure 4 shows the simulation results of the 
model with the control strategy under the aforementioned 
realistic profiles. In particular, in Fig. 4a) and in Fig. 4(b) are 
presented the power curves of the FC and EL respectively. 
When the power of the RES is not enough to supply the 
loads, then the power of the fuel cell 𝑃𝑓𝑐  is such that it 

generates the power demanded by the load and the power 
of the EL operating in maintenance mode. Also, in Fig. 4b) 
the power 𝑃𝑒𝑙  of the EL is observed, which satisfies the 
balance together with the power variations of RES, while 
the FC is in maintenance mode. Finally, Fig. 4c) shows the 
bus voltage 𝑉𝑏 which reaches the desired value in the 
steady state 𝑉𝑑  due to the IDA-PBC with integral action.  

6. Conclusions 

In this work, IDA-PBC control strategy for an isolated DC 
microgrid with hydrogen-electric hybrid storage system is 
proposed. The IDA-PBC guarantees a correct power bal-
ance and ensures asymptotic stability of the closed-loop 
system with strongly non-linear characteristics. In addition, 
it has robustness and flexibility to modify the interconnec-
tion, the damping and the desired energy function of the 
system. The results of the simulation under demanding 
conditions showed a good system response and show the 
benefits of incorporating hydrogen-based storage in isolat-
ed DC MG with RES penetration. 
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1. Introduction

Although hydrogen is produced from many different
raw materials and using diverse methods, hydrogen produc-
tion from biogas/biomethane is identified as an interesting 
alternative in a process with low/zero fosil CO₂ emissions. 
Anaerobic conversion of organic raw materials into biogas 
provides not only a clean and renewable fuel, that consists 
almost exclusively of a mixture of methane and carbon diox-
ide (50-70% CH₄), but also a nutrient-rich digestate for land 
applications. Biomethane with up to 97% CH₄ can be ob-
tained through biogas purification[1]. 

In order to maximize H2 production, catalytic steam re-
forming of natural gas is preferred as it leads to the highest 
H2/CO ratio. This reaction is strongly endothermic and pre-
sents equilibrium limitations, which determines that the 
choice of the reactor results highly dependant on the pro-
cess scale. For large-scale operations, a reactor with radiant 
heat transfer is prefered, while, at smaller scales, convec-
tive-type designs become convenient. In the latter reactors, 
heat is supplied through a stream of hot gases from a com-
bustion chamber. The temperature of the hot gases is pref-
erably selected under 1300 °C to preserve the mechanical 
integrity of the the reformer tubes assuring long life opera-
tion.  The combustion chamber could be fed by fuel cell out-
put stream, PSA stage rejection or the retentate stream of 
H₂ purifying membranes [2].  

In order to improve energy integration and reduce reac-
tor volumes, the implementation of two reactors showing 
different types of process intensification are proposed:  bio-
methane steam reforming is conducted in a bayonet-type 
reactor while the water was shift reac-
tion is performed in parallel with H2 pu-
rification in a membrane reactor.  

As shown in Figure 1 (see insert for 
more details), the design of bayonet re-
actors provides internal countercurrent 
heat recovery [3]. Although the using of 
convective heating implies lower heat 
fluxes when compared with radiant 
heating, the internal heat recovery and 
the absence of the radiant box lead to 
an overall simpler and smaller reactor 
design, with enhanced dynamics [3]. 
These facts point out the preference of 
this compact design for small-scale in-
stalations, specially where a suitable 
fuel is available.   

Membrane reactors are an interesting intensification 
strategy as they combine in the same unit, the reaction and 
separation process. The membrane selectively removes one 
of the products of reaction and shifts the equilibrium to-
wards products in equilibrium-limited reactions. In particu-
lar, if the removed product is H₂, constitutes a method to 
purify the desired product.  

In the present study, an autothermal process to produce 
ultrapure hydrogen from biogas is presented and analyzed. 
In order to maximize pure H2 production, optimization stud-
ies were performed over the integrated process.  

2. Methods

2.1 Process description 

The process flow diagram under study is presented in 
Fig. 1. As stated before, the design process includes a bayo-
net-type reactor (BR) to produce syngas (reactions 1 to 3), 
and a WGS membrane reactor (MR) to enhance hydrogen 
yield while it is purified by a selective Pd membrane (reac-
tion 2). A membrane separation module (PMBG) to purify 
biogas (BG, 60 % CH4/40 % CO2)  to biomethane (BM, 96 % 
CH4/4 % CO2) is included upstream of RB [4]. A heat ex-
changer network to preheat and evaporate streams and to 
recover heat from the hot effluents is also added. Water 
boilers are also considered since all remaining calorific 
power available might be used to generate steam as sub-
product. Both the biogas stream (BG), previously desulfu-
rized, and the process water enters at 25 °C and 10 bar, 
whereas the combustion air is fed at 25 °C and 1 bar. 

Fig. 1. Process flow diagram. 
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Reaction ΔH°298K  

CH₄ + H₂O ⇄ 3 H₂ + CO 206 kJ/mol (1) 

CO + H₂O ⇄ H₂ + CO₂ -41 kJ/mol (2) 

CH₄ + 2 H₂O ⇄ 4 H₂ + CO₂ 165 kJ/mol (3) 

Both the retentate stream (RT) from the MR and the per-
meate stream (PM, up to 15 % CH4) from biogas PMBG are 
used as fuel in the combustion chamber of the bayonet re-
former. 

2.2 Process modelling and optimization 

For the bayonet-type reactor (BR), a pseudo-homogene-
ous 1-D model is adopted [5]. The BR contains outer and in-
ner tubes an annulus between them. The dimension of the 
tubes is 5/8” external diameter of the internal tube, and 2” 
external diameter of the external tube, both BGW 14. The 
catalyst adopted: Ni/MgO/Al₂O₃ (spherical pellets with a di-
ameter of 5 mm), is arranged within the annular section of 
the tubes. As can be seen in Fig. 1, the input streams to the 
process are the biogas stream, the water input to the re-
former and the air stream required for the combustion 
chamber. The heating gas circulates from the combustor lo-
cated directly below the reformer in the shell (see Fig. 1).  

The kinetic model proposed by Xu and Froment [6] is se-
lected to evaluate the reaction rate and the global effective-
ness factors reported by De Groote and Froment [10] are 
used. A pseudo-homogeneous 1-D model is adopted for 
WGS membrane reactor as reported by Adrover [7]. A mul-
titubular configuration is selected to carry out the WGS re-
action (Eq. 2) with H₂-selective membranes (0.7/1.4 cm 
in/out diameter, in a triangular arrangement). The catalyst 
(Fe₃O₄/Cr₂O₃) [8] is packed in the shell and the permeated 
H₂ is collected inner side of the membrane tubes. The oper-
ation is without sweep gas a co-current configuration is 
asummed. (see Fig. 1). H₂ permeates through a 4.5 μm thick 
layer of Pd/Ag deposited on multilayer porous ceramic tubes 
(permeation parameters from Marcoberardino et al. [9]). 

A nonlinear optimization problem is set here in order to 
maximize the process performance in terms of ultrapure hy-
drogen flowrate (HF) and minimize both reactors’ areas tak-
ing into account the number of tubes as well as the reactors 
length. The objective function (𝐹𝑜𝑏𝑗) is a weighted sum as 

shown in Eq. (4) [10]. The optimization problem must be 
solved for each unit (x: reactors, heat exchangers, mixing 
points, etc.), under the restriction of mass (M(x)) and energy 
(E(x)) balances closure, applying the properties (P(x)) of each 
species or mixture. Moreover, constraints (C(x)) must ac-
complish the imposed lower and upper bounds (CLB and CUB, 
respectively). 

Both reactor’s geometric parameters (L/Ds) and opera-
tive variables (temperatures) are considered as control var-
iables. Then, the problem can be represented as follows: 

 

𝐹𝑜𝑏𝑗 = 𝑤1 ⋅ max 𝐹𝐻2
𝑠 + 𝑤2 ⋅ min 𝐴𝐵𝑅 + 𝑤3 ⋅ min 𝐴𝑀𝑅 (4) 

s.t.: 
M(x) = 0 (5) 
E(x) = 0 (6) 
P(x) = 0 (7) 

CLB ≤ C(x) ≤ CUB (8) 

The selected constraints are: 

1000 °C ≤ THG ≤ 1300 °C (9) ΔTHX ≥10 °C (12) 

Tw,BR ≤ 920 °C (10) Ts
C ≥ 100 °C (13) 

300 °C ≤ TMR ≤ 550 °C (11) ξ ≥ 5 % (14) 

The temperature of the hot gas stream leaving the com-
bustion chambe (THG) as well as the tube-skin temperature 
(Tw,BR) are limited in order to enlarge the service life of reac-
tor materials. The operating temperature inside the MR 
(TMR) is limited to guarantee the integrity of both the mem-
brane and the WGS catalyst. The minimun temperature dif-
ference (ΔTHX) between the hot and cold streams in each 
heat exchanger is defined at 10°C. The fluegas temperature 
(Ts

C) leaving the process should exceed 100 °C to avoid 
steam condensation. The minimum combustion oxygen ex-
cess (ξ) is fixed to assure complete combustion. 

2.3 Implementation 

The differential equations of each unit are discretized by 
means of second order central finite differences. The final 
system of equations is composed of a total of 66807 alge-
braic equations. The generated system of equations is 
solved with the solver BDNLSOL of gPROMS 4.0. [11] Physi-
cochemical and thermodynamic properties for the involved 
species and mixtures are evaluated according to Yaws [12].  

3. Results 

Figure 2 summarizes the values of both reactors’ areas 
and ultrapure hydrogen flowrate obtained after solving the 
optimization problem considering different weights of the 
optimization function (Eq. 4). Case I: w1 = 0.8; w2 = w3 = 0.1, 
Case II: w1 = 0.7; w2 =0.1 w3 = 0.2 and Case III: w1 = 0.7; w2 
=0.2 w3 = 0.1.  It is worth noting that in all three optimization 
scenarios the hydrogen production (HF) reaches the limit 
imposed by thermodynamics. In Case II, when more weight 
to minimice the membrane reactor area is adopted, the BR 
almost duplicates its size while a drop of 20% in MR size is 
observed, with respect to Case I. This implies that more hy-
drogen is generated in BR at expenses of less hydrogen sep-
arated in the MR. On the other hand, and with reference to 
Case I, when a size minimization of BR is seeked (case III), 
the reformer area is reduced by 67% whereas the size of the 
MR only increases 21%. In all three cases, the tube-skin tem-
perature is equal to the maximum value imposed by the re-
striction, i.e., Tw,BR = 920°C. In this sense, designs that pro-
mote greater heat exchange between the flue and process 
streams in the reformer should be developed in order to re-
duce Tw,BR.  

Figure 3 shows the axial temperature profiles corre-
sponding to the BR for all three cases. It can be seen that the 
reaction mixture enters the reactor at 550°C (see T profiles) 
and suffers a slight drop due to the endothermic nature of 
the reforming reaction and the high reaction rates in the in-
let zone of the reactor. Then, further along the axial coordi-
nate, T increases due to the countercurrent heat exchange 
with both the combustion gases (see THG) and the exiting 
synthesis gas (TSG). This behaviour is similar for all three op-
timization scenarios. 
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Fig. 2. Reactor areas (MR and BR) and hydrogen production (HF) 

after process optimization for the three cases under study. 

The synthesis gas (TSG) shows a temperature drop of ca. 
200°C along the inner tube, thus demonstrating good heat 
recovery for all three cases. In Case III, where a minimization 
of the BR´s size is intended, a higher thermal level of the 
combustion gases is required to compensate a diminished 
reactor size. Nevertheless, the temperature of the gases ex-
iting the catalyst bed is the lowest among the three cases, 
implying a lower H2 production in the BR and, consequently, 
higher areas of MR to compensate this fact.  

 

Fig. 3. Temperature axial profiles of the BR for the three cases un-

der study. 

Results related to CO conversion (XCO) and hydrogen re-
coveries (𝑅𝐻2

𝑀𝑅  , 𝑅𝐻2
𝐺 ) in the MR are presented in Table 1. 𝑅𝐻2

𝑀𝑅  
is calculated as the ratio between the H2 flowrate in the per-
meate stream to the sum of H2 flowrates in both permeate 

and retenate streams. Complementary, 𝑅𝐻2
𝐺 is calculated as 

the quotient between the permeated hydrogen flowrate 
and the hydrogen flowrate generated in the reformer (i.e., 
the H2 fed to the MR). Considering all three CO conversion 
and the two recoveries, Case III appears as the preferable 
choice. It´s worth remarking that in this situation a complete 
recuperation of the H2 produced in the reactor is achieved 
as pure H2, while the overall energetic balance is satisfied.    
Nevertheless, this scenario points the need of higher mem-
brane areas, which would imply higher costs for this unit.  

Table 1. CO conversion and hydrogen recoveries for the MR. 

 Case I Case II Case III 

XCO (%) 84 81 88 

𝑅𝐻2
𝑀𝑅(%) 84 81 89 

𝑅𝐻2
𝐺 (%) 99 94 100 

4. Conclusions 

The present contribution presents optimization studies 
regarding an autothermal process to produce pure H2 from 
biogas. After purification, biomethane steam reforming is 
poposed in a bayonet-type convective reformer. The pro-
cess includes as well a membrane reactor where the WGS 
reaction is carried out in parallel with ultrapure hydrogen 
separation from the syngas. Three different optimization 
scenarios are studied where the hydrogen production is 
maximized and reactor areas minimized differently 
weighted. Optimization studies show that the BR and MR ar-
eas compensates each other to maintain H2 production as 
well as to assure the heat integration in the process. The MR 
appears to impact with higher weigth in the total area re-
quired summing both reactors to maintain the hydrogen 
production flowrate. An economical analysis appears rele-
vant to contribute in the final design.  
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1. Introduction

Conversion of methane into H2 is a mature catalytic
process well known in the industry that employs a large va-
riety of primary sources such as natural gas, naphta, heavy 
oils, or coal. This process reformates the carbon containing 
molecule supplying more than the 90 % of the H2 produced 
worldwide, with carbon oxides as byproducts [1]. However, 
the current needs to achieve a sustainable development 
constrains the use of fossil sources in the industry sector. An 
interesting alternative is the biomass, particularly infrauti-
lized biomass, food waste, or activated sludges. The gasifi-
cation of solid biomass or the biogas directly obtained by 
fermentation is a wet mixture of methane and carbon diox-
ide, which can be catalytic processed to obtain syngas of dif-
ferent CO/H2 ratios, including an enriched hydrogen stream. 
The applicability of this raw material is currently hindered by 
two main causes, the considerable content of CO2 concur-
rently obtained, which reduces the effiency of the process, 
and the presence of poisons such as traces of sulphur com-
pounds and ammonia [2]. With the purpose of overcoming 
the first obstacle, CO2 and water present in the biogas can 
be used as oxidizing agents in the mixed reforming of me-
thane, also known of birreforming reaction, Eq. (1) [3]. As an 
additional consequence, a decrease in carbon dioxide emis-
sions is obtained. 

3CH4 + 2H2O + CO2 → 4CO + 8H2 (1) 

The presence of sulphur compounds normally found in 
different biogas sources, such as H2S, dimethyl sulphide 
(DMS), or methyl mercaptan, conduct to the deactivation of 
Ni/Al2O3 commercial reforming catalysts due to their strong 
adsorption in active sites. Industrially, it is possibe to re-
move these compounds, but the high cost associated to the 
purification of the methane of the stream may be unafford-
able for this process. A conceivable alternative is the em-
ployment of sulphur tolerant catalysts. As a result, a multi-
metallic sample was tested in the present work, a modified 
Ni/Al2O3 traditional catalyst. The addition of Sn as promoter 
was used to improve the sulphur resistance [4], while the 
redox pair Ce4+/Ce3+ enhanced the activity of the sample ac-
tivating the oxidizing agents and, finally, very small amount 
of Rh was included with the aim of gasifying coke deposits 

[5]. Additionally, a change in the reaction conditions was 
also studied in order to improve the stability of the samples. 

2. Experimental

A multi-metallic NiCeSnRh/Al2O3 sample was obtained
by simultaneous incipient wetness impregnation of the alu-
mina support (SBET=246 m2/g, Vp= 0.76 cm3/g) with an aque-
ous solution of the chemical precursors: Ni(NO3)2.6H2O, 
Ce(NO3)3.6H2O, Rh(NO3).xH2O, and a SnC2O4 solution in ni-
tric acid. The components were adjusted in order to obtain 
the following nominal composition: 9 at/nm2 of Ni, 5 at/nm2, 
of Ce, Sn:Ni (1:1000 atomic ratio) and Rh:Ni (1:10000 atomic 
ratio). After the impregnation stage, the sample was kept in 
stagnant air at 90 ºC overnight and then treated in air for 5 
h (10 Cº/min). This latter stage was followed by a reduction 
procedure at 700ºC (10ºC/min) during 20 minutes in 5% of 
H2 (He as balance) with the aim of activating the sample. The 
XRD patterns have been recorded with an X'Pert MPD PRO 
diffractometer (PANalytical) using Cu radiation. The catalytic 
activity evaluation was conducted in an isothermal fixed bed 
reactor loaded with 200 mg of sample mass and a total flow 
of 100 ml/min, 45 %vol CH4, 30 %vol H2O, 15 %vol CO2 (N2 
balanced) for bireforming reaction (BRM), and 30%CH4, 60% 
of H2O (N2 balanced) for steam methane reforming reaction 
(SMR). The performance analysis in presence of model sul-
phur compound (Dimethyl Sulphide, hereafter called DMS) 
was carried out by including 90 ppm of DMS at the gaseous 
strem previously dissolved in water. 

3. Results and discussion

The XRD pattern of the fresh sample showed different 
crystalline phases, cerianite, CeO2 (PDF#43-1002), NiO, bun-
senite (PDF#47-1049), NiAl2O4 (PDF#10-0339), and no 
marked alumina signals, except for that located close to 66º, 
which may indicate the presence of almost an amorphous 
support (patterns not showed). Additionally, no Sn or Rh 
species were observed, probably by the low content existing 
in the solid. the crystallite size of fluorite and bunsenite spe-
cies were estimated by Scherrer equation presenting a 
higher value for NiO in comparison with CeO2, in agreement 
with the higher atomic content of Ni present in the sample, 
Table 1. After the activation procedure (catalysts reduction), 
an increase of the crystallite size of the fluorite particles was 
observed in conformity with the lower BET surface area 
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measured. Since NiO signals were not identified, and per-
ceptible lines of Ni0 appeared, a possible incorporation of Ni 
to fluorite lattice might be disregarded. 

Table 1. Results of BET and XRD techniques 

Parameter Fresh Reduced 

BET (m2/g) 150 124 

dfluorite (nm) 5.4 5.9 

dNi/NiO (nm) 8.5 (NiO) 5.9 (Ni0) 

Two diferent samples were submitted to a long term 
run analysis at 700 ºC durign several hours: a clean catalyst, 
and a sulphurized one in order to determine the effect of the 
DMS in the activity. This latter sample was obtained by im-
pregnating a concentrated soution of DMS over a previously 
reduced sample, achieving a value close to 0.1 wt.% (sul-
phur/catalyst mass ratio). The results of methane conver-
sion, Figure 1, showed three stages: an initial decrease pre-
sent in both samples (t<2 hours) probably by the stabiliza-
tion of the catalyst, followed by a further decrease in the 
case of the poisoned solid (2<t<14 hours), while the activity 
of the clean remained almost unchaged. Finally, a more 
marked decrease was found for the poisoned solid (t>14 
hours). These results suggest a clear influence of the DMS in 
the activity and stability of the catalyst in comparison with 
the clean solid. On the other hand, the CO2 conversion of the 
clean sample decreased at the end of the test simultaneusly 
with the increase in the H2/CO ratio, probably indicating an 
obstruction by coke of the active sites for CO2 activation. The 
values presented by the sulphurized catalyst were almost 
constant with a clear decrease in the final stage in agree-
ment with the CH4 conversion plot suggesting catalyst deac-
tivation. The H2/CO ratio was higher than theoretical of Dry 
Reforming of Methane (DRM), and remarkably close to the 
corresponding of BRM, suggesting the occurrence of this re-
action irrespective of the presence of DMS. 

With the purpose of determining the effect of DMS in 
a continuous flow, an additionally BRM reaction test was 
performed. This test was also conducted with reactivation 
stages in order to analyse the feasibility of reversible deac-
tivation. Therefore, a BRM reaction stage was followed by 
SMR; the results are reported in Figure 2. Methane conver-
sion values achieved by the sample at the initial step were 
close to 65%, decreasing to 55% after 24 hours.  

These results suggest an improved performance of the 
sample in the current operation conditions. Otherwise, the 
sample evaluated at SMR reaction conditions achieved a CH4 
conversion in the range 80-85% with a slight decrease with 
the time on stream (TOS). The different trends found for 
BRM and SMR with TOS probably indicates a gasification of 
carbon deposits (reversible deactivation) and might also 
suggest a partial removal of the sulphur compound from the 
catalyst surface.  

 

 

 

 

Fig. 1. Long term run of the two tested samples, clean and sul-

phurized at 700 ºC in BRM reaction, a) CH4 conversion, b) 

CO2 conversion, c) H2/CO ratio.  

 

The CO2 conversion presented scattered values in the 
65-75% range indicating the succesfull activation of this sta-
ble molecule at 700°C during the entire test.  
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Fig. 2. Long term run of the tested sample at BRM and SMR cycles 

carried out at 700 ºC, a) CH4 conversion, b) CO2 conversion, 

c) H2/CO ratio.  

 

 

  

 

 
 

Regarding the H2/CO ratio, it can be observed that the 
sample practically achieved the theoretical values during 
BRM and SMR reaction conditions. In fact, the ratio was 
close to 4 for SMR, indicating the incidence of Water Gas 
Shift reaction decreasing the amount of CO and simultane-
ously increasing the H2 produced; however, gasification of 
the coke previously deposited should not be disregarded. 
Under BRM reaction conditions, an acceptable and stable 
H2/CO ratio was observed, suggesting the occurrence of this 
reaction in the entire TOS range. In addition, the deactiva-
tion observed by the decrease in the methane conversion 
may be mainly induced by the blocking effect of the DMS in 
the active sites, with a lower contribution of the coke depo-
sition as it was observed for the clean sample in Figure 1. 

4. Conclusions 

The catalyst presented a relevant performance in sul-
phur-free conditions, not only in activity but also in stability. 
The test carried out in the presence of DMS showed that this 
multimetallic catalyst has an acceptable sulphur-resistance. 
The alternating operation between BRM/SMR allowed to 
operate in optimal conditions improving the stability of the 
sample, probably due to the gasification of coke deposits, 
which partially regenerates the active sites blocked by the 
sulphur compound. The approach presented in this work, 
multimetallic sample together with alternated reaction con-
ditions, is a promising technology capable of carrying out bi-
ogas self-reforming process without any pretreatment or 
composition adjustment 

  

Acknowledgements  

The authors thank to University of Buenos Aires, CONICET 
and the ANPCyT for their financial support. 

References 

1  P. Ferreira-Aparicio, M. Benito, Catal. Rev. Sci. Eng. 47 (2005) 

491-588. 

[2]   S. Rasi, A. Veijanen, J, Rintala, Trace compounds of biogas from 

different biogas production plants, Energy, 32 (2007) 1375-

1380. 

3  A. Farooqi, M. Yussuf, N. Zabidi, R. Saidur, K. Sanaullah, A. 

Farooqi, A. Khan, B. Abdullah. Int. J. Hydro. Energ. In Press 

(2022). 

 [4] M. Rangan, M. Yung, J. Medlin, J. Catal. 282 (2011) 249. 

 [5] García-Dieguez M, Finocchio E, Larrubia M, Alemany L, Busca 

G, J. Catal. 274 (2010) 11. 

 

 

 

 

 

 

 

051



       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

Experimental control of a methanol catalytic membrane reformer (O-13H-V)
Alejandro Cifuentes1,2*, Maria Serra3, Ricardo Torres2, Jordi Llorca1** 

1 Institute of Energy Technologies, Department of Chemical Engineering and Barcelona Research Center in Multiscale Science and Engineering, 

Universtitat Politècnica de Catalunya, EEBE, Eduard Maristany 10-14, 08019 Barcelona, Spain 
2 Department of Fluid Mechanics, Universtiat Politècnica de Catalunya, EEBE, Eduard Maristany 10-14, 08019 Barcelona, Spain 
3  Institut de Robòtica i Informàtica Industrial CSIC – UPC, Universitat Politècnica de Catalunya, Llorens i Artigas 4-6, 08028 Barcelona, Spain 

(*) Pres. author: alejandro.cifuentes@upc.edu (**) Corresp. author: jordi.llorca@upc.edu 

Keywords: Hydrogen, control, dynamic modelling, methanol steam reforming, catalytic membrane reactor 

1. Introduction

On-site and on-demand hydrogen production from liq-
uids has been gaining more attention in recent years. For 
that purpose, it is recommended to use low temperature 
processes and compact reformers which make methanol a 
good candidate because methanol does not involve the 
cleavage of C-C bonds and the reforming can be done at low 
temperature [1]. Catalytic membrane reactors are a good 
choice for a compact reforming unit since they have the pro-
duction, separation and purification phase in the same reac-
tor volume [2]. 

There are 3 main reactions in the methanol steam re-
forming process: 
CH3OH(g)+H2O(g) ⇋ CO2(g)+3H2(g)     

∆H298 
° = +49.4 kJ mol-1        (1)     

CH3OH(g) ⇋ CO(g)+2H2(g)          ∆H298 
° = +92 kJ mol-1    (2)      

CO(g)+ H2O(g) ⇋ CO2(g)+H2(g)  ∆H298
°  = -41.1 kJ mol-1  (3)        

Eq. 1 is the direct methanol steam reforming reaction 
(MSR), Eq. 2 corresponds to the methanol decomposition re-
action and Eq. 3 is the water–gas shift reaction (WGS). 

These reforming units can be portable and produce hy-
drogen on-site with only a heat source and a liquid methanol 
reservoir. However, a control system is necessary to main-
tain a stable production of high purity hydrogen [3,4,5]. 

This work focuses on the design and implementation of 
a Single Input Single Output (SISO) controller that controls 
the production of pure hydrogen (permeate flow) from a 
catalytic membrane reactor (CMR) for the methanol steam 
reforming process. The reformer reactor of this work uses a 
supported catalyst based on PdZn alloy particles anchored 
over ZnAl2O4 spinel supported on Al2O3 pellets (SASOL® 
2.5/210, 2.5 mm diameter),  which was developed and 
tested in a previous work [6]. A PI controller with scheduled 
gain is tunned with the use of transfer functions - based 
model and then implemented in the experimental CMR 
setup. The system’s PI controller actuates on the high-pres-
sure liquid pump that injects the methanol and water into 
the CMR. 

2. Controller design process

2.1 Experimental set-up 

A PdZn/ZnAl2O4/Al2O3 catalyst was used for the 
methanol steam reforming in a pellet form. A commercial 
Inconel membrane reactor from REB Research & 
Consulting® was used as CMR. The reactor has 4 membranes 
of 3 in. tall, 1/8 in. diameter dead-end tubes coated with a 
30 µm thick Pd–Ag active layer.  

Several dynamic tests were carried out to obtain infor-
mation about the behaviour of the system. The dynamic be-
haviour tests of the system have been carried out using the 
same experimental setup as in the previous work (Fig. 1) [6]. 
A liquid mixture of methanol and water with a steam to car-
bon ratio of 1 (S/C=1) was used in all the experiments. A set 
of experiments were performed and registered under dy-
namic conditions at different operating pressures (6, 8, 10 
and 12 bar). These tests have been carried out applying step-
type variations in the inlet liquid flow (mixture of methanol 
and water). Three step variations have been made at the dif-
ferent pressures, so that the behavior of the reactor at low, 
medium and high flow rates was obtained. The temperature 
was always kept at a constant value of 450 °C. 

Fig. 1. Scheme of the experimental set-up. 

2.2 Controller design and system indentification 

The controller design strategy shown in Fig. 2 has been 
followed to achieve the objectives planned for this work. In 
which it consisted of obtaining data on the dynamic behav-
ior of the system to then carry out an identification of the 
system through transfer functions. Thanks to the transfer 
functions, a mathematical model was made in which a PI 
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controller was incorporated. Finally, the PI controller was 
tested in the experimental plant. 

 

 

Fig. 2. Scheme of the controller design strategy. 

 
There are three possible actuators that can modify the 

permeated hydrogen flux: the liquid inlet pump (which af-
fects the inlet mass flow ), the digital pressure regulator 
(which affects the reactor pressure) and the electrical re-
sistance that provides heat to the reactor (which affects the 
reactor temperature). However, for a fast response of the 
catalytic membrane fuel reformer, the temperature is not a 
proper actuator since the changes are too slow. On the 
other hand, pressure changes are faster, but membrane ef-
ficiency changes with the pressure, so a high pressure is nec-
essary to achieve a high separation efficiency of the mem-
brane. In contrast, modifying the liquid inlet flow rate is fast, 
affects only the total hydrogen production and does not 
have a significant impact on the separation efficiency of the 
membrane. Consequently, we used the liquid pump as the 
selected actuator of the PI controller. 

 
Catalytic membrane fuel reformers are non-linear sys-

tems since the metallic membrane of the reactor does not 
manage to separate more hydrogen after a certain inlet liq-
uid flow. This occurs because mass transfer limit problems 
appear. This phenomenon is also called membrane satura-
tion. To solve this non-linear system into a linear one, three 
different transfer functions have been obtained for three 
variations in the inlet flow while maintaining a fixed pres-
sure and temperature. These three transfer functions have 
been divided into: low flow zone (50–65 µLliq/min), medium 
flow zone (100–130 µLliq/min) and high flow zone (150–195 
µLliq/min). 

 
Once the transfer functions were obtained and verified, 

a mathematical model of a PI controller was developed us-
ing SIMULINK®. With the simulation model, the PI controller 
parameters were obtained and then, simulations were 
made to test the robustness of the PI controller.  

 
Finally, experimental PI tests were carried out using Lab-

VIEW® to control the high-pressure liquid pump. Thus, is was 
verified the operation of the real PI in contrast to the mod-
eling in SIMULINK®. 

3. Experimental results and discussion 

3.1 Dynamic behaviour of the system 

The behaviour of the system against step changes in the 
inlet liquid flow are shown in Fig. 3 for inlet flow step of 50-
65 µLliq/min at 12 bar. 

 
Fig. 3. Behaviour of the system against step changes in the inlet 

liquid flow. Inlet flow step of 50-65 µLliq/min at 12 bar. 

 
For all cases (not shown), oscillations were observed in 

the output of permeated hydrogen. This is due to the type 
of liquid pump used. It uses a piston mechanism which 
makes the flow rate non-uniform. As a preliminary view, a 
behaviour of a first-order system was observed. However, it 
was observed that working at higher pressures the dynamics 
of the system was faster. 

 
3.2 System identification 

The experimental results of dynamic behaviour of the 
system in the previous section were used to obtain a set of 
transfer functions using the commercial software MATLAB®, 
which were implemented to develop a computational piece-
wise model using the commercial software SIMULINK®. All 
the resulting transfer functions are first order with a time 
delay (Eq. 4). 

G(s)=
kp

τp·s+1
·e-Ts·s                                                                  (4) 

 

3.3 Mathematical model of the controlled system 

Once the transfer functions were obtained and verified, 
a mathematical model of the controller was developed using 
SIMULINK®. For each calculated transfer function, a differ-
ent PI controller was tuned (Eq. 5) using the Ziegle Nichols 
second method criteria. Then, a PI control with gain sched-
uled was implemented for the three operating flow ranges 
(low, medium and high). The derivative part of the PID was 
neglected due the nature of the system detected. 

PI control=Kc (1+τi
1

s
 )                                                           (5) 

In Table 1 and Table 2 the optimal Kc and 𝜏i parameters 
for the PI modelled controller are shown for the different 
operation pressures and inlet flows. Due to the similarity of 
the results for the tested pressures, it was decided to use an 
average value of the Kc and 𝜏i parameters for all the pressure 
values. 
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Table 1. Optimal Kc values of the PI controller modelled at different 

pressures and inlet flows. 
Pressure 

(bar) 
Kc Low 

flow 
(50 – 60 

µLliq/min) 

Kc Medium 
flow (100 – 

130 µL-

liq/minl) 

Kc High flow 
(150 – 195 
µLliq/min) 

6 3.87 3.19 2.82 

8 2.54 3.96 2.64 

10 3.52 3.56 2.75 

12 3.73 2.17 2.76 

Average 
values 

3.42 3.22 2.74 

 
Table 2. Optimal 𝜏i values of the PI controller modelled at different 

pressures and inlet flows. 
Pressure 

(bar) 
𝜏i Low 
flow 

(50 – 60 
µLliq/min) 

𝜏i Medium 
flow 

(100 – 130 
µLliq/min) 

𝜏i High flow 
(150 – 195 
µLliq/min) 

6 0.015 0.048 0.085 

8 0.015 0.037 0.055 

10 0.012 0.027 0.047 

12 0.013 0.032 0.036 

Average 
values 

0.014 0.034 0.051 

 
3.4 Experimental PI controller 

The commercial software LabVIEW® was used to imple-
ment the gain scheduled PI in the real system. In the tests 
carried out, the Kc and 𝜏i parameters of the controller had to 
be slightly modified from the ones simulated to improve the 
response of the system.  

 
In Fig. 4 is shown the test realized in the experimental 

system with the PI controller with gain scheduled (only is 
shown at 12 bar). The set-point was on the permeated hy-
drogen flowrate. The controller actuated on the liquid pump 
which modified the inlet liquid flow to ensure following the 
set-point. 

 

Fig. 4. Experimental results with the PI controller in the liquid 

pump for permeated hydrogen at 12 bar. 

 
The controller managed to always maintain the set-

point. There was a small ripple of about ±5 H2 mL/min, but 
an average of the data gives the value imposed by the set-
point. When changing the set-point from 40 H2 mL/min to 
80 H2 mL/min, a small overshoot is observed, which is nor-
mal due to the large change in operation range, being 
quickly attenuated in the subsequent seconds. 

4. Conclusions 

It was possible to obtain the dynamic behaviour of the 
system from experimental data and identify the system 
from step-type changes and then modelling it through trans-
fer functions. The model allowed the development of a PI 
controller with gain scheduling which was tested under real 
conditions with proper results. The obtained controller man-
ages to maintain the set-point for any operating range with 
an acceptable response time and remarkable robustness. 
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1. Introduction

Nowadays, fossil fuels cover most of the world's energy
demand worldwide. These fuels supply the energy needed 
by our industry and transportation sectors and provide en-
ergy for residential applications[1,2]. However, it is clear 
that these resources are not sustainable in the long term 
and cause climate change issues such as global warming 
through greenhouse gas emissions. Thus, there is an increas-
ing interest in renewable energy sources' role in the future. 

Photoelectrochemical (PEC) water splitting (WS) is con-
sidered the most promising solar process for hydrogen pro-
duction and represents a proper backup solution to store 
energy[3,4]. The research on PEC WS relies on semiconduc-
tor electrodes that exhibit appreciable photogenerated 
charge separation at the solid/liquid interface when illumi-
nated by sunlight. To the best of our knowledge, studies on 
PEC cells were conducted, even recently, in a liquid electro-
lyte, thus requiring post-processing energy to separate 
evolved gas from water splitting. Furthermore, the facile 
scalability of a PEC device could also be helpful for hydro-
gen-powered vehicles, which shall complement battery-
powered vehicles, especially for long-range journeys. 

In our recent works, tandem PEC cells were constituted 
by a solid polymeric membrane, acting as both gas separator 
and electrolyte, sandwiched between a photoanode (PA) 
and a photocathode (PC)[5–8]. Attention was focused on in-
vestigating non-critical raw materials (non-CRM) for the Eu-
ropean Union (EU) in a 0.25 cm2 PEC cell.  

The most suitable tandem couple, achieved in a small 
cell area, was based on n-type P- and Ti-doped Fe2O3 pho-
toanode and p-type CuO photocathode, including ionomer 
coatings as protective layers.  

An anion-exchange membrane was optimized for PEC 
WS applications in a low-cost tandem cell. Furthermore, the 
use of a hydrophobized gas diffusion layer (GDL), as a sub-
strate for the CuO photocathode, produced a relevant in-
crease in efficiencies, doubling the performance of the con-
ventional FTO photocathode substrate-based cell.  

Herein, the pros and cons of scalable production of the 
main components of PEC cell, constituted of a PVC case, in-
ternal connectors, gaskets, photocathode/GDL, membrane, 
photoanode/drilled FTO, glass frame, current slab, and clo-
sure frame is reported. 

2. Experimental

2.1 Synthesis of Photoelectrodes 

Hematite-based photoanodes were prepared by a chem-
ical bath deposition procedure followed by a thermal treat-
ment. The modification with Ti was achieved by dip-coating 
and successive thermal annealing at 650 °C for 1 h in air. This 
treatment leads to a Ti-doped α-Fe2O3/FTO. 

The optimized procedure for CuO/GDL photocathode 
was obtained in three steps: 1) spray deposition of metallic 
Cu over GDL; 2) chemical oxidation and 3) thermal treat-
ment at 300°C. 

Home-made metallic Ni and NiCu were deposited on the 
CuO/GDL using a doctor blade technique. The photocathode 
was subjected to a second heat treatment at 300 °C for 1 h 
before ionomer deposition. 

2.2 Assembly of the PEC cells 

An anion exchange Fumasep membrane (FumaTech), 
with a geometric area of 1.1 x 1.1 cm2 was assembled be-
tween photoanode and photocathode. Before the cell as-
sembly, the membrane and photoelectrodes were soaked in 
pure water, thus providing the necessary water content for 
the photoelectrochemical reaction. A black insulating tape 
was used so that the photoactive area was 0.25 cm2. Finally, 
the assembled cell was clamped with two paper clips for 
each side to provide sufficient pressure to secure all of the 
cell components. The PEC cell was tested in a solar simulator 
(Oriel) in a vertical position at 1.5 AM, corresponding to a 
power density of 92 mW cm−2, as measured by a calibrated 
photovoltaic cell. 

For the scaling up, current collectors were previously in-
serted into the plastic case; the H2 gasket, the porous hydro-
phobic photocathode and the membrane were stacked. A 
drilled TCO glass supporting the photoanode and the rela-
tive gasket was settled down with the hematite electrode 
facing the membrane. Finally, a top gasket for preventing 
water/O2 leakage was applied and compressed on the other 
stacked components through the plastic frame closure. The 
PEC was compressed using a torque wrench; the imposed 
torque was lower than 1 Nm per bolt. 
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2.3 Physicochemical Characterization 

X-ray diffraction (XRD) patterns for powder co-catalysts 
were acquired with an X’Pert 3710 X-Ray diffractometer us-
ing a Cu-Kα source operating at 40 kV and 20 mA. The mor-
phology of the co-catalysts was studied by scanning electron 
microscopy (SEM) with a FEI-XL 30 SEM microscope. 

 
2.4 Electrochemical Tests 

Polarization tests were carried out by sweeping the po-
tential between the open circuit potential (OCP) value up to 
a bias of -1.3 V, recording the current density of the PEC in 
the dark and under illumination.  

Impedance spectra were performed in the bias-assisted 
region at −0.6 V under illumination to evaluate the kinetic 
and electrochemical effect of the PEC in comparison with 
the scalable prototype. 

3. Results and discussion 

 

3.1 Polarization measurements in 0.25 cm2 PEC cell 

To obtain suitable performance for the WS, the ap-
proach of using a co-catalyst based on Ni or NiCu at the cath-
ode side was employed. Polarization curves illustrated in 
Figure 1 were carried out in the dark (dashed lines) and un-
der illumination (continuous lines). Loadings of 8 or 12 µg 
cm−2 were used for metallic Ni, and loading of 8 µg cm−2 was 
tested for the NiCu alloy as a compromise between cost-ef-
fectiveness and performance. The bare PEC, without a co-
catalyst, was investigated for comparison and was charac-
terized by a lower value of the photocurrent density Jph (dif-
ference between current density under illumination and in 
the dark) than those obtained with a Ni co-catalyst-based 
PEC. 

 

 

Fig. 1. Polarization curves in the dark and under illumination from 

0.3 to -1.3 V. 

Table 1 summarizes data of the photocurrent (Jph), en-
thalpy (ɳenth), and throughput (ɳthroughput) efficiencies for the 
best-performing cell, where a 12 µg cm−2 Ni co-catalyst was 
added to the hydrophobized CuO/GDL photocathode. Jph in-
creases from 1.73 to 7.33 mA cm−2 in the potential range 

from -0.4 V to -1.225 V. The enthalpy efficiency at −0.4 V 
reaches a maximum value of 2.03% and then decreases to 
1.89% at −0.6 V as a result of the balance between the larger 
photocurrent and lower bias potential (Ebias). The through-
put efficiency is a ratio between the power output and the 
overall power input (solar + electric) supplied by an external 
source; thus, it increases in the function of a larger Jph 

achieving a maximum calculated at -1.225 V of 10.75%. 

Table 1. Photocurrent density (Jph), enthalpy efficiency (ɳenth), and 
throughput efficiency (ɳthroughput) achieved by the addition 
of Ni co-catalyst to the photocathode.  

 

3.2 Scaling up of the main components  

A 25 cm2 prototype was realized and electrochemically 
tested in the dark (dashed lines) and under illumination 
(continuous lines). The photocurrent and consequently the 
efficiency were in this case about 10 times lower than the 
0.25 cm2 lab cell. The main issues appear to be related to 
charge transfer at the photo-electrodes/electrolyte inter-
faces. A very high polarization resistance (Rp) for the 25 cm2 
PEC compared to the 0.25 cm2 reference cell was displayed 
in EIS measurements. The final revision of the unit cell pro-
totype was based on the GEMA concept (Glass Electrode 
Membrane Assembly). This approach improved the interfa-
cial contact between membrane and photoelectrodes with 
a simplified current collection in the module. 

4. Conclusions 

A small amount of homemade Ni-based co-catalysts was 
deposited onto a CuO/GDL-based photocathode of a photo-
electrochemical cell formed by Ti-and-P-doped hematite 
photoanodes and an anionic exchange membrane, used as 
a gas separator between the two electrodes. It appears that 
the use of the co-catalyst promotes hydrogen evolution un-
der illumination with the achievement of 10.75% in through-
put efficiency at -1.225 V. Pros and cons of the scalability for 
PEC prototype are presented and discussed. 
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1. Introduction

ZnO could be considered an interesting material for the
photocatalytic H2 production from alcoholic solutions. 
Moreover, the specific use of ethanol as a sacrificial agent 
could provide a good opportunity for the hydrogen photo-
production from a renewable source. This process has been 
largely studied over TiO2-based systems but less research re-
lated with the use of ZnO-based photocatalysts has been 
performed. Most of the uses of nanostructured ZnO in pho-
tocatalysis have been related with the photodegradation of 
organics and dyes for environmental pollution control.  

The band gap energy of ZnO (3.3 eV) is similar to that of 
TiO2 and, ZnO shows a high exciton binding energy, 60 meV. 
Moreover, several efforts have been done to enhance the 
photocatalytic activity of ZnO by tailoring its morphology, 
particle size, and concentration of oxygen defects, surface 
facets and surface area.  In this context, 1D-, 2D- and 3D-
nanostructured ZnO has been prepared with different mor-
phologies such as nanorods, nanowires, nanotubes, 
nanosheets and nanoflowers, among them, 1D nanostruc-
tures are considered good candidates as photocatalysts [1]. 
The delocalization of electrons in 1D nanostructures with 
high aspect ratios, favors the separation of photogenerated 
charge carriers improving the efficiency of photocatalysts.  

In this work, we study the photocatalytic H2 evolution 
from ethanol(aq) in gas phase at room temperature over pris-
tine ZnO NWs. The characterization of the ZnO NWs, was 
carried out combining different techniques as FESEM, XRD, 
HRTEM), XPS, PL and Raman spectroscopy. The photocata-
lytic process was followed by in-situ diffuse reflectance in-
frared spectroscopy (DRIFTS) coupled to on-line mass spec-
trometry (MS) analysis. This allowed the determination of 
several surface species generated during the photocatalytic 
process, which are related with the products formed. The 
post-reaction ZnO NWs material was also analyzed. 

2. Experimental

ZnO NWs were grown on a ZnO thin film, previously pre-
pared from a polycrystalline zinc target of 99.99% purity and 
Ar/O2 atmosphere over a Si(001) single crystal. For the in-
situ photocatalytic DRIFTS-MS experiments, the samples 
were deposited into a reaction chamber and irradiated at 

λ=365 nm (20 mW·cm-2) under a He flow saturated with eth-
anol/water vapor at room temperature. During irradiation, 
DRIFT and mass spectra were recorded as a function of time; 
the evolution of CH3CH2OH, CH3CHO, CH3COOH, CH4, CO2, 
CO and H2 was continuously analyzed by MS. 

3. Results and Discussion

3.1 Characteristics of photocatalysts 

The morphology of the ZnO NWs was determined by 
FESEM. A uniform and dense array of ZnO NWs with average 
diameter of 50 nm, length of about 0.5 μm, and density be-
tween 40-80 NW.μm-2 was obtained. A specific surface area 
in the range of 15-30 m2.g-1 was calculated using the FESEM 
average dimensions and assuming a cylindrical shape. 

The XRD pattern of ZnO NWs (Fig. 1A) revealed the pres-
ence of mainly wurtzite ZnO (space group P63mc, JCPDS 00-

036-1451), with cell parameters a3.25 Å and c5.20 Å, with
very high [0001] preferred orientation and significant aniso-
tropic peak enlargement. The 002 diffraction peak is splitted
indicating that very probably there are two main different
ZnO (0001) domains. According with XRD results, HRTEM
analysis confirmed that ZnO NWs crystallize in the typical
wurtzite structure and that ZnO NWs grow along the [0001]
direction. Figure 1B shows a single ZnO NW visualized in the
[-1100] direction. The Fourier transform image (inset in Fig.
1B) also accords with the only presence of several planes of
wurtzite ZnO.

The XP spectrum corresponding to O 1s (Fig. 2a) is com-
plex and can be deconvoluted into three components, the 
main component at 532 eV can be related with surface OH 
associated with surface defects and/or surface O2- in oxy-
gen-deficient regions [2]. The O 1s component centered at 
530.1 eV is related with lattice O2- and the very small com-
ponent at 533.3 eV with chemisorbed oxygen-containing 
species [2]. The high intensity of the O 1s peak at 532 eV 
points to the presence of a large number of surface defects 
in the ZnO NWs. 

Figure 3A shows the room-temperature PL emission 
spectrum of ZnO NWs, which show emissions in both the UV 
and visible spectral regions. The broad emission band ob-
served in the visible range (430-830 nm) with maximum at 
around 650 nm (1.9 eV) can be attributed to the presence of 
different defects [3].  
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Fig. 1. A) XRD pattern of fresh ZnO NWs. In the inset, zoom of the 
ZnO (002) peak; B) TEM image of a ZnO NW visualized in the zone 
axis [-1100] and HRTEM micrograph of the marked zone; the inset 
shows the Fourier Transform image that corresponds to wurtzite 
ZnO. 

 
 

 
Fig. 2. O 1s core level spectra of ZnO NWs: a) fresh; b) post-reac-
tion. 

Finally, the Raman spectrum of the ZnO NWs (Fig. 3B) 
shows a wide band of low intensity at 400-500 cm-1 corre-
sponding to the E2 mode and a main well-defined band at 
about 580 cm-1, which is related with the E1(LO) mode and 
associated with oxygen deficiency [4]. 
 

 
Fig. 3. A) Room-temperature PL spectra of fresh and post-reaction 
NWs; B) Raman spectra of fresh and post-reaction ZnO NWs. 

 
3.2 Photocatalytic in-situ study  

Figure 4A shows the analysis of the MS profiles of main 
products evolved during the in-situ irradiation process un-
der continuous flowing of the ethanol/water vapor. Besides 
H2, CO and CH4, CO2 and acetaldehyde were the main prod-
ucts; acetic acid and acetone were also detected. After 
switch off the irradiation, all products rapidly decreased in 
the outlet flow. The experiments carried out without illumi-
nation and the blank cell test, carried out without photo-
catalyst did not give any detectable product. 

Figure 4B shows the DRIFT spectrum registered in the 
1800-1300 cm-1 region during the in-situ irradiation process 
under continuous flowing of the ethanol/water vapor flow 
(spectrum a). The main band observed at 1742 cm-1 can be 

related with the presence of acetaldehyde ((C=O)).  
Spectrum b in Figure 4B was obtained after the reaction 

quenching by switching off the light and stop the reactants 
flow. The bands centered at 1543 cm-1 and 1515 cm-1, and 
1385 cm-1 and about 1312 cm-1 can be related with the cor-

responding as(COO) and s(COO) modes of different ace-
tate adsorbed species. Moreover, the contribution of differ-
ent components to the very broad band centered at 1385 
cm-1 can be proposed. Formate species over ZnO have been 

related with bands at 1385-1380 cm-1 ((CH)) and at about 

1610 cm-1 (as(COO)). Moreover, the 3 of free CO3
2- ion is 

expected about 1440 cm-1, and, other surface carbonate 
species could contribute to the broadness of the bands at 
1543 cm-1 and 1515 cm-1.  
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Fig. 4. A) Mass spectra profiles of different products evolved during 
the irradiation of ZnO NWs under a He flow saturated with etha-
nol/water vapor; B) in-situ DRIFT spectra of ZnO NWs: a) under ir-
radiation and a He flow saturated with ethanol/water vapor; b) af-
ter (a), light off and switch the reactants flow to He flow.  
 

On the other hand, a definite band centered at 1647 cm-

1 has been related to the (C=O) of aldehyde species such as 
formaldehyde and/or unsaturated aldehydes. It is word of 
mention that in the quenching process (spectrum b in Fig. 
4B), a band at 1688 cm-1 is clearly visible; this band can be 
attributed to the presence of surface acyl species, which 
could be the precursors of the surface carboxylate species 
detected. On the basis of these results and previous studies 
on photoreforming of ethanol [5], we propose several pro-
cesses that could take place over ZnO NWs during the irra-
diation of an ethanol/water flow at room temperature. The 
first step could be the photocatalytic transformation of eth-
anol into acetaldehyde and H2. Once acetaldehyde is 
formed, the photocatalytic reaction of acetaldehyde(aq) 
could produce acetic acid and H2; acetaldehyde could also 
decompose forming CO and CH4. CO2 could come from the 
acid acetic photodecomposition or from the acid acetic(aq) 
photoreforming.  

In order to compare the evolution under irradiation of 
the surface species formed after ethanol/water adsorption, 
separate in-situ DRIFTS-MS experiments were carried out 
over ZnO NWs and a reference ZnO thin film material. The 
results indicate that the surface species generated after ad-
sorption of ethanol/water over ZnO NWs, are easily photo-
transformed at room temperature, and contrarily, irreversi-
ble carboxylate (and/or carbonate) species remains under 
irradiation on the reference ZnO film material.  

After the in-situ DRIFTS-MS photocatalytic reaction, the 
ZnO NWs were analyzed by FESEM, XRD, XPS, PL and Raman 

spectroscopy. No significant changes in the ZnO NWs were 
observed in morphology, structure and surface characteris-
tics. On the other hand, Figure 3A and 3B show the PL emis-
sion and Raman spectra, respectively, of the post-reaction 
ZnO NWs. Slight differences in the position and broadness 
of the visible emission band (Fig. 3A) can be observed. It has 
been proposed that defects are related with the shift ob-
served, due to a slight modification of the energy band struc-
ture of ZnO; the broadening observed on the FWHM indi-
cates that the quantity of intrinsic defects is higher for the 
fresh sample [3]. In the same line, some differences can be 
also observed in the Raman E1(LO) mode when comparing 
the phonon frequencies and the FWHM of the peak at 
around 580 cm-1 for the fresh and the post-reaction samples 
(Fig. 4B). The used photocatalyst reaction exhibits a small 
blue shift (1.4 cm-1) and a decrease of the mode line width 
(FWHM by 1 cm-1) when compared to the fresh sample; ex-
istence of defects would result in a broadening of the peak 
at around 580 cm-1 [4]. 

4. Conclusions 

ZnO nanowires with wurzite structure and a very high 
[0001] preferred orientation were active in the photocata-
lytic hydrogen production from ethanol(aq) in gas phase. 
The photocatalytic behavior has been related with the 1D 
nanostructure characteristics of ZnO NWs. The combination 
of different techniques allowed us to identify the presence 
of different defects in the ZnO NWs such as oxygen vacan-
cies, which are related with their catalytic performance. Af-
ter the in-situ DRIFTS-MS photocatalytic study carried out, 
we propose several processes that could take place. First 
step could be the formation of acetaldehyde and H2. Then, 
photocatalytic transformation of acetaldehyde in the pres-
ence of water vapor could produce acetic acid and H2. How-
ever, acetaldehyde also decomposes forming CO and CH4. 
The acid acetic photo-decomposition or photo-reforming re-
sults in the CO2 formation. The characteristics of ZnO NWs 
resulted almost unaltered after the photocatalytic process. 
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1. Introduction

Photoelectrochemical hydrogen production is one of
the most popular research subjects because it promises an 
effective route for converting solar energy and storing it as 
chemical energy in the form of hydrogen. Theoretically, 1.48 
V (thermoneutral potential) are necessary to split water by 
electrolysis; however much higher voltages and expensive 
electrocatalysts are necessary. In this sense, water splitting 
by photoelectrolysis [1] is a very promising approach since it 
necessitates much lower electric bias or even none. 

To achieve high solar to hydrogen (STH) conversion effi-
ciencies [2] the choice of photoelectrodes and cell configu-
ration (tandem or with dark electrode), in design of photoe-
lectrochemical (PEC) cells [3], is of great importance. 

For what concerns the backing layer of the top high-en-
ergy gap photoanode of the PEC cell, the main requisites are 
a high transmittance in combination with a high conductivity 
and proper work function. Usually, the anodic semiconduc-
tors are deposited on a conductive transparent glass: fluo-
rine-doped tin oxide (FTO), indium-doped tin oxide (ITO) or 
antimony-doped tin oxide (ATO). Whereas, regarding the 
bottom photocathode backing layer, the most important re-
quirements are high conductivity and proper work function 
if the intention is to use direct illumination only and no dif-
fusive light. Thus, in this case, it is possible to use a dark me-
tallic-type substrate with proper work-function to avoid 
junction effects [4]. 

This work addresses the use of a porous hydrophobic 
backing layer in a PEC cell to allow direct production of dry 
hydrogen.  

2. Experimental

2.1 Photocathode substrates 

A porous carbon paper named Spectracarb 2050A-1550 
and a non-woven carbon paper containing a microporous 
layer that was made of 5 wt% polytetrafluoroethylene 
(PTFE) and carbon black named Sigracet 35BC were utilized. 

Both Spectracarb and Sigracet are hydrophobic, how-
ever, for both substrates a further hydrophobisation treat-
ment, with fluorinatedethylenepropylene (FEP), was carried 
out to understand how this process could influence the elec-
trical and wettability characteristics. 

The procedure for the carbonaceous backing layer wa-
terproofing consisted of different steps, particularly, the div-
ing of the sample in a FEP solution, one layer (for Sigracet, 
the side with MPL) or both layers (full), for 1 min or 2 min or 
5 min. 

Afterwards, the obtained substrates were investigated 
in terms of electrical conductivity to preliminary evaluate 
the effective possibility of using them as cathodic backing 
layers. 

The most promising substrate, Sigracet, originally con-
taining 5% of PTFE (subsequently named 0% of FEP) and fur-
ther hydrophobised by a FEP treatment showing thus differ-
ent FEP uptakes (e.g., 7% and 15% of FEP) were investigated 
in a complete tandem cell configuration. To compare these 
results with the state of the art, an FTO glass cathodic sub-
strate was also examined.  

2.2 Photoelectrochemical cell configuration 

For the investigated PECs, only the cathode substrate 
was varied while the other components remained un-
changed. 

The tandem cell architecture thus consisted of: 

1. photoanode: glass + FTO + Fe2O3 + NiFeOX + ionomer

2. electrolyte: transparent FAA-3 anionic solid polymer
membrane

3. photocathode: ionomer + CuO + conventional backing
layer (FTO + glass) or porous hydrophobic backing layer
(Sigracet) or (Sigracet + FEP addition)

Fig. 1. Schematic sketch of the photoelectrochemical cell (PEC). 
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3. Results and Discussion 

3.1 Photocathode substrates characterisation 

Figure 1 shows a plot of electrical conductivity vs diving 
time.  

 

 

Fig. 2. Electrical conductivity vs diving time of different gas diffu-

sion layers under different hydrophobisation conditions. 

 
For the Spectracarb sample, the electrical conductivity 

was 20 S cm−1 without any treatment (0 min). After treat-
ment with FEP, it was registered an important decrease of 
conductivity to about 5 S cm-1, quite independently from im-
mersion time, both for full and for one-layer immersion, 
whereas, for the Sigracet substrates, the conductivity de-
creased from about 30 S cm-1, in the one-layer immersed 
sample, to about 10 S cm−1, quite independently from the 
immersion time. In the full-immersed sample, the conduc-
tivity decreased to 27 S cm−1 after 1 min of immersion time, 
20 S cm−1 after 2 min of immersion time and 13 S cm−1 after 
5 min of immersion time. 

 

 

Fig. 3. SEM images of the upper layer of CuO semiconductor on a 

Sigracet 35BC gas diffusion layer containing 7% FEP. 

 
The morphological characteristics of the backing layer 

based CuO photocathode are shown in Figure 3. Three dif-
ferent layers are clearly distinguishable from the inner to the 
outer parts: carbon fibers-based macroporous diffusion 
layer (hydrophobic layer), microporous carbon black layer 
(MPL) and CuO semiconductor layer (hydrophilic layer).  

3.2 Photoelectrochemical cell characterisation 

Figure 4 shows the photocurrent, Ilight (AM 1.5) – Idark, 
density variation as a function of the cell potential for the 

complete photoelectrolysis tandem cells based on FTO and 
various porous hydrophobic carbonaceous backing layers as 
substrates for the photocathode. 

 

 

Fig. 4. Photocurrent density vs cell potential between −0.7 and 0.4 

V in the photodiode representation mode an applied bias 

corresponds to a negative cell potential. 

 

The photocurrent trend as a function of cell potential in 
Figure 4 shows the occurrence of a maximum photocurrent 
at a cell potential bias of about −0.6 V. It is evident that in 
the case of Sigracet + FEP 7% the level of photocurrent (−1.2 
mA cm-2) was the highest among the various samples 
throughout the entire range of interest. 

A chronoamperometric test was carried out for the best 
performing PEC based on the Sigracet + 7 wt% FEP GDL with 
proper cell hydration (Figure 5). The cell was polarised at 
−0.6 V and the relative current density was recorded by var-
ying the illumination conditions. The steady-state current 
density in the dark was less than −20 µA cm−2 at −0.6 V, while 
it was about −1.1 mA cm−2 under illumination. The very low 
dark current suggests no side reactions are occurring at rel-
evant extent. An appropriate stability was observed. Passing 
from dark to light and vice versa, the current variation shows 
a slight mismatching with light conditions due to the sam-
pling range.  

 

 

Fig. 5. Chronomaperometric test (applied cell bias of −0.6 V) of the 

PEC cells based on the hydrophobic backing layer. 

 

To further validate the possibility of producing almost 
dry hydrogen in the output stream, we have placed a small 
piece of filter paper below the hydrophobic layer during the 
reported chronoamperometric test (Figures 6a,b). No traces 
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of humidity have been detected (Figure 6c). 
 

 

Fig. 6. Schematic sketch (a) and photograph (b) of the photoelec-

trochemical cell (PEC) with carbonaceous gas diffusion layer 

as cathode substrate and filter paper to highlight any traces 

of water (left); (c) photograph of filter paper “post opera-

tion”. 

4. Conclusions 

The concept of a porous hydrophobic carbonaceous 
backing layer as a photocathode substrate in a photoelec-
trolysis cell to get dry hydrogen is here demonstrated. 

Two different carbonaceous gas diffusion layers based 
on low-cost carbon paper and carbon black, were hydro-
phobised and studied to achieve the best compromise be-
tween hydrophobicity and electrical conductivity. 

These new porous hydrophobic substrates were 
demonstrated as cathodic gas diffusion layers in tandem n-
Fe2O3 / transparent FAA-3 membrane / p-CuO photoelec-
trolysis cells. 

A short-term durability test indicated a good stability of 
the cell as long as a good hydration of the membrane is as-
sured.  

The produced hydrogen appeared dried; no traces of 
humidity have been detected.  

This concept was used for the design and construction 
of a 1 m2 photoelectrochemical panel.  

Acknowledgements  

Authors gratefully acknowledge funding from the Euro-
pean Union’s Horizon 2020 research and innovation pro-
gramme under grant agreement no. 760930 (FotoH2 pro-
ject). 

References 

1  L. Pan, N. Vlachopoulos, A. Hagfeldt, Directly Photoexcited Ox-

ides for Photoelectrochemical Water Splitting, ChemSusChem, 

12 (2019) 4337–4352. 

2  Z. Wang, R. Roberts, G. Naterer, K. Gabriel, Comparison of 

thermochemical, electrolytic, pho-toelectrolytic and photo-

chemical solar-to-hydrogen production technologies, Int. J. 

Hydrogen Energy, 37 (2012) 16287-16301. 

3  C. LoVecchio, S. Trocino, S. C.  Zignani, V. Baglio, A. Carbone, 

M. I. D. Garcia, M. Contreras, R. Gomez, A. S. Aricò, Enhanced 

Photoelectrochemical Water Splitting at Hematite Pho-

toanodes by Effect of a NiFe-Oxide co-catalyst, Catalysts, 10 

(2020) 525-542. 

4  B. Han, M. Risch, S. Belden, S. Lee, D. Bayer, E. Mutoro, Y. 

Shao-Horn, Screening Oxide Support Materials for OER Cata-

lysts in Acid, J. Electrochem. Soc., 165 (2018) F813-F820. 

 

 

 

063



       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

Photo-assisted water splitting using Ni-Fe oxyhydroxide-modified mesoporous ti-
tania thin films (O-17H)
Priscila Vensaus1,2,3*, Yunchang Liang2,3, Facundo C. Herrera1, Galo J. A. A. Soler-Illia1, Magalí Lingenfelder2,3** 
1 Instituto de Nanosistemas, Universidad Nacional de General San Martín-CONICET, Av. 25 de Mayo 1021 (B1650KNA), San Martín, Argentina 
2 Max Planck-EPFL Laboratory for Molecular Nanoscience and Technology, École Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne, 

Switzerland  
3 Institut of Physics (IPHYS), Ecole Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland  

(*) Pres. author: pvensaus@unsam.edu.ar (**) Corresp. author: magali.lingenfelder@epfl.ch 

Keywords: Photo-assisted, catalysis, water-splitting, oxygen evolution reaction, 

1. Introduction

The serious effects of global warming make the transi-
tion towards renewable energy sources a crucial step for so-
ciety. One way to tackle this issue is the production of green 
hydrogen via water splitting.[1] One major challenge in the 
development of efficient water splitting devices is the slug-
gish oxygen evolution reaction (OER), which hinders the 
overall efficiency. Extensive literature covers the search for 
efficient OER catalysts. However, conventional methods for 
improvement of these catalysts are reaching the theoretical 
limitations. In particular, in alkaline conditions, state-of-the-
art catalysts can only reach overpotentials about 0.3 V at 10 
mA.cm-2, a value very close to that given by theoretical vol-
cano plots.[2,3] An interesting way forward is the use of 
photo-assisted electrocatalysis, where an additional input of 
solar energy can boost the catalytic performance even fur-
ther.[4] Here, illumination of a light-absorbing semiconduc-
tor leads to photo-generated carriers, which can interact 
with the electrocatalyst and lower the overpotential. 

Titanium dioxide (TiO2) is a robust semiconductor, 
largely used in photocatalytic applications due to its high 
availability and low toxicity. In particular, mesoporous tita-
nia thin films (MTTF) have high surface areas, which can be 
easily tuned or functionalized.[5,6] This makes them a prom-
ising semiconductor platform for the integration with elec-
trocatalysts. 

Ni-Fe oxyhydroxides (NiFeOx) are excellent OER electro-
catalysts in alkaline conditions.[7] Iron content, i.e., the 
Ni:Fe ratio, is a critical variable in the response of these cat-
alysts. Even low amounts of iron impurities in KOH electro-
lyte can cause iron incorporation in the material, drastically 
improving the activity.[8] Typically, iron content between 10 
and 50% achieve the best catalytic activities.  

Here, we combined NiFeOx and MTTF in a nanostruc-
tured photoanode aimed at photo-assisted water splitting. 
Highly ordered thin mesoporous TiO2 films were prepared 
via a sol-gel approach and further electrochemically modi-
fied by NiFeOx. The structural and (photo)electrochemical 
properties of these materials were systematically studied, 
by changing the Ni:Fe ratio and concentration.  

2. Experimental

2.1 Materials synthesis 

Mesoporous titania thin films (MTTF) were fabricated 
onto FTO coated glass substrates by evaporation induced 
self assembly. Two solutions containing Ti(iPrO)4, acety-
lacetonate (acac), HCl, ethanol and water in a 1:1:4:40:14 
molar ratio were prepared (A). Pluronic F127 was added as 
pore template to solution A, in a Ti:F127 1:0.005 molar ratio, 
to make the solution B for mesoporous layer deposition. A 
first layer of dense TiO2 was prepared by spin coating solu-
tion A at 8000 rpm, followed by stabilization at 200 °C for 30 
min. Afterwards, mesoporous TiO2 layer was deposited by 
spin coating solution B at 4000 rpm. Films were stabilized 
and calcined under air atmosphere at 200 °C for 30 min, 2 h 
at 350 °C and 30 min at 550 °C, to remove the template and 
crystallize.  

NiFe oxyhydroxides were electrochemically deposited at 
-0.1 mA.cm–2 from a 0.1 M total metal content solution con-
taining Ni(NO3)2·6H2O and FeCl2·H2O in the corresponding
Ni:Fe ratio (0-30% of iron). After deposition, films were
rinsed with Milli-Q water.

2.2 Characterization 

Surface morphology was determined by Field Emission 
Scanning Electron Microscopy (FE-SEM, Zeiss Merlin), from 
CIME-EPFL. AFM images were obtained with a FastScan Bio 
AFM (Bruker) using FastScan-B tips. X-ray Absorption 
Spectroscopy (XAFS) measurements were conducted at the 
XAS beamline at Elettra-Sincrotrone Trieste (Italy).  

Electrochemical performance was measured in a custom 
photoelectrochemical cell and VersaStat potentiostat. The 
light source was a Newport Oriel lamp (AM 1.5G, 100 
mW/cm2). MTTF samples were used as the working 
electrode, Au wire as the counter electrode and HydroFlex® 
standard hydrogen reference electrode (Gaskatel) was used 
as the reference electrode. 0.1 M KOH was used as 
electrolyte. For Fe-free measurements, the KOH electrolyte 
was purified as described elsewhere.[8] Current densities 
refer to the geometrical area. 
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3. Results 

3.1 Structural characterization 

The synthesized MTTF are optically homogeneous and 
crack free, with an ordered grid-like structure. MTTF is 
formed by 50 nm of a dense TiO2 layer and 75 nm of meso-
porous layer. FE-SEM images of NiFeOx modified MTTF show 
no significant change in the morphology after 10- and 30-
seconds deposition, while flakes of NiFeOx appear after 
longer deposition times.  

3.2 Electrochemical characterization 

Cyclic voltammetry measurements of the modified elec-
trodes in the dark show an anodic current characteristic of 
OER at potentials above 1.4 V vs RHE, which is not seen in 
bare MTTF. This dark current is dependent on the catalyst 
composition (Table 1), with 60 s deposited Ni0.9Fe0.1Ox being 
the most active sample.  

Table 1. Current (mA) obtained at 1.50 V vs RHE for the NiFeOx 
modified MTTF. Data extracted from CVs performed at 10 
mV/s, in the dark, in 0.1 M Fe-free KOH.  

Dep. time (s) Ni(OH)2 Ni0.9Fe0.1Ox Ni0.8Fe0.2Ox Ni0.7Fe0.3Ox 

10 0.05 0.08 0.08 0.04 

30 0.02 0.15 0.09 0.04 

60 0.03 0.53 0.31 0.10 

3.3 Photo-assisted electrocatalysis 

The changes in the current after sample illumination 
was studied to assess the ability of TiO2 to photo-assist the 
electrocatalyst. A plot of the difference between illuminated 
and dark currents is shown in Fig. 1. 

 

Fig. 1. Difference between illuminated and dark current of the 

NiFeOx modified MTTFs at 1.50 V, measured from illumi-

nated and dark CVs. The dependence on the Fe content and 

deposition time is shown. 

4. Discussion 

When comparing the difference in the illuminated and 
dark currents at 1.50 V, the photo-assisted current is very 
similar to that obtained with bare TiO2 in most samples (c.a. 
40 μA), except for the one modified with Ni0.9Fe0.1Ox, depos-

ited for 60 seconds. In this case, a synergistic effect is ob-
served: the total current is greater than the sum of the dark 
current and the photocurrent provided by the TiO2. An en-
hancement in of ca. 18 % is obtained. Increasing the amount 
of deposited catalyst further does not raise this enhance-
ment, possibly because of increased resistance, as a thick 
layer of catalyst forms in this case. These results demon-
strate that the amount and composition of the catalyst are 
critical for evaluation of photo-assisted electrocatalysis.  

5. Conclusions 

We have developed a promising nanostructured mate-
rial through a facile and scalable method, composed of mes-
oporous TiO2 thin films and Ni-Fe oxyhydroxides, to be used 
in photo-assisted water splitting. This material shows a syn-
ergy between the photo-activity of the TiO2 substrate and 
Ni-Fe oxyhydroxide catalytic activity. An increase of 18% in 
the OER current when illuminated at 1.50 V, after optimizing 
the Ni:Fe ratio (9:1) and deposition time (60 s). Our findings 
expand the development of novel composite nanostruc-
tures for photo-assisted oxygen evolution. 
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1. Introduction

The growing concern about global warming and climate
change has driven many countries to take action and gener-
ate new policies for environmental protection. Among hu-
man activities which generate greenhouse gases (GHG), en-
ergy production accounts for around 75% of the total shares 
[1]. As 90% of the energy-related emissions derived from the 
oxidation of carbon, CO2 is considered the largest source of 
GHG in this category. Strategies like low carbon-energy pro-
duction have been raised. Between these technologies, hy-
drogen production through reforming of bioethanol is an in-
teresting alternative due to the low cost and high disponibil-
ity of bioethanol, their easy handling and storage, etc. In this 
context, Ni and Co based-catalysts have been proposed as 
cost-effective catalysts. The ethanol reforming process can 
be intensified by in situ CO2 secuestration in the Sorption En-
hanced Steam Reforming of Ethanol (SESRE), which could 
yield higher concentrations of H2 [2]. For this purpose, com-
binations of catalysts+CO2 sorbents as well as bifunctional 
catalysts have been proposed. Therefore, this contribution 
presents a preliminary study of the SESRE reaction using a 
combination of a Ni-ZrO2 catalyst and a Li2ZrO3-based 
sorbent. The solids were preparated by wet impregnation 
and characterized by XRD and Raman Spectroscoy. CO2 cap-
ture tests were performed for the sorbent, while for the 
evaluation of the SESRE reaction, a mixutre of cata-
lyst+sorbent was employed. 

2. Experimental

2.1 Material synthesis 

The catalyst and sorbent were synthezised by coimpreg-
nation of nickel acetate and alkaline carbonates, respec-
tively, in a colloidal suspension of ZrO2 nanoparticles stabi-
lized in acetic acid (Nyacol-AC), and calcined al 650 ºC for 6 
hours in a stream composed of 45%O2-55% N2. A zirconia 
excess was used to improve the capture properties [3]. 
More details are given in Table 1. 

Raman spectra were acquired in a LabRam (Horiba- 
Jobin-Yvon) spectrometer coupled to an Olympus (50X) mi-
croscope equipped with a CCD detector cooled at -70 ºC us-
ing the Peltier effect. XRD patterns were obtained in a 

PANalitican Empyrean with Cu Kα radiation at 45 kV-45 mA. 
Capture properties evaluated through Temperature Pro-

gramed Desorption (TPD), with isothermal capture steps at 
500 ºC and different gas feedings; and regeneration steps in 
N2, heating up to 700º C (10 ºC.min-1) and mantaining the 

temperature during 20 minutes. In the later, the stream was 
fed to a methanation reactor and then analyzed on-line in a 
FID chromatograph (Shimadzu GC-8a). Moreover, TGA cap-
ture experiments were performed in a Mettler Toledo Star, 
TGA/SDTA 851, using the same capture/regeneration condi-
tions. 
Table 1. Syntesis details of the catalyst and sorbent 

Sample Composition Reagents 

KLiZr-AC K:Li:Zr=0.01:1.2:1 Li2CO3, K2CO3, Nyacol-AC 

KNiZr-AC K:Ni:Zr=0.01:0.09:1 C4H6O4Ni, K2CO3, Nyacol-AC 

For the SESRE reaction, 120 mg of well mixed cata-
lyst:sorbent=1:1 along with 60 mg of quartz (Mesh 70) were 
loaded. The solids were pretreated by heating up to 700 ºC 
and cooling to 500 ºC (reaction temperature) in Ar. Then, the 
gas stream was switched to pure H2 for 2 hours. The reaction 
feeding was water/ethanol with a molar tatio (R)=5, diluted 
in Ar, with a W/F = 1.7 × 10-2 g h L-1. The liquid mix was fed 
using a pump (Apema PC11U) and an evaporator operating 
at 220 ºC. The feed and effluent pipes were heated to avoid 
any condensation. Effluent gases were analyzed in a Shi-
madzu GC-214 chromatograph, equipped with Hayesep D®️ 
column (10 m) and a TCD. 

3. Results

3.1 Structural characterization 

XRD patterns of KLiZr-AC and NiKZr-AC are shown in Fig-
ure 1. The catalyst presented signals corresponding to c-NiO 
along with m-ZrO2 and t-ZrO2, while t-Li2ZrO3, m-ZrO2 and t-
ZrO2 were observed in KLiZr-AC. Zirconate and zirconia 
phases were also confirmed by Raman spectroscopy, though 
c-NiO was not detected in NiKZr-AC (Figure 2).

Fig. 1. XRD patterns of KLiZr-AC and NiKZr-AC samples. 

20 30 40 50 60 70

NiKZr-AC

t

t
t

t

t t

t

t

t

t-Li2ZrO3

KLiZr-AC

c-NiOª

v

n

n

nn
nn

n

n

n

n

v

v

v

n

nn
n

n
n

n

n

n
n

n

n
nn

n

n

n

v

ª
ª

In
te

n
si

ty
 (

a.
u

.)

2q (°)

n

v

ª

m-ZrO2

t-ZrO2

v

nm-ZrO2

t-ZrO2

066

mailto:djpeltzer@fiq.unl.edu.ar
mailto:jmunera@fiq.unl.edu.ar


 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 

 

 

Fig. 2. Raman spectra of KLiZr-AC and NiKZr-AC samples. 

3.2 Capture/regeneration properties 

TGA and TPD sorption tests were performed with 50% 
CO2 at 500 ºC (not shown). In these conditions, KLiZr-AC 
reached 0.16 g CO2.g mat-1, (89% respect the maximum the-
oretical capture capacity) in only 20 minutes. Moreover, the 
sorbent was tested using similar SESRE conditions (500 ºC, 
15% CO2-20% H2O), reaching 0.15 g CO2.g mat-1 after 60 
minutes of reaction. Finally, a stability test of 10 consecutive 
cycles in these conditions was carried out, where the cap-
ture properties remained almost constant, showing excel-
lent stability. 

3.3 Catalytic activity 

The NiKZr-AC+KLiZr-AC system evaluated in SESRE re-
sulted active for the reaction (Figure 3), presenting a high 
EtOH conversion (around 80%) and a H2 yielding around 2.5. 
The system presented good stability, mantaining similar val-
ues of conversion and H2 yield during at least 7 hours. 

 

Fig. 3. EtOH conversión and H2 yielding. T=500 ºC. P=1 atm. R=5. 

W/F=1.7 × 10-2 g h L-1. 

The product distribution (Figure 4), remained almost 
constand during 7 hours of reaction, being H2 the main prod-
uct (above 70%), with around 20% CO2, and CH4 and CO <5%. 
Additionally, negligible amounts of CH3COH and C2H4 were 
present in the reaction products. 

 

 

Fig. 4. Product distribution. T= 500 °C. R= 5. W/F=1.7 × 10-2 g h L-1. 

4. Discussion 

The presence of the c-NiO and t-Li2ZrO3 phases were con-
firmed through XRD analysis. However, only zirconia and zir-
conate phases were detected by Raman spectroscopy, 
which could be related with the differential sensivity of this 
technique. 

The incorporation of 5 wt% NiO in ZrO2 resulted in a cat-
alyst active for the SESRE reaction, stable and selective to 
H2. For this system, the size and morphology of the support 
(ZrO2) could affect the particle size of the active phase (Ni), 
as well as their interaction with the support, producing spe-
cies with different reducibilities which, in turn, influence the 
catalytic activity. The low % of CO could be associated with 
the occurence WGS reaction, whose products are H2 and 
CO2. In this sense, the presence of a sorbent could remove 
in situ part of the CO2, shifting the equilibrium of the WGS 
reaction to more H2 [2]. 

5. Conclusions 

A Ni-ZrO2 catalyst and a Li2ZrO3-based sorbent were syn-
thesized through wet impregnation. The NiO, zirconate and 
zirconia phases were confirmed through Raman spectros-
copy and XRD. The catalyst+sorbent system was active for 
the SESRE, with a EtOH conversion of around 70% after 7 
hours of reaction. Moreover, the system presented a good 
and stable H2 yield with low % of by-products. Finally, the 
results presented in this contribution constituted a starting 
point for the investigation of new and more efficient cata-
lytic systems for the SESRE process. 
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1. Introduction

In order to mitigate the environmental impact gener-
ated by the use of fossil fuels such as oil, coke and natural 
gas, the possibility of generating hydrogen from renewable 
sources has been proposed as an alternative in recent years. 
Among the most attractive processes, ethanol steam re-
forming plays a key role due to the multiple advantages, 
such as low cost, easy of transportation and the possibility 
of producing hydrogen in relatively mild conditions, with 
high efficiency [1]. 

However, the ethanol steam reforming (ESR) reaction 
has a complex reaction pathways and different by-products 
such as carbon monoxide, methane, ethylene, acetaldehyde 
and carbonaceous species, can be generated. Hence, it is 
necessary to develop catalysts that are active, stable and se-
lective under moderate temperature conditions (450-600         
°C ). 

The most studied materials for this reaction are cata-
lysts based on noble metals, which exhibit excellent catalytic 
properties [2,3]; however, their high cost represents a dis-
advantage for their use on a larger  scale. Therefore, cata-
lysts based on Ni, Co and Cu are considered an interesting 
alternative as active phase in the ethanol steam reforming 
reaction since they have high catalytic activity and low cost 
compared to other metals [4]. 

Nevertheless, the main cause of deactivation is related 
to carbon deposition. In order to improve the catalytic prop-
erties, it has been suggested the use of supports that pro-
vide a higher interaction with the active phase, a high spe-
cific surface that favors dispersion, and promote the oxida-
tion of carbonaceous deposits. In addition, it has been re-
ported that the use of binary systems can improve the prop-
erties of CeO2 as a support [5]. 

Furthermore, in order to increase the dispersion and re-
ducibility of Ni particles and favor hydrogen production, it 
has been reported that increasing the concentration of Si-
OH sites by treating silica with ethylene glycol leads to the 
formation of smaller supported metal particles [6]. Thus, in 
this work, ethylene glycol-modified Ni/CeO2-SiO2 catalysts 
were synthesized and compared with the unfunctionalized 
material in the ethanol steam reforming reaction for hydro-
gen production. 

2. Experimental

2.1 Synthesis of supports and catalysts 

The synthesis of support and catalysts was carried out 
by incipient wetness impregnation. The silica source used 
was high surface silica (Aerosil 200 m2g-1). Nickel acetate 
C4H6O4Ni∙4H2O (98%, Sigma Aldrich) and cerium nitrate 
Ce(NO3)3∙6H2O (99%, Sigma Aldrich) were used as precursor 
salts. 

In the case of the functionalized material, the silica was 
previously pretreated with ethylene glycol (EG) by incipient 
wetness impregnation. Subsequently, the sample was dried 
in air at 393 K for 12 h. Then, 10 wt.% CeO2 was added and 
finally the active phase was impregnated with Ni (5 wt.%). 
After each impregnation, the materials were dried in air at 
353 K for 12 h and then calcined at 823 K for 6 h. 

2.2 Catalytic evaluation 

Catalytic evaluation of the catalysts in the reforming 
reaction was carried out in a quartz tubular reactor. 20 mg 
of catalyst (W/F=4.9x10-3 g h L-1) diluted in 60 mg of quartz 
was loaded. The catalytic bed was heated in Ar flow until the 
reaction temperature (500 °C) was reached, then the 
catalysts were subjected to a reduction treatment in H2 flow 
for 2 h. The reaction mixture diluted in Ar, water/ethanol 
(0.5 mL∙min-1) with a molar ratio of 5, was fed to an 
evaporator operating at 220 °C. All products and reagents 
were analyzed by gas chromatography.  

2.3 Catalyst characterization 

The crystalline structure of the calcined solids was 
characterized using a PANalytican Empyrean equipment 
with Cu Kα radiation, working with a voltage of 30 Kv and 
40mA. The scanning speed was 2°∙min-1 for 2θ angles be-
tween 10° and 80°.  

Raman spectroscopy was employed to characterize the 
catalysts calcined and used in reaction, using a LabRam spec-
trometer (Horiba-Jobin-Yvon) coupled to an Olympus 
microscope (50X), equipped with a CCD detector. The 
excitation source was 532 nm from a Spectra Physics solid 
state laser. 

In addition, other techniques such as X-ray 
photoelectron spectroscopy (XPS) and transmission electron 
microscopy (TEM) were employed.   
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3. Results 

3.1 Catalytic activity  

 Figure 1 compares the conversion of the ethylene glycol 
modified and unmodified catalyst. A marked difference can 
be observed, resulting in the Ni/CeO2-SiO2(EG) being more 
active during the 7 hours of reaction.  
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Fig 1. Ethanol conversión for Ni/CeO2-SiO2 and Ni/CeO2-SiO2(EG) 

to W/F= 4.9x10-3 g h L-1. T=500 °C. P= 1atm. R=5. 

 

Figure 2 shows the hydrogen yield of the catalysts with 
and without functionalization in the reforming reaction, 
where it is evident that by pretreatment of the silica with 
ethylene glycol it is possible to double the hydrogen yield.  
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Fig. 2. Hydrogen performance for Ni/CeO2-SiO2(EG) and Ni/CeO2-

SiO2 . W/F= 4.9x10-3 g h L-1. T=500 °C. P= 1atm. R=5. 

 

Subsequently, in the product distribution presented in 
Figure 3, it is observed that using the unfunctionalized cata-
lyst, about 10% of acetaldehyde is obtained in the reaction 
stream. On the contrary, for the functionalized catalyst, it 
was possible to obtain an acetaldehyde-free stream during 
the first 4 hours of reaction and after 7 h of reaction, the 
acetaldehyde produced was less than 1%. 
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Fig. 3. Distribution of products for Ni/CeO2-SiO2 and Ni/CeO2-

SiO2(EG). W/F= 4.9x10-3 g h L-1. T=500 °C. P= 1atm. R=5. 

3.2 Catalyst characterization  

Figure 4 shows the Raman spectra of the calcined and 
used catalysts, where it was possible to identify the nickel 
oxide phase in both calcined catalysts. In addition, after the 
steam reforming reaction of ethanol, signals corresponding 
to carbon formation are observed in both materials. 
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Fig. 4. Raman spectra of A) calcined and B) used in the steam re-

forming reaction for Ni/CeO2-SiO2(EG) and Ni/CeO2-SiO2 

catalysts. T= 500°C. P=1atm. W/F= 4.9x10-3 g h L-1.   

 

069



 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 

The X-ray diffraction pattern for the calcined samples 
are presented in Figure 5, it is observed that neither of the 
two catalysts showed signals corresponding to the nickel ox-
ide phase, which indicates a very small crystallite size, lower 
than the detection limit of the technique.  
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Fig. 5. Diffractograms of calcined Ni/CeO2-SiO2(EG) and Ni/CeO2-

SiO2 catalysts. 

 

Signals corresponding to the CeO2 phase are detected, 
and the crystallite size was calculated by the Scherrer equa-
tion to be approximately 3.5 nm in both catalysts. The amor-
phous halo corresponding to silica is also observed for both 
materials. 

4. Discussion 

By pretreatment of the silica with ethylene glycol, it was 
possible to obtain a more active, stable and selective cata-
lyst for hydrogen production using the steam ethanol re-
forming reaction. As shown in Figure 1, the Ni/CeO2-SiO2(EG) 
catalyst maintained 100% conversion during the first 3 h of 
reaction, decreasing only an 8% after 7 h. On the contrary, 
the unfunctionalized catalyst showed an initial conversion of 
76%, which significantly decreased to 51% after 7 h of reac-
tion. 

On the other hand, Figure 2 shows that the hydrogen 
yield obtained by the Ni/CeO2-SiO2(EG) catalyst in the etha-
nol steam reforming reaction was 57% higher than that of 
the unfunctionalized material, indicating its high selectivity 
towards H2 production. These results are related to the ab-
sence of oxygenated compounds such as ethylene and acet-
aldehyde in the reaction stream for the Ni/CeO2-SiO2(EG) 
catalyst. In addition, for the unfunctionalized catalyst, the 
hydrogen yield shows a higher decrease due to the presence 
of a much higher percentage of acetaldehyde from the be-
ginning of the reaction.    

On the other hand, by Raman spectroscopy it was pos-
sible to observe the presence of nickel oxide phases in the 
two catalysts. However, the XRD results suggest a smaller 
NiO crystallite size in comparison with the cerium oxide, 
whose size remained around 3.5 nm.  

The reduced crystallite size obtained would also favor 
the activity and stability of these solids in the ESR reaction.  

5. Conclusions 

By pretreatment of silica with ethylene glycol it was pos-
sible to synthesize catalysts that were more active, stable 
and selective towards hydrogen production in the ethanol 
steam reforming reaction.  

These results suggest that the use of CeO2-SiO2(EG) bi-
nary support could help to control the carbon deposition, 
improving the catalyst stability. Probably, the carbon species 
being involved in the reaction mechanism, without covering 
the active sites. Likewise, it is also suggested that the nature 
of the Si-OH sites could play an important role in the cata-
lytic behavior of these catalysts. 
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1. Introduction

Polymer Electrolyte Membrane Fuel Cells (PEMFCs)
have been considered a promising alternative to replace fos-
sil fuels in the transport sector. Nonetheless, maintaining 
high performance at the cathode side after extensive use re-
mains a key challenge for meeting the strict performance 
demands of automotive applications[1]. Typically, the ca-
thodic oxygen reduction reaction (ORR) requires the use of 
Pt-based catalysts - usually, Pt dispersed over carbon (Pt/C). 
Particularly during long-term operation, ORR electrocata-
lysts become less electron-conducting due to the transfor-
mation of graphitic carbon into amorphous domains upon 
uptake of capacitive groups. Moreover, carbon corrosion 
can lead to the detachment of the metal-active (Pt) nano-
particles from the support, which might result in system fail-
ure[2]. Therefore, different strategies have been introduced 
to prevent the adverse effects of the poor stability of 
PEMFC. An interesting strategy consists of using corrosion-
resistant and non-noble metal oxides as supports to partially 
replace carbon blacks. For instance, Nb2O5, TiO2, SnO2, 
Ta2O5, and WO3, among others have been studied as prom-
ising alternatives[3]. However, the development of ORR sup-
ports using metal oxides can be challenging since most of 
them reveal poor conductivity and low surface area. Typi-
cally, metal oxides performance improves when dopants are 
used to increase their conductivity. In this work, Pt nanopar-
ticles were dispersed over fluorine-doped SnO2-decorated 
carbon supports through an easy-to-use and scalable polyol 
method. Fluorine-doped tin oxide (FTO) displays higher 
chemical, mechanical, and thermal resistances than other 
doped tin oxides, such as indium (ITO), antimonium (ATO), 
or niobium (NTO)[4]. In fact, FTO is a low-cost conducting 
metal oxide that has been widely used in different applica-
tions ranging from solar cells, sensors, diodes, and lithium 
batteries[5]. Nevertheless, to the best of the authors’ 
knowledge, this work shows for the first time the role of flu-
orine doping level in improving the electrical conductivity of 
SnO2 to be used in hybrid supports for Pt-based ORR cata-
lysts. The stability of Pt/C/FTO electrocatalysts was studied 
by performing an accelerated stress test (AST) that consisted 
in 6000 potential cycles between 0.6 and 1.0 V (vs RHE). The 
results showed the extremely superior corrosion-resistance 
of C/FTO supports in acidic and oxidative environments 
compared to a Pt/C reference.  

2. Experimental

2.1 Preparation of Pt/C/FTO catalysts 

A sample of 26 mg of tin-precursor (SnCl2⸱2H2O; Sigma 
Aldrich) and 80 mg of Vulcan (Cabot Corporation) was dis-
persed in 60 mL of ultra-pure water @ pH 8. The solution 
was stirred for 2 h at 90 °C. The obtained powder was redis-
persed in 40 mL of MilliQ-water. Subsequentially, NH4F (Alfa 
Aeser) was added to the support solution which was stirred 
at 90 °C during 2 h. Distinct amounts of NH4F were used: 4, 
8, 12, and 16 mg, which corresponds to 1:1, 2:1, 3:1 and 4:1, 
molar F:Sn ratios. Then, the as-prepared supports were fil-
tered under vacuum, washed with MilliQ-water, and dried 
at 100 °C overnight. The relative C/SnO2 was produced using 
the same procedure[6]. Afterward, 80 mg of support was 
dispersed in an aqueous solution of 1:6 (v/v) ethane-1-2-diol 
(VWR Chemicals), with 20 wt.% of Pt-precursor H2PtCl6∙6H2O 
(Sigma Aldrich). Finally, the synthesis was performed by re-
fluxing the colloidal solution for 6 h under continuous stir-
ring. The reacting mixture was cooled down and the ob-
tained catalyst was filtered under vacuum, washed with Mil-
liQ-water, and dried at 100 ˚C overnight. The produced cat-

alysts were denoted as 4Pt/C/FTO, 8Pt/C/FTO, 12Pt/C/FTO, 
and 16Pt/C/FTO, according to the amount of NH4F used dur-
ing the synthesis process. 20 % Pt/C/SnO2 and a commercial 
20 % Pt/C (Alfa Aeser) were used as benchmark catalysts.  

2.2 Electrochemical characterization 

The electrochemical tests were carried out using a rotat-
ing disk electrode (RDE) from PineResearch. A carbon rod 
was used as an electron-donor whereas a saturated Ag/AgCl 
in 3 M KCl(aq) was used as the reference electrode. A sam-
ple of 5 mg of catalyst was dispersed via ultrasonication in 2 
mL of isopropanol (VWR) and 8 mL of water (Mili-Q); 40 µL 
of Nafion ionomer (Quintech, 5 wt.%) was added to the so-
lution. Then, 20 µl of catalyst suspension was deposited 
onto the glassy carbon electrode (0.196 cm2; working elec-
trode) and dried under rotation of 700 rpm at 25 °C. The 
ohmic-drop was subtracted from the electrode potential by 
performing the electrochemical impedance spectroscopy 
(EIS) at 0.4 V using a small amplitude perturbation of 5 mV 
in the frequency range of 1 kHz to 980 Hz to obtain the im-
pedance assigned to the electrolyte. Cyclic voltammograms 
(CVs) were obtained by sweeping the potential of the work-
ing electrode at 20 mV∙s-1, under an inert atmosphere and 
immersing in 0.1 M HClO4(aq) (70 % conc. Sigma Aldrich) 
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electrolyte. The ORR performance was evaluated by per-
forming Linear Sweep Voltammograms (LSVs) in O2-satu-
rated 0.1 M HClO4(aq) electrolyte at 25 °C. LSVs were ob-
tained by scanning the potential of the working electrode 
from 0.05 to 1 V at a scan rate of 20 mV∙s-1 with a rotation 
rate of 1600 rpm. The accelerated stress test (AST) consisted 
in cycling the potential between 0.6 and 1.0 V vs RHE for 
6000 cycles at a scan rate of 100 mV∙s-1 in O2-saturated elec-
trolyte. 

 
2.3 Membrane Electrode Assembly (MEA) preparation 

A cathodic electrode was prepared via spray deposition 
using an airbrush and nitrogen as carrier gas. The catalyst 
ink was prepared by redispersing the catalyst powder 
(Pt/C/FTO) in a 1:4 (v/v) water to isopropanol solution. The 
ratio between Nafion ionomer (Quintech, 5 wt.% solution) 
and the loading of total solid nanoparticles was set to 20 
wt.%. The Pt loading was defined as 0.3 mgPt∙cm-2 using an 
active area of 6.25 cm2. 28BC gas diffusion layer (Quintech) 
was chosen for the cathode side and Nafion 212 (Quintech) 
was used as the membrane. At the anode side, a commercial 
gas diffusion electrode (GDE; Fumatech) was used, loaded 
with 0.3 mgPt∙cm-2 of a Pt/C catalyst. The MEA was assem-

bled in a fuel cell (Pragma cell) with carbon-based bipolar 
plates grooved with a single serpentine flow field. The oper-
ating pressure of 1.5 bar (absolute) was kept constant on 
both electrodes. The relative humidity (RH) was set to 100 
% using two external humidifiers, while the cell temperature 
was kept at 80 ˚C. The conditioning (break-in) step was con-
sidered completed when the cell achieved a stable current 
density at 0.6 V. The polarization curves were recorded in 
the galvanostatic mode under stoichiometric H2/Air. AST 
was performed by cycling the potential between 0.6 V and 1 
V vs RHE, for 6000 cycles at 100 mV∙s-1. The electrochemical 
results of the most promising Pt/C/FTO were compared to 
those obtained employing commercially available GDEs (Fu-
matech; 0.3 mgPt∙cm-2) in both electrodes. 

3. Results 

CVs and LSVs, Fig. 1 a) and b) respectively, were carried 
out to determine the ORR catalytic activity of the prepared 
catalysts and exhibited mostly the classical behavior ob-
served on Pt-based catalysts between 0.05 and 1 V vs RHE. 
The performance dependence with the loading of F is evi-
dent, which is particularly noticeable in the ohmic region. 
The catalyst 8Pt/C/FTO showed higher ECSA, ORR mass-ac-
tivity, and ORR diffusion-limited current at 0.4 V (vs RHE), as 
well as lower ohmic drop. Thus, this was considered the op-
timal content of fluorine in the SnO2 structure. In fact, a 
small change of F content produces catalysts with ohmic 
and/or mass-transport issues. Interestingly, all catalysts sup-
ported on C/F-SnO2 showed a redox peak at anodic/cathodic 
0.7/0.6 V (vs RHE) potentials not seen for common Pt/C cat-
alysts. This behavior is linked to a modification of Pt surface 
by the redox couple Sn (II)/Sn (IV)[7], enhanced by the pres-
ence of the highly electronegative F in the SnO2 lattice. This 
effect shows the strong interaction between Pt and FTO na-
noparticles, which in turn might play an important role in the 
overall ORR stability of the catalyst. 

 
 
Fig. 1 a) CVs at beginning of life (BoL) of Pt/C/FTO catalysts pro-
duced using distinct loadings of fluorine, compared to that ob-
tained with no addition of dopant - Pt/C/SnO2; in Ar-purged 0.1 M 
HClO4 and b) LSVs at BoL in O2-purged 0.1 M HClO4 electrolyte at 
1600 rpm. Scan rate of 20 mV∙s−1. 

Canestrato et. al, designed a theoretical model that con-
sidered the existence of three types of F dopants on SnO2: F 
on oxygen sites, F on interstitial sites, and neutralized defect 
complexes by the presence of these two types of fluorine[8]. 
The authors assumed that at critical doping levels, the 
proper incorporation of fluorine in the SnO2 lattice positions 
results in increased conductivity, as fluorine act as a donor 
species providing free carriers. However, at higher doping 
levels, FTO conductivity decreases, as shown in the electro-
chemical results. In fact, higher amounts of F can create in-
terstitial F atoms that act as compensating acceptors, which 
in turn leads to a decrease in FTO conductivity. Additionally, 
because the radius of fluorine is slightly smaller compared 
to oxygen (1.33 and 1.40 Å, respectively), the lattice of tin 
oxide is contracted with F substitutional incorporation[9]. 
Therefore, as the amount of F dopant increases, the cata-
lysts exhibit a well-defined volcano-type dependency be-
tween contraction percentage and ORR activity. At a critical 
FTO contraction point, the Pt-Pt (dispersed over the sup-
port) distance is lower, and thus, the adsorption of the oxy-
genated species becomes less strong, enhancing the ORR ki-
netics.  

Fig. 2 shows the thermal behavior of the most promising 
samples. Thermogravimetric analyses (TGA) were per-
formed using a thermogravimetric analyser (TG 209 F1 iris, 
NETZSCH). The highest mass loss observed between 350-
500 °C is related to carbon decomposition. According to TGA 
residual weight, Sn content is approximately 15 %; conse-
quently, the optimal F content in 8Pt/C/FTO is ca. 5 ± 1 %. 
 

 

Fig. 2 Thermograms recorded under oxygen flow, from 25 ̊ C to 700 
˚C, at 5 ˚C∙min-1.  

The best performing catalysts were subjected to an AST 
consisting of 6000 cycles between 0.6 - 1 V (vs RHE) under 
oxygen at 100 mV∙s-1 and 25 °C. Table 1 highlights the 
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exceptional stability of 8Pt/C/FTO, whereas Pt/C was com-
pletely outperformed upon accelerated degradation. In de-
tail, 8Pt/C/FTO retained 100 % of its initial ECSA and ORR 
mass-activity after 6000 cycles, while the commercial Pt/C 
catalyst lost 32 % of ECSA and 33 % of ORR mass-activity at 
0.9 V (vs RHE).  Undoubtedly, the presence of FTO and SnO2 
was beneficial in terms of less structural modifications in the 
electrode since minor changes can also be noticed in their 
mass-transport region, Table 1.  

Table 1 Electrochemical parameters of the most promising cata-
lysts, before and after applying the degradation protocol; consid-
ering RDE measurements. 

 

To the best of the authors’ knowledge, this work shows 
for the first time the potential of C/FTO supported catalysts 
towards ORR under single-cell tests for PEMFCs. Fig. 3 a) 
represents 8Pt/C/FTO performance curves obtained at 80 
˚C, 100 % RH, and 1.5 bar. The AST protocol was repeated to 
assess the electrochemical stability of each catalyst loaded 
in the cathode of the prepared MEAs. 

 

Fig. 3 a) Performance curves of 8Pt/C/FTO applied as the cathodic 
catalyst and b) single-cell performance of commercial GDEs (Pt/C, 
0.3 mgPt∙cm-2); under 100 % RH, 80 ˚C and 1.5 bar with stoicheio-
metric H2:Air, before and after potential cycling between 0.6 and 1 
V (vs RHE) during 6000 cycles. 

Despite commercial GDEs having exhibited slightly higher 
power density at BoL, Fig. 3 b), the corrosion-resistance of 
8Pt/C/FTO was remarkably superior throughout the entire 
stability test. The outstanding stability of 8Pt/C/FTO largely 
surpasses the results reported for promising catalysts such 
as Pt/C/TiO2 [10], Pt/C/SiO2[11], or Pt/Mn-CNF [12]. 

4. Conclusions 

The stability and ORR activity of Pt/C/FTO are highly de-
pendent on the F doping level, following a volcano-type be-
havior. When the optimal content of F is used - F/Sn 2:1 mo-
lar ratio - fluorine ions (F-) replace O2- ions in SnO2 lattice, 
contributing to free electrons which promotes the higher 
conductivity of FTO. The most promising catalyst - 
8Pt/C/FTO - revealed a remarkable 100 % stability when ap-
plied as ORR catalyst, even after 6000 cycles between 0.6 
and 1 V (vs RHE). These results reveal a quite encouraging 
stability of Pt-based catalysts supported on C/FTO for mo-
bile applications. 

Following this work, 8Pt/C/FTO-based catalyst layers for 
single-cell tests must be optimized, particularly by applying 
advanced coating processes and drying techniques. 
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8Pt/C/FTO 28.0 58.8 5.56 

8Pt/C/FTO 6k 31.5  58.8 5.45 

Pt/C/SnO2 20.1 49.0 5.39 

Pt/C/SnO2 6k 24.5  39.2  5.31 

20 % Pt/C 34.9 58.8 5.25 

20 % Pt/C 6k 23.8  39.2  4.89 
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1. Introduction

In recent years, there has been a growing demand for
unmanned vehicles in multiple domains, spurred by tasks 
that are inherently repetitive, unpleasant and/or dangerous 
to human operators. This is partly due to their capabilities to 
provide high quality data in a safe way at lower cost than 
other traditional methods. Despite these advantages, the 
limited endurance and operational time achieved by such 
systems, in particular in electric vehicles, are barriers to 
their potential development in new applications. On-board 
energy storage is one of the most relevant issues in the de-
sign, development and operation of these platforms, taking 
into account its direct impact on their endurance and, con-
sequently, overall performance. Nowadays, the electric pro-
pulsion is predominant in small size unmanned vehicles (aer-
ial, ground and marine platforms), and the only feasible so-
lution in some cases, as in unmanned submarines. Usually, 
their energy storage systems are based on lead-acid or lith-
ium-ion batteries. Despite the rapid progress of these tech-
nologies, there are still some gaps to overcome in the elec-
tric power systems [1]. A feasible approach is to combine 
multiple energy storage/conversion technologies on the 
same power plant. A solution particularly attractive is the in-
tegration of fuel cells and batteries in hybrid configurations, 
which have been successfully tested and evaluated in mo-
bile applications [2-7]. 

The project “Optimal design and integration of PEM fuel 
cell-based flexible hybrid powerplants for autonomous and 
remotely piloted electric vehicles (DOVELAR)” aims to de-
velop three PEMFC-based flexible hybrid powerplants with 
optimum control strategies, which will be integrated into 
several electric vehicles remotely operated, including an un-
manned water surface vehicle (USV). This paper addresses 
the design and preliminary characterization of the hybrid 
power plant for such USV, based on active and passive con-
figurations, in order to evaluate and optimize their perfor-
mance for real applications. 

The power systems are based on the coupling of a poly-
mer electrolyte membrane (PEM) fuel cell and Li-ion batter-
ies, either directly or through DC/DC converters. They are 
tested according to the specifications of both the power sys-
tem and the water platform. The most suitable power plant 

will then be selected and optimized to be integrated in the 
final vehicle. 

2. Development of hybrid systems for Unmanned Surface
Vehicles

2.1 Description of the experimental unmanned platform 

The proposed USV platform has been designed to oper-
ate at low speed in shallow fresh water reservoirs and lakes, 
especially for monitoring tasks in wetlands, integrating sci-
entific sensors and equipment for monitoring physical, 
chemical and biological parameters in these locations. Its 
main specifications are summarized in Table I. The photo in 
Fig. 1 depicts the platform and the fuel cell. 

Table I: DOVELAR USV main specifications 

DOVELAR USV 

Dimensions (L x W x H) (cm) 102x63x22 

Draft (cm) 12 cm 

Weight (kg)1 12 kg 

Hull material ABS + Carbon fiber reinforced 

Propulsion 500 W Brushless motor 

Endurance1,2 12 h at 2 knots 
1 Target value, without power system 
2 Based on the hybrid PEM fuel cell + Li-ion battery power plant 

Figure 1: Hull of the USV for the Dovelar project 

The hybrid power plant developed in the project should 
at least guarantee 12 hours of continuous operation in typi-
cal conditions at 2 knots with an average load of 120 W. Two 
options are considered: a passive and an active power plant. 
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The passive configuration implies the direct coupling be-
tween fuel cells and batteries in a common DC bus, as shown 
in Fig. 2. It provides lower losses, reduced cost and a simple 
architecture. However, the capability to optimize the oper-
ating point of the main components is limited, and a careful 
design and integration of the fuel cell and batteries is re-
quired to ensure a similar voltage range operation and 
proper charging conditions of the batteries from the fuel 
cell, if this option is considered. 

 

Figure 2: Electric circuit of the passive hybrid power system 

In an active power plant, a decoupling of the sizing and 
operating conditions in both batteries and fuel cell is possi-
ble thanks to the DC/DC converters, also allowing a better 
control of the power system. Fig. 3 shows the electric circuit 
of an active hybrid power system. 

 

Figure 3: Electric circuit of the active hybrid power system 

The main disadvantages of indirect hybrid (active) con-
figurations are the more complex system topology, a lower 
efficiency due to voltage losses, a higher system cost, and 
higher weight and volume [5]. 

The preliminary characterization of both topologies in-
volves the same fuel cell and batteries, although the active 
configuration would allow more flexibility regarding fuel cell 
specifications. In both cases, a suitable Energy Management 
System (EMS) has been specifically designed and developed, 
which is responsible for the overall monitoring and control 
of the fuel cell system, batteries and DC/DC converter in the 
active configuration. In both cases, the voltage of the DC bus 
will depend on the load operating requirements, in particu-
lar the electric motor.  

 
2.2 Description of the hydrogen storage system 

 

The hydrogen storage system is based on compressed 
gas, which is a mature and commercially available technol-
ogy. It can offer a more suitable performance in terms of 
specific energy and refueling time than metal hydrides, the 
other option considered. This storage system comprises a 
Type III pressure cylinder, with a weight of 2.8 kg, an internal 
volume of 4.7 l and a service pressure of 300 bar. Assuming 
a 40% fuel cell efficiency, it can store a total energy around 
1,270 Wh, large enough to achieve the target of 12 hours of 
operation if the energy stored in the batteries is added. This 
hybrid configuration will allow to achieve a specific energy 
around 300 Wh/kg. Another critical component of the sys-
tem is the pressure regulator, because its weight and size 

can significantly affect the specific energy target. In this 
case, a light-weight two-step pressure regulator has been 
selected. Suitable temperature and pressure sensors have 
also been assembled to monitor the safe operation and per-
formance of the system, when refueling hydrogen to the 
tank. 

 

2.3 Description of the fuel cell system 

 
The hybrid power system integrates a 500 W open cath-

ode PEM fuel cell, designed and developed in the framework 
of this project. The stack consists of 15 cells with and active 
area of 200 cm2 and it has been designed to provide a nom-
inal electric power of 500 W at 70 A. Bipolar plates have 
been manufactured in JP-945 graphite [8], and parallel chan-
nel flowfield geometries have been used in both sides, as 
can be observed in Fig. 4 i). In this configuration, the air 
stream is propelled throughout the cathode channels by ax-
ial fans both to ensure the amount of oxygen needed for the 
cathodic reaction, and to keep the stack temperature in the 
suitable range specified by the MEA manufacturer (below 

40C), removing the excess heat by forced convection. 

  

Figure 4: i) Parallel channel flow field of the bipolar plates: a) 
cathode side (air); b) anode side (hydrogen); ii) Assembled stack 

with the air cooling system 

Anode sides include 38 channels, with a depth of 1.2 mm 
and 1 mm width, while 70 channels with a width of 3 mm 
and a depth of 2 mm form the geometry for the cathode 
side. This represents 63% of the plate area open to air flow, 
with the remaining 37% for electric contact between GDL 
and ribs. The gas distribution manifolds (inlet and outlet) are 
rectangular ducts 80 mm long and 10 mm wide that ensure 
a homogeneous gas distribution to each cell of the stack. 
The cooling system selected includes two fans assembled in 
parallel configuration as depicted in Fig. 4 ii). 

 
2.4 Description of the battery energy storage system  

 

The battery energy storage system is based on 2S and 3S 
packs, assembled from LiPo cells connected in series, having 
27 Ah of nominal capacity (C), a maximum charge current of 
27 A (1C), a maximum discharge current of 54 A (2C), and a 
peak discharge of 108 A (4C). The expected lifetime for these 
cells is estimated to be higher than 500 cycles, depending on 
the charging/discharging conditions. In this way, to avoid 
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deep discharge, the minimum voltage in the pack when in-
tegrated in the hybrid power system will be 6.4 and 9.6 V, 
for 2S and 3S batteries respectively. Temperature is also a 

critical issue for LiPo batteries, 0-45C being the recom-
mended operating range for these cells. 

3. Components characterization and preliminary integra-
tion 

 
The fuel cell stack and the batteries (cells and packs) 

have been preliminary characterized to evaluate their main 
performance in terms of current, voltage and power. In the 
case of batteries, the cells and packs have been tested ac-
cording to charging/discharging cycles at different C-rates. 
Depending on the operating conditions considered in the 
passive hybrid configuration and the voltage range of the 
electric motor, it is possible to use 2S or 3S packs, connect-
ing some of them in parallel to achieve the required amount 
of energy stored. In this case, the fuel cell voltage has to be 
the sum of the battery and the diode voltages (approxi-
mately a constant value of 1 V in this operating range), as 
shown in Fig. 2. Fig. 5 shows the polarization curve of the 
stack, including also the estimated voltage after the diode, 
and the power. 

Figure 5: Polarization curve of the stack 

The figure shows the two operating areas for the fuel 
cell in a direct coupling with 2S or 3S battery packs, accord-
ing to their voltages. The operating point of the fuel cell de-
pends on the voltage of the batteries. Typically, the fuel cell 
starts operating when the voltage of the battery pack 
reaches a given (low) value, supplying both the electrical en-
ergy to the load and to charge the batteries until the speci-
fied high voltage value is reached. Table II summarizes these 
conditions. 

 
Table II: Operating conditions of fuel cell with 2S and 3S packs 

 2S 3S 

Low value High value Low value High value 

Voltage after 
diode (V) 

6,8 8,4 9,6 12,6 

Current (A) 45 15 5 0 

In the case of the active power plant, both battery packs 
are suitable, although 3S would be preferable due to its 
higher voltage range. This configuration would allow to op-
erate continuously the fuel cell in an optimum point, and to 

adapt the output voltage of the DC/DC converter to the bat-
tery one in the common DC bus, in order to feed the electric 
motor load of the vehicle. 

4. Conclusions 

In the present research, the hybrid power systems for a 
water unmanned surface vehicle based on batteries and fuel 
cells have been designed and preliminary characterised. The 
system has been sized for an endurance of 12 hours in shal-
low water for the monitoring of environmental parameters. 
Next steps include the development of the suitable EMS, 
and the evaluation of the selected power plant integrated in 
the platform in real operating conditions. 
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1. Introduction

Recent studies show that it will be inevitable to initiate
and accelerate the energy transition from traditional energy 
systems to innovative and sustainable alternatives. The in-
tegration of energy systems with the coupling of clean 
sources to produce electricity represent a solution to prob-
lems related to environmental pollution, climate change, 
damage to health and energy supply. In recent decades, the 
direct conversion of chemical energy to electrical energy via 
fuel cells has been the focus of electrochemical research and 
technological developments. The interest in studying fuel 
cells rests fundamentally on two factors: the high efficien-
cies in energy conversion and the notable decrease in pollu-
tants emitted into the atmosphere. Fuel cell technology re-
quires an interdisciplinary involvement, which ranges from 
the use of different fuels, mainly hydrogen, and it´s pro-
cessing, through knowledge of basic concepts in electro-
chemistry, chemical and mecanical engineering. Hydrogen, 
a clean energy source with the highest specific energy den-
sity, represents the best alternative to batteries and fossil 
fuels used in conventional energy production [1-3]. In this 
communication we present the design, manufacture and 
performance of a hybrid electric vehicle prototype, H2/O2 
PEMFC-Li ion batteries, considering reliability as well as siz-
ing space, taking into consideration that the use of this tech-
nology reduces to zero the pollulants into the environment.  

2. Experimental

2.1 PEMFC staks design and building 

Bipolar plates, were made of good conductor high resis-
tivity graphite with channels cut in them which favor the 
gases flow over each faces of the electrodes.  At the same 
time, they make electrical contact with the surface of each 
alternate electrode. A numerical control milling machine, 
CNC, was used for polar, bipolar and final plates machined. 
It was prepared and connected 48 membrane-electrode as-
sembly, MEAs, in a single cell with an electrode surface geo-
metric area of 100 cm2 for anode and cathode sides. This 
configuration creates a stack for feeding a serpentin chan-
nels for feeding humected hydrogen and horizontal chan-
nels for feeding air over the cathode. Figure 1 shows a com-
pact block of the stack which favor electric current passes 
efficiently. The edges of the electrodes were sealed with sil-
icone gaskets, also around each MEA to avoid short-circuit 
in between them. The PEMFC stack dimension are: large of 
26 cm; 8 cm wide and 20 cm high.   

Fig. 1. PEMFC dimensions.  

2.2 Vehicular transport prototype design and building 

An H2 tank with 1400 L is incorporeated behind the driver 
of the prototype, where the PEMFC stack presents a 
consumption of 600L H2/h. The H2/air PEMFC sized of 48 
MEAs to provide an average power of 600 W (20 V, 30 A). 11 
modules of batteries were connected in series containing 
each one 36 batteries joined in parallel to get 39.6 V, 48 A 
(1.9 kW). The chassis of the aluminum tubular structure 
prototype was de-signed in AutoCad, considering frontal 
impact studies of the entire mass of the prototype, at a 
speed of 35 km/h, and the impact would be absorbed by the 
impact attenuators. It is designed for two passengers, driver 
and companion in front, as well as for a person in a 
wheelchair and an additional passenger in the back. The 
body of the prototype was made of fiberglass (Fig. 2). 

Fig. 2. Vehicular transport prototype. 
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3. Results 

Fig. 3 shows the chasis of prototype made of Al, length 
270 cm, width 140 cm, height 170 cm and 350 kg weight. It 
has 4 electric motors of 1kW integrated. 

 

Fig. 3. Chasis of PEMFC, Al tubular made prototype.  

The performance of one half of the stack is shown in Fig.  
4, because our characterization system is limited to 750 W. 
We can observe a maximum power of 484.4 kW in 24 MEAs. 

 

Fig. 4. Performance of 24 MEAs of a H2/O2 PEMFC stack. 

PEMFC applications show good performance at low op-
eration T, small design, and no undermining difficulties un-
der suitably care. Despite their advantages, hybrid electric 
vehicles have a limited battery autonomy with an extensive 
recharging phase. The Energy Management System (EMS) 
schedules energy sources and performs an operation mode, 
where the PEMFC stack might enlarge the battery autonomy 
as it supplies the lower power required by the motor-drive 
during the cruiser period of a drive-cycle pattern. Figure 5 
shows a generalized structure of a series powertrain fol-
lowed for the electric vehicle prototype. The pair motor-
drive and brushless DC (BLDC) electric motor provides the 
necessary electromagnetic torque (τm) to overcome the 
equivalent vehicle torque (τL) -static friction, aerodynami-
cally and wheel rolling resistances-, so the vehicle body 
turns into movement. A velocity command (ω*

m) which 
might be derivate from a useful drive-cycle as J227b, is the 
speed-reference for an inner control-loop that modifies the 
motor winding voltages (vt). In addition, phase-current (ia) is 
continuously monitored for a reliable EMS operation. 

 
Fig. 5. Simplified diagram of series powertrain followed for the 

electric vehicle prototype.  

The care, advantage, design, modelling approaches, and 
common issues of battery modules based on Li-ion cells was 
reviewed [4]. Table 1 shows the configuration of a two-
switch buck-boost converter as PCU used to tie the PEMFC 
source to the powertrain, where FS is the switching fre-
quency, La refers to the main inductor, C is the output capac-
itance, and Q1-Q2 refer to the suitable power transistors.  

Table 1. Requirements of PCU for fuel cell hybrid electric vehicle. 

Topology Fs (kHz) La (H) C (F) Q1, Q2 

Buck-Boost converter 250 150E-6 100E-6 IRF254 

The expected response of the powertrain under four cy-
cles of the J227b drive-cycle was obtained. The single cycle 
lasts 100 s, the maximum velocity of 32 km/h is reached at 
24 s and maintained by 26 s. At 50 s the vehicle decelerates 
over 15s, and then holds a zero velocity by 35 s. 

4. Conclusions 

A hybrid vehicular transport prototype with H2/air 
PEMFC and Li-ion batteries was designed and manufac-
tured. The PEMFC stack global properties was approximated 
by a simple electrochemical model. The parameters of 
FCHEV were employed for real-time simulations of the 
PEMFC system, battery module, BLDC-motors, vehicle body 
dynamics, and control algorithms.  
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1. Introduction

The use of fossil fuels as the predominant source of en-
ergy has enormously increased the emission of greenhouse 
gases, worsening the problem of climate change. To achieve 
the transition to a sustainable planet and ensure the survival 
of future generations, it will be necessary to replace fossil 
fuels with other non-polluting sources, such as renewable 
energy sources [1]. In this sense, fuel cells are postulated as 
one of the main options for the use of renewable hydrogen, 
which are based on hydrogen oxidation reaction (HOR) and 
oxygen reduction reaction (ORR). One of the major limita-
tions of these systems is the slow kinetics of the ORR, so to 
achieve large-scale goals, selective, efficient, highly stable 
and low-cost catalysts need to be developed for this reac-
tion [2]. Most of the time, maximal catalyst efficiency is pur-
sued without regard for the energetic aspects of the synthe-
sis. From an industrial point of view, the process required to 
synthesize a catalyst must be considered. As a result, in this 
work we propose the use of catalysts based on mixed metal 
oxides of La, Mn and Co obtained by hydrothermal treat-
ment at low temperatures, thus avoiding high calcination 
temperatures. The as-synthesized samples will be compared 
with those calcined at high temperatures, in order to 
demonstrate that the application of only the hydrothermal 
treatment can generate ORR active materials. 

2. Experimental

2.1 Hydrothermal synthesis 

In a first step, the metal precursors are mixed in water in 
stoichiometric ratios (Co is introduced in a 30% of the Mn 
quantity), and the surfactant CTAB is added in a 1:50 ratio 
with respect to the metal content. Then, drops of 6 M KOH 
are added until a pH ≈ 14 is reached, and the solution is 
stirred for 18 h. The solution is then transferred to the auto-
clave, which is heated at 180 oC for 48 h in an oven.  After-
wards, the autoclaves are cooled in an ice bath. Then, the 
material is washed, filtered and dried at 100 oC. Finally, de-
pending on the type of sample, it is calcined at 200 or 600oC 
for 6 h. The as-obtained samples are mixed with Vulcan XC-
72R carbon black by employing the ball milling method, with 
milling conditions of 30 min and 350 rpm. The samples are 
named X-Y, where X is the metal used in the precursor and 
Y is the calcination temperature used after hydrothermal 
treatment; NC means "not calcined". 

2.2 Equipments 

Samples were characterized by X-ray diffraction (XRD) 
using Cu a Kα radiation source at a step of 0.05° in the 2θ 
range from 10° to 80° on a Bruker D8-Advance diffractome-
ter (Billerica, USA) with a Goebel mirror (non-planar sam-
ples) and an X-ray generator KRISTALLOFLEX K 760-80F 
(power: 3000 W, voltage: 20–60 kV and current: 5–80 mA) 

Electrochemical measurements were done at 25 °C, con-
trolled by a thermostatic bath, in a three-electrode cell in 
0.1 M KOH solution using an Autolab PGSTAT302 potenti-
ostat (Metrohm, The Netherlands). A rotating ring-disk elec-
trode (RRDE) from Pine Research Instruments (Durham, NC, 
USA) equipped with a glassy carbon (GC) disk (5 mm diame-
ter) and a Pt ring were used as working electrodes. A graph-
ite bar was the counter electrode, and the reference elec-
trode was a reversible hydrogen electrode (RHE) immersed 
in the same electrolyte. 

3. Results

3.1 Physicochemical characterization 

Fig. 1 shows the diffractograms of the samples treated at 
200 °C after the hydrothermal treatment. The sample 
synthesized only with the La precursor forms La(OH)3 
crystalline species according to crystallographic databases. 
When the metallic precursors of Mn and Co are introduced 
together with La, clear peaks corresponding to La(OH)3 are 
also obtained. Almost no peaks corresponding to Mn and/or 
Co phases can be seen, which could be caused by a low 
crystallinity of the formed phases. On the other hand, the 
XRD for the samples prepared with only the metallic 
precursors of Mn and Co, show the presence of phases of 
certain crystallinity associated mainly with Mn3O4 and with 
a lesser extent to MnO2. No phases associated with Co are 
found, which might be related to its lower concentration 
compared to the rest of the precursors. 
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Fig. 1. XRD diffractograms of the samples containing Mn/Co, Mn, 

La/Mn/Co and La, thermally treated at 200 °C after the hy-

drothermal treatment. 

3.2 Electrochemical characterization 

Linear sweep voltametric curves show the ORR activity 
of the synthesized samples (Figs. 2 and 3). La(OH)3 shows a 
poor activity in ORR compared to the other samples, having 
an onset potential (Eonset) of 0.71 V (at -0.1 mA/cm2) and a 
limiting current density of -2.6 mA/cm2 (at 0 V vs RHE). Mn-
200 is not able to reach a similar limiting current density to 
the rest of the other samples (Fig. 2), although it has a simi-
lar Eonset; these parameters are improved when it is calcined 
at 600 °C (sample Mn-600) (Fig. 3). On the other hand, the 
addition of Co to the Mn sample improves the Eonset by about 
0.1 V with respect to the Mn samples, and a better activity 
is also obtained in the calcined Mn/Co-600 one. Interest-
ingly, La/Mn/Co-200 (Fig. 2), shows the best activity, with an 
Eonset of 0.86 V and a limiting current density of -4.7 mA/cm2; 
improving the catalytic parameters of the sample calcined 
at 600 oC (Fig. 3), where the ABO3 perovskite type structure 
is obtained. It is worth noting that samples prepared only 
with Mn or Mn/Co do not behave as well as those containing 
La/Mn/Co. 
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Fig. 2. LSV at 1600 rpm in 0.1M KOH electrolyte of the 200oC cal-

cined samples and La(OH)3 uncalcined. (v= 5 mV/s). 
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Fig. 3. LSV at 1600 rpm in 0.1M KOH electrolyte of the 600oC cal-

cined samples and La(OH)3 uncalcined. (v= 5 mV/s). 

 
Another aspect to consider is the number of electrons 

transferred (Fig. 4), since an optimum catalyst is the one that 
catalyses the reaction through the four-electron pathway, 
thus avoiding the formation of peroxide. In general, path-
ways with close to four electrons are obtained, and the per-
formance of La/Mn/Co-200 should be highlighted. This sam-
ple has an electron value of about 3.4, which is close to Mn-
600 but with a better Eonset. Similarly to the previous case, 
La/Mn/Co-200 presents a number of electrons transferred 
closer to four electrons than La/Mn/Co-600 and the samples 
formed by Mn and Mn/Co.  
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Fig. 4. Number of electrons transferred at 1600 rpm in 0.1M KOH 

electrolyte. 

 
3.3 Stability study 

Fig. 5 shows the stability study carried out for the most 
active sample, La/Mn/Co-200, and its comparison with the 
commercial reference catalyst, Pt/C. The results show a sim-
ilar behavior of both catalysts over time, reaching a relative 
current percentage of 84 and 86% after 10000 s of stability 
test for La/Mn/Co-200 and Pt/C, respectively. This analysis 
demonstrates the stability of the La/Mn/Co-200 material. 

080



 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 

0 5000 10000

20

40

60

80

100

R
e

la
ti
v
e
 C

u
rr

e
n

t 
(%

)

Time (s)

 Pt/Vulcan

 La/Mn/Co-200/Vulcan

 

Fig. 5. Chronoamperometry of La/Mn/Co-200 and Pt/C carried out 

at 0.65 V and at a rotation of 1600 rpm in 0.1M KOH elec-

trolyte. 

  

It is also possible to study the stability of the cations in-
volved in the reduction process. Fig. 6 shows cyclic voltam-
mograms of Mn-600 performed before and after ORR. It can 
be observed that the intensity of the redox processes asso-
ciated to the Mn4+/Mn3+ redox couple decreases after ORR, 
showing the instability of this redox couple. 
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Fig. 6. Steady state cyclic voltammetry of Mn-600 at 50 mV/s in N2 

atmosphere. 0.1M KOH. v= 50 mV/s 

 

On the other hand, the CVs of the La/Mn/Co-200 sample 
(Fig. 7), show that the redox peaks associated with 
Mn4+/Mn3+ maintain their intensity after the ORR. Then, this 
result agrees with the stability study performed by chrono-
amperometry (Fig. 5). 
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Fig. 7. Steady state cyclic voltammetry at 50 mV/s in N2 atmos-

phere for La/Mn/Co-200. 0.1M KOH. 

4. Discussion 

The as-obtained ORR-active material based on non-no-
ble metals, synthesized by a hydrothermal method at 180 °C 
and a posterior 200 °C heat treatment, has a remarkable ac-
tivity with an Eonset of 0.86 V. Mn (and to a lesser extent, Co) 
containing materials have been considered some of the 
most active against ORR [3], but the Mn (and Mn/Co) mate-
rials obtained by the hydrothermal procedure show worse 
catalytic parameters than the materials obtained in the 
presence of La. This fact can be explained in terms of the 
stability of the Mn4+/Mn3+ species that may be promoted by 
the La. In the hydrothermal procedure, interfacial structures 
can be created between the two components that enhance 
the stability of the cations involved in ORR. 

5. Conclusions 

The as-synthesized materials in this work based on 
mixed oxides/hydroxides of La, Mn and Co are postulated as 
promising catalysts for their use in fuel cells as ORR cata-
lysts. It has been shown that the stabilization effect of the 
cations involved in ORR plays a fundamental role in the cat-
alytic activity. 
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1. Introduction

Technological breakthroughs and their constant innova-
tion have meant a major revolution in people’s lives. The 
current growth in global energy demand, the overexploita-
tion of natural resources, the waste management problems 
and the increasing polluting emissions, have led to intensive 
research into clean and sustainable energy alternatives [1]. 

The oxygen reduction reaction (ORR) is of great rele-
vance in many renewable and energy-saving technologies, 
such as fuel cells [2]. To solve the sluggish nature of the ORR 
kinetics, it is necessary to design more efficient, stable and 
cheaper alternatives to the state-of-the-art electrocatalysts 
based on precious metals.  

On this search, iron phthalocyanines (FePc) supported 
on nanostructured carbon materials have emerged as ex-
traordinary electrocatalysts [3], especially in alkaline me-
dium. Particularly, carbon nanotubes (CNTs) have placed 
into the focus of recent studies for the immobilization of cat-
alysts because of their extraordinary fast electron delivery 
to the ORR active sites and their intrinsic properties [4]. The 
catalytic activity, selectivity and long-term stability of FePc 
can be positively modulated by strong interactions with the 
carbon support, where efforts are dedicated to the axial co-
ordination of non-modified FePc with the supports. 

Following with the last approach, one promising strat-
egy consists of the incorporation of coordination sites to an-
chor metals by the functional polymer wrapping on the 
CNTs. Interestingly, the incorporation of suitable axial lig-
ands in polyaniline (PANI) structure, such as phosphate 
groups, can be appropriate to coordinate iron atoms in FePc. 

In this work, we present the synthesis of composite ma-
terials based on non-pyrolyzed FePc immobilized on modi-
fied CNTs with a low content of metal (~1 wt. % Fe). Two 
different structures of CNTs are studied as support, Single-
Walled Carbon Nanotubes (SWCNTs) and Herringbone Car-
bon Nanotubes (hCNTs). Phosphate species electrochemi-
cally incorporated on CNTs at the experimental conditions 
used [5] have been employed as suitable axial ligands for 
iron macrocycles, that leads to improved activity, stability 
and selectivity towards the ORR in alkaline medium, in which 
the electrocatalytic performance is close to that of the com-
mercial Pt/C catalyst. In order to better elucidate the origin 

of the improved ORR performance, density functional the-
ory (DFT) calculations have also been implemented. 

2. Experimental

2.1 Electrochemical modification of CNTs with 2APPA 

The procedure for the electrochemical functionalization 
of CNTs with the ortho-aminophenylphosphonic acid 
(2APPA) has been scaled-up from our previous work [10], 
which was carried out by cyclic voltammetry (CV) during 10 
cycles at 10 mV s-1, in an aqueous electrolyte of 0.5 M H2SO4 
containing 5 mM 2APPA. The optimal upper potential limit 
conditions were employed to achieve the highest incorpora-
tion of N and P species on the CNTs, that is, at 1.2 V and 1.4 
V with SWCNTs and hCNTs, respectively, resulting in 
SWCNT-f and hCNT-f samples, respectively. 

2.2 Decorating metal species on N and P-doped CNTs 

Iron phthalocyanines were supported onto the CNTs by 
using the incipient wetness impregnation method. An ap-
propriate amount of iron complexes dissolved in DMF (0.1 
mg mL-1) was mixed with the CNTs to obtain a nominal metal 
loading of 1 wt. %. Afterwards, the solvent was evaporated 
by infrared light at 250 W for about 3 hours, resulting in 
FePc/SWCNT and FePc/hCNT samples. The same procedure 
was done onto CNT-f materials, thus resulting in 
FePc/SWCNT-f and FePc/hCNT-f samples. 

2.3 Physico-chemical, morphological and electrochemical 
characterization. 

Different characterization techniques have been used to 
study physico-chemical, morphological and electrochemical 
properties of synthesized materials, including Fourier Trans-
form Infrared (FTIR) spectroscopy, X-ray photoelectron 
spectroscopy (XPS), Raman spectroscopy, transmission and 
field emission scanning electron microscopy (TEM and 
FESEM, respectively) equipped with an EDX microanalysis 
system, as well as cyclic voltammetry (CV). The electrocata-
lytic performance of the materials towards the ORR was 
studied in 0.1 M KOH O2-saturated electrolyte by linear 
sweep voltammetry (LSV). 
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2.4 Density functional theory calculations (DFT) 

Density Functional Theory calculations were performed 
in the Gaussian 09 software package at B3LYP/6-31G(d) 
level. Dispersive forces were considered and computed by 
using Grimme D3 scheme method and including the Becke-
Johnson damping function (D3-BJ). The effect of the aque-
ous environment of the electrocatalytic experiment has 
been taken into account using the self-consistent reaction 
field (SCRF) solvation models with the continuous polarized 
model (PCM) including the dielectric constant of water. 

3. Results and discussion 

3.1 Physico-chemical and morphological characterization of 
FePc/CNT and FePc/CNT-f composites 

SWCNTs and hCNTs were previously modified in a highly 
controlled way by electrochemical methods in the presence 
of 2APPA monomers, thus introducing oligomeric materials 
on the carbon support which contain neutral amine/amide 
and phosphate species. Then, both the unmodified and 
functionalized CNTs were decorated with FePc molecules via 
a facile wet impregnation method. 
 

 

Fig. 1. Fe2p XPS spectra of FePc, FePc/SWCNT, FePc/SWNCT-f, 

FePc/hCNT and FePc/hCNT-f samples. 

 
The presence of Fe-containing species detected by XPS 

analysis corroborates the incorporation of FePc molecules 
on CNTs, where the mass percentage obtained is close to the 
nominal value (1 wt. % Fe). Experimental results reveal that 
the presence of such N and P-related functional moieties on 
carbon supports is conductive to strengthening the interac-
tion between FePc and both types of CNTs. This is especially 
evidence in Fe2p XPS spectra deconvolutions (Fig. 1), which 
could validate the axial coordination between the central 
iron atom and ligands incorporated in the carbon support. 
Moreover, these interactions lead to a more homogeneous 
dispersion of FePc macrocycles, as observed by TEM and 
FESEM images, as well as by Raman experiments. 

This suggests an effective five-coordination system by 
binding with axial phosphate ligands, as demonstrated later 
by computational calculations, together with the influence 
of N functionalities, which could be helpful to boost the ORR 
performance. 

3.2 Electrochemical studies 

Firstly, cyclic voltammetry studies were carried out in N2 
and O2-saturated 0.1 M KOH electrolyte as a preliminary 
step for the catalytic study towards the ORR. Next, RRDE ex-
periments were employed to gain further insights into ORR 
performance of the as-prepared composites. Fig. 2 reveals 
that a clear improvement of the ORR performance is seen 
for all FePc/CNT catalysts with respect to the samples in the 
absence of FePc. Nevertheless, better results are observed 
for electrochemically functionalized carbon nanotubes sup-
ports in terms of half-wave potential (E1/2), number of elec-
trons transferred (n) and selectivity towards the most en-
ergy efficient four-electron process for the ORR in alkaline 
medium, which is induced by the synergistic effects be-
tween both components after the possible formation of ax-
ial interactions. 
 

 

Fig. 2. A) ORR polarization curves, B) number of electrons trans-

ferred (n) per oxygen molecule derived from the RRDE tests 

during the ORR for Pt/C, SWCNT, SWCNT-f, FePc/SWCNT, 

FePc/SWCNT-f, hCNT, hCNT-f, FePc/hCNT and FePc/hCNT-f 

catalysts in O2-saturated 0.1 M KOH solution at electrode 

rotation rate of 1600 rpm and a scan rate of 5 mV s-1. 

 
Therefore, very promising catalytic results towards the 

ORR are shown even with low amount of iron in the samples 
(~1 wt. %), where MN4 sites have been proven as the real 
active sites for the ORR. Interestingly, the choice of the op-
timal support has a considerable influence on the catalytic 
results, where hCNTs combined with FePc have shown the 
best catalytic results in this case, possibly due to the pres-
ence of highly reactive sites in the support (as edges, defects 
and functional moieties). Strong interactions also have a 
positive effect on the long-term stability of the active sites 
as seen in Fig. 3. In addition, FePc/hCNT and FePc/hCNT-f are 
practically insensitive to the presence of methanol in the 
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electrolyte, whereas commercial Pt/C electrocatalyst is af-
fected by a total deactivation of the active sites towards the 
ORR.  

 

 

Fig. 3. A) LSV durability test of FePc/hCNT and FePc/hCNT-f before 

and after 500 cycles in an O2-saturated 0.1M KOH solution 

at 50 mV s-1 and a rotation rate of 1600 rpm. B) Chronoam-

perometric curves (Normalized j vs. time) of FePc/hCNT, 

FePc/hCNT-f and Pt/C electrode with a given potential of 

0.65 V in O2-saturated 0.1 M KOH electrolyte  with a rotation 

rate of 1600 rpm (T=25ºC). 

 
It might therefore be concluded that the close contact 

between metallic complexes and carbon-based supports are 
of key importance not only to improve the durability and 
electron transfer, but also to modulate the reactivity of the 
FePc for a more energy-efficient process. 

3.3 Computational studies 

  

Fig. 4. Optimized molecular structures of FePc on A, B) CNT and C, 

D) CNT-f. H is white, C is grey, N is blue, O is red, P is yellow 

and Fe is orange. 

 

The interaction of FePc molecules with functionalized 
carbon nanotubes results in covalent interaction of the cen-
tral iron atom through phosphoryl oxygen (Fig. 4C and D). 
Interestingly, this structure seems to be more stable (-259.5 
kJ mol-1)  than that of FePc onto an unmodified CNT (-217.2 
kJ mol-1) (Fig. 4A and B), which agrees with experimental re-
sults. Moreover, the aggregation of FePc is less stable when 
phosphate ligands axially interact with one FePc. 

Such strong interactions gave rise to molecular reorgan-
ization by breaking the symmetry of electronic density that 
favors the oxygen reduction by stabilizing the catalytic cen-
ters and lowering the stability of ORR intermediates. 

4. Conclusions 

In summary, this work has explored the electrochemical 
modification of nanostructured carbon material supports 
with functional moieties, that can efficiently interact with 
FePc molecules, as an interesting approach for the improve-
ment of the ORR electrocatalytic activity and stability in al-
kaline medium, where hCNTs combined with FePc have 
shown the best catalytic results. Therefore, it is concluded 
that the enhancement of the catalytic performance is mainly 
related to the synergistic catalysis of modified carbon sup-
ports and metallic complexes through the axial coordination 
between FePc and phosphate groups. This approach offers 
a new scalable alternative for catalysts with better ORR per-
formance and inspires for designing new FePc-based mate-
rials with high electrocatalytic activity, selectivity, good sta-
bility and methanol-tolerance, showing a competitive per-
formance comparable to the commercial catalysts. 
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1. Introduction

One of the main challenges of this century is to obtain
energy from renewable resources, which is highly desirable 
due to the rapid growth in global energy consumption and 
the pollution and resource constraints associated with the 
use of fossil fuels.  Replacing the conventional technologies 
with environmentally friendly devices for the production 
and storage of energy is at the forefront of the current 
research topics. Electrochemical devices are crucial in this 
context, and finding electroactive materials is vital to 
developing efficient electrocatalysts. Carbon materials are 
widely used in electrochemical applications[1-3]. Carbon-
based electrodes are used in countless applications, such as 
metal production, in energy storage devices such as 
batteries and supercapacitors, and as catalyst and catalyst 
supports[4,5].  

An important factor for the commercialization of fuel 
cells is the cost of the catalyst. Pt-based catalysts with high 
metal content (> 20 wt%) are the most studied materials and 
further work is needed to develop more efficient catalysts 
with a lower precious metal loading. It is known that the 
properties of carbon materials can affect the dispersion of 
Pt particles [6-8], which in turn affects the final properties of 
the electrocatalysts [9]. Achieving highly dispersed metal 
species on the surface of the carbon materials can facilitate 
the reaction and maximize the atomic efficiency of the noble 
metal.  

In this study, we have developed low-metal content Pt-
based electrocatalysts supported on carbon materials (i.e. 
F400 and Vulcan). A microwave-assisted method was used, 
which was found to be very effective to control the particle 
size and distribution of Pt particles deposited on the carbon 
materials. The synthesized electrocatalysts were assessed in 
the oxygen reduction reaction (ORR) and hydrogen 
evolution reaction (HER) and compared to a commercial 
Pt/C catalyst.  

2. Experimental

2.1 Synthesis 

Materials were prepared by a microwave-assisted hy-
drothermal synthesis. For this, 20 mL of Pt solution (800 and 

50 mg L-1) was contacted with 0.1 g of carbon sample and 
kept under stirring for 12 h at 25 °C, to ensure platinum ad-
sorption equilibrium on the carbonaceous materials. After 
this time, the mixture was subjected to microwaves through 
a heating ramp that brought the mixture from room temper-
ature to 110 °C in 5 min, and then was kept  isothermal for 
5 or 10 min. The samples were repeatedly washed with de-
ionized water and dried for 12 h at 80 °C in an oven. 

The nomenclature of the samples was “MX” standing for 
the method used (M1 or M2), followed by the letter V or F, 
which indicates whether the sample corresponds to Vulcan 
or F400, respectively, and the last number indicates the time 
used in the microwave step. 
2.2 Characterization Techniques 

       The samples were characterized by several techniques. 
X-ray photoelectron spectroscopy (XPS) measurements
were performed in a spectrometer (VG-Microtech Multilab
3000). The morphology of the catalysts was analyzed by
transmission electron microscopy (TEM) using a JEOL (JEM-
1400 Plus) operating at 120 kV. Pt content was determined
by inductively coupled plasma-optical emission spectros-
copy (ICP-OES) with a PerkinElmer Optima 4300 system. The
electrocatalytic activity towards the ORR and HER was eval-
uated in a three-electrode cell using an Autolab PGSTAT302
(Metrohm, Netherlands) potentiostat. A rotating ring-disk
electrode (RRDE, Pine Research Instruments, USA) equipped
with a glassy carbon disk electrode (5 mm diameter) and an
attached platinum ring was used as the working electrode,
graphite was used as the counter electrode and a reversible
hydrogen electrode (RHE) immersed in the working electro-
lyte through a Luggin capillary was used as the reference
electrode. The amount of catalyst on the disk electrode was
optimized to attain the highest limiting current density, with
120 μg being the optimum value. The glassy carbon disk was
modified with the samples using 120 μL of a 1 mg mL−1 dis-
persion of each carbon material (20% isopropanol and
0.02% Nafion®). The electrocatalytic activity towards the
ORR was studied by linear sweep voltammetry (LSV) in 0.1
M KOH solution saturated in oxygen between 1.1 and 0.0 V
at different rotation rates, from 400 to 1600 rpm, and at a
scan rate of 5 mV s−1.  The electrocatalytic activity towards
the HER was studied by LSV in 0.1 M KOH solution saturated
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a) b) 

in nitrogen between 0.2 and -0.15 V without rotation, and at 
a scan rate of 2 mV s−1. 

3. Results and discussion 

3.1 Physicochemical characterization  

Fig. 1 shows the TEM micrographs of M1F5 and M1V5 

electrocatalysts. The results indicate that the samples ex-
hibit very small Pt particles (average particle size of 1.0 nm) 
which are highly dispersed on the surface of the carbon ma-
terials. Similar results were achieved for all the samples pre-
pared by method 1. The second and third methods did not 
achieve the expected distribution, generating areas with 
metal agglomerates, nor did they incorporate the desired 
amount of metal. 
 

      

Fig. 1. TEM images platinum nanoparticles on: (a) M1F5 (b) M1V5.  

 
XPS has been done to determine the composition and 

electronic properties of the Pt surface species. Table 1 in-
cludes the percentage of Pt(0) and Pt(II) detected on the sur-
face of the particles. This table also lists the amount of Pt 
determined by ICP for the selected samples. As can be seen 
in Table 1, the amount of Pt loaded in the samples is signifi-
cantly lower than that of the commercial material (Pt/C). 

Table 1. Results of XPS, ICP and electroactive surface areas. 

Catalyst %Pt(0) %Pt(II) 
Pt (wt%) 

(ICP) 

Electroactive surface 

area (m2g-1Pt) 

M1V5 92.7 7.3 2.6 153 

M1V10 77.3 22.7 2.6 140 

M1F5 80.6 19.4 5.3 109 

M1F10 72.6 27.4 6.3 62 

Pt/C 70.4 29.6 20 57 

3.2 Electrochemical characterization 

From the voltammograms of the different electrocata-
lysts recorded in 0.1 M KOH solutions (results not shown), 
the characteristic voltametric profile for a Pt electrode in the 
potential window between 0.05 and 0.4 V can be observed, 
which correspond to the hydrogen adsorption-desorption 
processes on the Pt surface. The electrical charge measured 
in this potential range can be used (after doing the double 
layer correction) for the determination of the electroactive 
surface area of Pt considering 210 μC cm-2 as the reference 
value for the adsorption of one hydrogen atom per surface 
Pt atom in a one electron process. Table 1 shows the Pt elec-
troactive surface area (SPt) of the catalysts per gram of Pt. It 
can be observed that the electroactive surface area of the 
electrocatalysts prepared by method 1 is higher than that of 

Pt/C, being up to almost three times higher in one sample. 
Such an increase reveals that Pt nanoparticles present a 
smaller average particle size and good dispersion. 

 
3.3 Electrocatalytic activity towards ORR 

The LSV curves obtained for the selected electrocatalysts 
and the reference Pt/C sample are included for comparison 
purposes in Fig. 2. The limiting current density values ob-
tained for the selected electrocatalysts were remarkable 
(higher than -5.5 mA cm-2). The limiting current density of 
M1V5 improved the value registered for the Pt/C electrocat-
alyst. It is important to highlight the lower Pt loading used in 
Pd-based electrocatalyst prepared by the microwave 
method (around 7 times lower). Furthermore, the onset po-
tential values obtained are close to that of the commercial 
Pt/C electrocatalyst, which indicates the excellent electro-
catalytic behaviour towards the ORR. Concerning the num-
ber of electrons transferred, the measurements revealed 
that in all the synthesized materials of this study (results not 
shown) the reaction occurs through the 4-electron pathway, 
which indicates a negligible formation of hydrogen perox-
ide. 
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Fig. 2. Linear sweep voltammetry curves for the prepared materials 

in O2-saturated 0.1 M KOH solution at 5 mV s-1 and 1600 rpm. 

 
Among investigated, M1V5, which only contains 2.6 wt% 

Pt, is the best-performing sample. It has an onset potential 
of 0.96 V and a limiting current density higher than that of 
Pt/C. 

 
3.4 Electrocatalytic activity towards HER 

Fig. 3 shows the electrocatalytic activity towards HER for 
all the as-prepared materials, in which the electrocatalysts 
studied also showed promising results. The initial potential 
is close to 0 V, while the current density (measured at -0.15 
V) achieved by the best electrocatalysts (M1V5 and M1V10) 
was close to 10 mA cm-2. The electrocatalysts were not eval-
uated at potential values lower than -0.15 V because the hy-
drogen evolution caused the detachment of the material de-
posited on the glassy carbon. 
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Fig. 3. Linear sweep voltammetry curves for the prepared materials 

in N2-saturated 0.1 M KOH solution at 2 mV s-1. 

4. Conclusions 

The incorporation of Pt nanoparticles was achieved by a 
fast and efficient microwave method, leading to carbon-sup-
ported Pt nanoparticles, which presents small average par-
ticle size and high dispersion. These Pt-based electrocata-
lysts showed significant electrocatalytic activity and high se-
lectivity for the ORR. Additionally, preliminary results 
showed that the as-prepared electrocatalysts present a 
good electrocatalytic behaviour for the HER. It should be 
noted that our synthesis approach resulted in Pt-based elec-
trocatalysts with much lower loadings than that of Pt/C 
(used as reference material) but with much higher electro-
active surface area. Such as-prepared Pt-based electrocata-
lysts exhibited similar electrocatalytic performance to the 
commercial Pt/C in both the ORR and HER. 
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1. Introduction

In recent years, Solid Oxide Fuel Cells (SOFCs) have
gained great interest in the pursuit to satisfy the world’s 
high energy demand, as they enable the direct and efficient 
(≥60%) transformation of chemical energy from fuels into 
electrical energy through oxidation-reduction reactions. 
The main advantage is that it can be fed directly with dif-
ferent types of fuels, such as hydrocarbons, hydrogen, 
alcohols, etc. [1]. The typical cell is formed by a Ni cerment 
and YSZ, Ytria Stabilized Zirconia, (Ni/YZS), a dense YSZ 
electrolyte and a lanthanum strontium manganite as the 
cathode (LSM) which requires high operating temperatures 
(900-1000 °C). This leads to several problems such as mate-
rial degradation, abrupt volume changes leading to me-
chanical rupture, among others. Currently, the worldwide 
effort is focused on developing materials that allow to op-
erate efficiently at intermediate temperatures (500-750 °C) 
where the reaction kinetics decrease, intensifying the po-
larization problems and increasing the associated re-
sistance. 

CeO2 is a widely used material due to its excellent abil-
ity to store or release oxygen from its structure depending 
on the surrounding atmosphere. Doping with ZrO2 pro-
motes thermal stability and reduction capability [2]. In 
particular, the mixed oxide Ce0.9Zr0.1O2 has shown to have 
excellent redox and catalytic properties [3-5]. However, the 
need to improve its conductivity (ionic and electronic) in 
reducing atmospheres has been reported [5]. In this sense, 
partial substitution of Zr4+ by Sm3+ is proposed to incorpo-
rate oxygen vacancies in the oxide structure which might 
improve the mixed conductivity. In this work we analyze 
the effect of Sm doping in nanocrystalline Ce0.9Zr0.1-xSmxO2-

x/2 mixed oxides on their electrochemical performance as 
anode materials in several fuel compositions and tempera-
tures. 

1.1 Synthesis process 

Ce0.9Zr0.1-xSmxO2-δ (x= 0.1, 0.08, 0.06, 0.04, 0.02, 0) 
mixed oxides were obtained by the nitrate-citrate combus-
tion method. Ce(NO3).6H2O (Merck, 99.99%), 
ZrO(NO3)2.6H2O (Sigma-Aldrich, 99%), Sm(NO3)3.H2O (Sig-

ma-Aldrich, 99.9%) and citric acid C6H8O7.H2O (Merck, 
99.5%) were used as reactants. Appropriate amounts of the 
metal cations were dissolved in 38 mL of distilled H2O to 
obtain 1 g of the corresponding mixed oxide. Citric acid was 
then dissolved in 12 mL of distilled H2O and was poured 
into the 1 L beaker in a molar ratio to total metal cations 
equal to 2/1. The obtained solution was stirred and aged 
for 18h at 90 °C. The temperature was raised to 150 °C to 
allow the self-combustion of the powders. The remaining 
solids were calcined at 500 °C for 2h. Samples are denoted 
as XSmCit where XSm stands for the %at. Sm in the mixed 
oxides.  

1.2 Characterization techniques 

Electrochemical Impedance Spectroscpy (EIS) meas-
urements were carried out in a symmetric cell configura-
tion (anode/electrolyte/anode) with a AUTOLAB 
PGSTAT302N potentiostat/galvanostat provided with a 
FRA32 frequency analyzer module. A 20 mV AC perturba-
tion and a frequency range between 1MHz-1mHz were 
used in the experiments. EIS spectra were collected at iso-
thermal and steady state conditions. Measurements start-
ed at 750 °C and temperature was reduced to 500 °C with 
50 °C steps. Gas supply was kept costant at 70 mL.min-1 

(STP) with 3 mol% H2O to avoid an excessive reducing at-
mosphere that could produce a shortcut of the cell. A 
commercial SDC (20% Sm Doped Ceria, Fuel Cell Materials) 
sintered disk was used as electrolyte. The anode slurry 
formed by mixing the samples with a binder (DecofluxTM 
WB41, Zschiwmmer and Schwartz) in a 60%/40% mass 
ratio, was fixed on both sides of the electrolyteby a heating 
treatment at 1100 °C for 2h. A commercial silver paint was 
used as the current collector. The Area Specific Resistance 
(ASR) of the electrode depends on difussive processes of 
the electroactive species, their adsorption on the surface 
and the difussive processes of the charge and gaseous spe-
cies. The ASR was calculated with the expression ASR =
0.5 ∙ Rp ∙ Ae where Ae is the electrode area and Rp is the 

total electrode polarization resistance. The latter was 
measured from the difference between the low and the 
high frequency intercepts with the real axis in the Nyquist 
plot. Ternary oxides were tested and showed stable re-
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sponse at 7 vol.% H2 composition after three consecutive 
cycles. Reproducibility of the response was also demon-
strated in two different measuring cells.  

 
2. Results and Discussion 

Figure 1 shows ASR values acquired in a 7 vol.% H2 at-
mosphere. The 6SmCit anode presents the lowest ASR val-
ue of 0.011 Ω.cm2 at 750 °C. It can be seen that cells with 
Sm contents greater than 6 at.% have higher ASRs over the 
entire temperature range tested due to the association of 
oxygen vacancies that decreases the ionic conductivity. 
Likewise, higher ASR values were observed in anodes with 
Sm contents below 6 at. %, due, in this case, to a lower 
concentration of oxygen vacancies. EIS results were ana-
lysed using Distribution of Relaxation Time (DRT) deconvo-
lution method and Equivalent Circuit (EC) fitting process. 
DRT calculations [6] indicate that there is one limiting pro-
cess with a characteristic frecuency around 0.1 Hz. Results 
also confirm that the incorporation of Sm decreases the 
resistance associated to this process. The data was also 
fitted with the equivalent circuit represented in the inset of 
Figure 2 and, in some cases, an additional R//cpe was in-
cluded to fit the data. Figure 2 compares the DRT profiles 
calculated 1) from experimental data, 2) from the EIS spec-
tra simulated using EC (Fitting) and 3) from the simulation 
of the individual contribution of the W element of the EC 
(Fit-Warburg). It is observed that both analyses confirm 
that the limiting process can be modeled by the Warburg 
element. This is valid for all the experiments performed in 
this work. This can be related to the diffusion of oxygen in 
the solid, to the dissociative adsorption of the reagents on 
the surface and/or to the electrochemical reaction on the 
surface all of them, favored by the extrinsic vacancies in-
corporated by Sm doping. Results also show that this pro-
cess is thermally activated with a decrease in the resistance 
and an increase in its characteristic frecuency with temper-
ature.  

 

 
Fig. 1. ASR values for XSmCit in 7vol.% H2 atmosphere. 

 
Samples 0SmCit, 4SmCit and 6SmCit were tested under 

several reducing atmospheres. Figure 3 shows that, regard-
less of the Sm concentration in the oxides, the ASR de-
creases with increasing H2 concentration in the fuel, com-
patible with diffusion of gaseous species that benefits the 
electrochemical reaction. On the other hand, the L2/D pa-
rameter of the Warburg element, where L is the effective 
diffusion thickness and D is the effective diffusion coeffi-

cient, increases. This could indicate that oxygen diffusion is 
slower due to aggregation of defects in reducing atmos-
pheres. DRT analysis show a decrease of the resistance and 
the characteristic frecuency with H2 concentration (Figure 
4). At a fixed H2 concentration, the ASR decreases and L2/D 
parameter increases with increasing Sm content. These 
could indicate that, although to some extent diffusion in 
the solid is slower, the larger amount of oxygen vacancies 
in the surface enhances surface reactions. It is worth men-
tioning that the Ce4+ reduction produces an increase in the 
electronic conductivity.  

 

 
Fig. 2. Comparison of DRT analysis for sample 6SmCit. 

  

 
Fig. 3. Comparison of ASR as a function of H2 concentracion at 750 

°C for 0SmCit, 4SmCit and 6SmCit.  

 

 
Fig. 4. DRT analysis for 6SmCit at different H2 atmosphere. 

 
The solids were also tested in a dilute (7 vol.%) and 

concentrated (20 vol.%) CH4 atmosphere. The ASR values of 
the latter are slightly lower. Sample 6SmCit continues to 
show the best performace up to 500 °C where the trend is 
reversed, see Figure 5. Nervertheless, the obtained ASR are 
higher than those obtained in the H2 atmosphere, which 
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can be related to the complicated oxidation process and 
the molecule size of CH4. DRT analysis confirmed that the 
resistance of all processes decreases with CH4 concentra-
tion while the characteristic frecuency of the main process 
remains almost the same, see as an example Figure 6. The 
L2/D parameter is the same in both atmospheres, except 
for 6SmCit at 500 °C. The inclusion of extrinsic oxygen va-
cancies due to the incorporation of Sm decreases the re-
sistance without modifying the characteristic frecuency up 
to 600 °C where the frecuency decreases with the increase 
of Sm, see Figure 7. Thus, a fourth peak is observed at high 
frequencies that may be associated to charge transfer pro-
cesses. These observations imply that in CH4, the limiting 
process could be due to the dissociation and electrooxida-
tion of CH4 on the surface. However, the contribution of 
oxygen diffusion and charge transfer processes cannot be 
discarded at low temperatures. 
 

 
Fig. 5. ASR values in 20 vol.% CH4 at 750 °C for 0SmCit, 4SmCit and 

6SmCit. 

 

 
Fig. 6. DRT analysis for the 6SmCit sample under different 

concentrations of CH4 in the fuel at 750 °C.  

 

 
Fig. 7. DRT analysis for XSmCit in 7  vol.% CH4 at 500 °C. 

3. Conclusions 

The results indicate the existence of a mixed oxide 
compositionally homogeneous, formed by the three cati-
ons, which optimizes the behavior of the anode material in 
different gases and feed compositions. EIS measuremets 
show that the Ce0.9Zr0.04Sm0.06O1.97 (6SmCit) oxide has the 
best electrocatalytic performance, more active in hydrogen 
atmosphere than in methane. Its activity is better with 
higher fuel concentration in the feed. The obtained ASR 
values are: 0.011 Ω.cm2, 0.004 Ω.cm2 at 750 °C in 7 vol%. 
and 40 vol%. H2 atmosphere respectively; 0.14 Ω.cm2 and 
0.09 Ω.cm2 at 750 °C in 7 vol%. and 20 vol%. CH4, respec-
tively. Moreover, its response was stable after three con-
secutive cycles in a dilute hydrogen atmosphere. The DRT 
analysis determines that three processes are involved and 
that the limiting one can be ascribed to the diffusion of 
oxygen species coupled with the electrooxidation of the 
fuel.  
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1. Introduction

Solid Oxide Fuel Cells (SOFC) are energy generation de-
vices that oxidize a fuel to produce electricity, also generat-
ing high-quality heat in the process. Their remarkable con-
version efficencies and high fuel flexibility make them 
stand out as one of the most promising technologies for 
green power generation. In recent years, mixed ionic and 
electronic conductor (MIEC) oxides have been proposed as 
candidates for SOFC electrodes due to their good tolerance 
to fuel impurities and high stability under C-based fuels. 
Although the electro-catalytic activity of MIEC anodes for 
hydrogen oxidation is generally lower than that of state-of-
the-art Ni cermet anodes, their performance can be dra-
matically improved by functionalization of the the MIEC 
oxide surface with catalytically active nanoparticles (NPs). 
In this sense, exsolution is a very promising technique that 
consists in the controlled demixing of transition metals 
contained in the host oxide that, under the effect of a re-
ducing atmosphere, diffuse to the surface and form homo-
geneously distributed metallic nanoparticles.  

The process of exsolution depends on many factors 
that can be divided in two major categories, namely inter-
nal and external factors. The term internal refers to those 
parameters that are specific of the sample, such as the 
electrode microstructure, A-site stoichiometry/deficiency 
or B-site composition. The term external refers to the con-
ditions to which the electrode is exposed such as tempera-
ture, O2 partial pressure or applied cell voltage. Most works 
on exsolution focus on internal factors, i.e. comparing dif-
ferences between electrodes with different B-site dopants 
or A-site deficiency degree. In this work we will focus on a 
single system, the Sr0.93(Ti0.3Fe0.63Ni0.07)O3-δ (STFN) perov-
skite, and we will study the process of NiFe exsolution and 
its effect in the anodic behaviour for two different pre-
exsolution temperatures. 

It is important to note that the conditions to produce 
exsolution are similar to the operation conditions of a SOFC 
anode, i.e high temperature and reducing atmospheres 
(such as H2/H2O mixtures). Thus, studying the effect of 
external parameters on exsolution for anodes presents 
inherent difficulties since the metal/perovskite systems 
could continue to evolve under the anodic operation condi-
tions. There are studies in the literature where the optimal 
pre-exsolution conditions were studied for electrodes simi-

lar to the STFN presented here, but they were intended to 
work as cathodes in air [1,2]. Here we observe that it is 
difficult to find coincidences even in very similar systems: 
Yang et al. [1] found that a  SrTi0.1Fe0.85Ni0.05O3-δ electrode 
(prepared by solid state reaction and sintherized at 
1100 °C) presents a higher nanoparticle density and a bet-
ter cathode performance when it is pre-exsolved at 600 °C 
in a dry 10%H2/Ar atmosphere, whereas Ni et al. [2] report 
a better cathodic performance for a Sr0.95Ti0.3Fe0.6Ni0.1O3-δ 
electrode (prepared by solid state reaction and sintherized 
at 1200 °C) when it is pre-exsolved at 750 °C in a 
5%H2/3%H2O/92%N2 atmosphere. This difference of 150 °C 
in the optimal pre-exsolution temperatures for two such 
similar systems suggests that each system has unique 
properties and needs to be studied separately varying ex-
ternal conditions. 

In the present work, we face the task of evaluating pre-
exsolution conditions for a STFN anode. In this respect, we 
stablish that a necessary condition to study the effect of 
external factors in exsolution is that operation conditions 
need to be ‘softer’, i.e. lower temperautres and/or lower 
pH2, than the pre-exsolution conditions used. This way we 
can assume as an approximation that the system will not 
continue to evolve during operation, or in other words, 
that the system is ‘fixed’ by the pre-exsolution conditions. 
We will reduce one electrode at 700°C (STFN-r700) and 
another at 750°C (STFN-r750) and compare their electro-
chemical impedance spectroscopy (EIS) response in the 
range of 700°C to 550°C, i.e. lowering the temperature to 
prevent further evolution of the system.  

2. Experimental

2.1 Synthesis and structural characterization 

Sr0.93Ti0.3Fe0.63Ni0.07O3-δ (STFN) powder was prepared by 
a glycine combustion sol-gel method, as described previ-
ously in reference [3]. Stoichiometric amounts of titanium 
butoxide (C16H36O4Ti), SrCO3, Fe(NO3)3·9H2O and 
Ni(NO3)2·6H2O were used as precursors. The powder ob-
tained after ignition of the gel was treated at 850 °C for 6 h 
in air. STFN pellets were also fabricated for structural char-
acterization by uni-axially pressing the STFN powder and 
performing a thermal treatment at 1000 °C for 4 h. The 
obtention of a cubic perovskite phase was confirmed by 
powder X-ray diffraction (XRD) on a Panalytical Empyrean 
using Cu K𝛼 radiation, a graphite monochromator, and a 
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PIXcel detector. The electrode microstructure and local 
composition after reduction treatments were analyzed by 
scanning and transmission electron microscopes combined 
with energy dispersive X-ray spectroscopy using a Zeiss 
Crossbeam 340 (SEM), a FEI Nova NanoSEM 450, and a FEI 
TECNAI F20 (TEM) microscope with a EDAX detector.  

Reduction treatments were performed in a 
10%H2:3%H2O:87%Ar atmosphere with P=1 atm at 700 °C 
and 750 °C to compare the differences in exsolution (sam-
ples labeled as STFN-r700 and STFN-r750, respectively). 

2.2 Cell fabrication  

Symetric cells for electrochemical characterization were 
prepared with STFN electrodes, LSGM electrolytes 
(La0.8Sr0.2Ga0.8Mg0.2O3, ‘Fuel Cell Materials’) and a LDC buff-
er layer (La-doped ceria, La0.6Ce0.4O2-δ). The electrolyte 
powder was pressed uniaxially and treated at 1450 °C for 
6 h in air to form a 1 cm diameter disc with 0.8 mm thich-
ness. The LDC powder was prepared by solid-state reaction 
method with stoichiometric amounts of La2O3 and CeO2 
and also treated at 1450 °C for 6 h. A LDC ink was then 
prepared admixing 5% PVB and 2.5% PVP as binders and a 
solution of 70% α-Terpineol – 110% isopropyl alcohol as 
dispersing agents. The ink was deposited by spin-coating 
on both sides of the LSGM electrolyte and then fired at 
1450 °C for 6 h in air. The same procedure was followed to 
prepare a STFN ink, wich was then spin coated over the 
LDC buffer layer and treated at 1000 °C for 1.5 h. The re-
sulting cell configuration was STFN/LDC/LSGM/LDC/STFN, 
with the LDC layer having a ~4 μm thickness and the STFN 
porous electrode a ~30 μm thickness. A silver paste grid 
was painted on top of the electrodes and gold grids were 
used on top as current collectors.   

2.3 Electrochemical characterization 

The symmetrical cells were used to measure electro-
chemical impedance spectroscopy (EIS) using an Autolab 
PGSTAT32 with a FRA2 frequency analyzer module in the 
frequency range of 1 MHz – 10 mHz and applying an AC 
perturbation of 10 mV with zero DC bias. EIS spectra of the 
symmetrical cells were measured in a single chamber with 
reducing atmosphere (10%H2:3%H2O:87%Ar). After reduc-
ing the cells for 45 min at 700 °C (STFN-r700 cell) and at 
750 °C (STFN-r750 cell), temperature was lowered towards 
550°C using 50 °C steps in order to characterize the anodic 
response as a function of temperature. The obtained spec-
tra were normalized by the cell geometric area and divided 
by two to account for the symmetric configuration. The EIS 
data was fitted using a electrical equivalent circuit model 
(EEC) with an open source Matlab code [4].  

3. Results 

3.1 Structural characterization 

Figure 1 shows a comparison of the nanoparticle com-
position, density and the electrode microstructure when 
the STFN electrode is reduced at 700 °C (STFN-r700) and at 
750 °C (STFN-r750) in a reducing atmosphere with 
10%H2:3%H2O:87%Ar. The XRD patterns of both samples 
are shown in Fig. 1(a) and (b) where we observe that the 
exsolved metallic phase has a FCC structure with space 

group Fm3m (#225), and the cubic perovskite phase of the 
parent oxide remains stable after reduction (as in the pre-
reduced sample, not shown in this abstract). The Ni-Fe 
nanoparticle composition, calculated with the peak posi-
tion according to Vegard’s law [5] and veryfied by TEM-EDS 
(not shown), is very similar for both reduction treatments. 
However, in the SEM micrographs of Fig. 1 (c) and (d) we 
see that the amount of nanoparticles per μm

2
, i.e. the na-

noparticle density, is much larger in the STFN-r700 elec-
trode. More specifically, the NP density in the STFN-r700 
sample is ~400 NP/μm

2 
whereas in the STFN-r750 it is only 

~66 NP/μm
2
. We can also observe that the STFN-r750 elec-

trode presents a rougher surface, forming surface ‘ledges’ 
that appear to reflect a more tense structure after reduc-
tion. In this sense we can state that the temperature range 
of 700-750 °C is a inflection point in this STFN electrode: (i) 
on the one hand the perovskite phase continues to be sta-
ble after reduction at 750 °C but (ii) on the other hand, the 
nanoparticle density is significantly decreased and the sur-
face roughness is increased, reflecting that the sample 
starts to face instability issues for higher temperatures. 

 

Fig. 1. Ni-Fe exsolution in STFN at 700 °C and 750 °C. 

(a) and (b) show the XRD pattern of STFN after reduction in a 

10%H2:3%H2O:87%Ar atmosphere at 700°C and 750°C respective-

ly. The Ni-Fe stoichiometry was calculated from the Ni-Fe peak 

position according to Vegard’s law [5]. (c) and (d) show SEM im-

ages on STFN pellets reduced at 700°C and 750°C respectively.  

3.2 Electrochemical characterization of STFN anode 

In this section we will briefly explore how the differ-
ences in exsolution observed in section 3.1 impact on the 
electrochemical anodic response of the STFN electrodes. 
Fig. 2 shows the EIS spectra of two symmetrical cells meas-
ured at 700 °C in a 10%H2:3%H2O:87%Ar atmosphere, one 
pre-reduced at (a) 700 °C and the other at (b) 750 °C. First, 
on the Nyquist plot we note that the anode polarization 
resistance is RP~0.88 Ω.cm

2
 in the cell with STFN-r700 elec-

trodes and RP~2.1 Ω.cm
2
 in the cell with STFN-r750. This 

indicates a better global response for the STFN-r700 elec-
trodes. Also, the inset of Figure 2(a) shows the equivalent 
electrical circuit (EEC) used to model the electrochemical 
response, where each element represents a process taking 
place in the anodic reaction. The association of each con-
tribution with electrochemical processes that take place in 
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the anodic reaction and the comparison between the two 
electrodes will be explored in the discussion section. 

Fig. 2. EIS response of the symmetric cell with STFN electrodes. 
Nyquist and Bode plots corresponding to EIS measurements at 
700 °C in a 10%H2:3%H2O:87%Ar atmosphere for the symmetrical 
cells with STFN electrodes pre-reduced at (a) 700°C and (b) 750°C. 
The arcs represent the contributions of each circuit element con-
sidered in the fit. 

Figure 3 shows the total resistance and the resistance of 
each contribution as a function of temperature for the cells 
with (a) STFN-r700 and (b) STFN-r750 electrodes. Here we 
confirm that the MF+LF response is the main limiting step 
in the STFN-r750 electrode, and that the STFN-r700 has a 
better response (lower resistance) compared to the 
STFN-r750 in all the temperature range. 

 

Fig. 3. Arrhenius plot of each contribution in the EIS response. 

Arrhenius plot of the different contributions ranging from Ultra-

high frequencies (UHF) to low frequencies (LF) in the EIS spectra 

of the symmetrical cells with STFN electrodes pre-reduced at (a) 

700 °C and (b) 750 °C. 

4. Discussion 

4.1 Considerations on the HOR in perovskite type anodes 

In this section we will associate the circuit elements 
used to model the anodic response in Fig. 2 with the differ-
ent steps on the hydrogen oxidation reaction (HOR) accord-
ing to their frequencies, temperature dependence and the 
literature on perovskite type anodes. Distribution of relaxa-
tion times (DRT, not shown) calculations were also used in 
this analysis. Here, the ultra-high frequency (UHF) response 
is associated with ion transfer in the electrode/electrolyte 
interface, and the high frequency (HF) arc is associated 
with ion diffusion and charge transfer processes [6]. These 
processes are similar on both cells with STFN-r700 and 
STFN-r750 electrodes. However, the main difference be-
tween these electrodes manifests in the middle and low 
frequency (MF and LF) contributions, which are associated 

with the adsorption-dissociation of the H2 molecule (MF) 
over the metallic nanoparticles, and with the hydroxyl OH

-
 

group formation, recombination and H2O molecule desorp-
tion (LF) [7]. These processes are significantly improved in 
the STFN-r700 which has a much higher nanoparticle densi-
ty. Also, the STFN-r750 parent perovskite oxide presents a 
higher number of O vacancies (determined by thermograv-
imetric experiment, not shown) which also impacts on the 
O availavility for OH

-
 group formation and recombination 

process. This is probably the reason for the lower frequen-
cy of the LF contribution in the STFN-r750, which reflects 
that this process becomes more sluggish in this electrode.  

5. Conclusions 

We compared the exsolution characteristics on a STFN 
electrode for two different reduction temperatures and 
found that although the Ni-Fe composition of the NPs was 
similar in both cases, the NP density was ~6 times higher 
for the STFN-r700 electrode. This difference significantly 
impacts on the EIS response, measured on symmetrical 
cells at 700 °C in 10%H2:3%H2O:87%Ar atmosphere, lower-
ing the RP from 2.1 Ω.cm

2
 (for the STFN-r750 electrode) to 

0.88 Ω.cm
2
 (STFN-r700). This improvement is observed 

mainly in the middle and low frequency (MF & LF) anodic 
processes, associated with adsorption-dissociation of the 
H2 molecule and with the formation/recombination of OH- 
groups. We also observed that the higher reduction tem-
peratures result in more O vacancy formation, which also 
limits the LF processes in the reaction. 
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1. Introduction

Solid Oxide Fuel Cells (SOFCs) are considered an excellent al-
ternative among the different sources of clean energy, due 
to its demonstrated efficiency, fuel flexibility and long term 
stability [1]. Currently, the interest in those devices is fo-
cused especially in the intermediate temperature SOFCs (IT-
SOFC) that operate between 600 and 800 °C, increasing cell 
durability and allowing the use of cheaper interconnect and 
support materials. However, these features create the ne-
cessity for new materials with sufficient electrochemical ac-
tivity in this temperature range besides chemical and ther-
momechanical stability. Some cobalt-based oxides with per-
ovskite structure, such as AxA’1-xCoO3-δ (A = Ln, Y; A’ = alka-
line earths; x˃0.5) [2, 3], Ba0.5Sr0.5Co0.8Fe0.2O3-δ [4] and 
AA’Co2O5+δ [5, 6] are currently studied as cathodes for IT-
SOFC due to their mixed ionic electronic conductivity (MIEC) 
and good oxygen reduction reaction (ORR) catalytic proper-
ties. Nevertheless, those Cobalt-based compounds present 
drawbacks due to high chemical reactivity with the available 
electrolytes and high thermal expansion coefficients [7], 
among others. In the investigation for new cobalt-free ma-
terials, promising properties have been observed in some 
Cu-containing perovskites such as Sm0.5Sr0.5Fe0.8Cu0.2O3-δ [8], 
Ba0.5Sr0.5Fe0.8Cu0.2O3-δ [9], La0.6Sr0.4Fe0.8Cu0.2O3-δ [10, 11], La1-

xSrxCuO2.5-δ (0.1<x<0.5) and [12], La4BaCu5O13+δ perovskites. 
Following this idea, we engaged to study the traditional 
high-temperature superconductor oxide REBa2Cu3O7 (with 
RE = Y, Nd, La, Sm and Gd) as potential cathode for IT-SOFCs. 
The YBCO structurte exibits a significant number of mobile 
vacancies at low temperatures and, depending on the non-
stoichiometry, it is metallic or semiconducting allowing for 
MIEC activity. 

The oxygen vacancy concentration and it´s mobility is 
strongly depended on the A size cation radii (RE or Y in this 
case) and the redox state of the B- site transition metal (Cu). 
Synthesis by a new wet-chemistry method, structural char-
acterization, TEC calculations and a complete electrochemi-
cal study of REBCO series where performed. Therefore, in 
this work we present a systematical research about the in-
fluence of the lanthanide ionic radii on the electrochemical 
performance of this triple perovskite structure. 

2. Experimental

2.1 Materials preparation  

REBa2Cu3O6+ (RE= Ln, Nd, Sm and Gd) samples were pre-
pared using a novel two-step autocombustion route. Stoi-
chiometric amounts of hexahydrates nitrates of rare earth 
(Sigma-Aldrich >99.0 %), barium and copper nitrates, were 
dissolved in distilled water at room temperature. After ob-
taining a blue clear solution, EDTA (sigma Aldrich > 99.4 %) 
1:1,1 molar ratios were added as a chelating agent and am-
monia nitrate as a combustion trigger. Small aliquots of am-
monium hydroxide were added to the solution to regulate 
and maintain the pH value between 9 and 10. The obtained 
solution was heated on a hot plate at 120 º C under magnetic 
stirring until a blue gel was formed. The hot plate tempera-
ture was taken to 300 ºC and the gel auto-ignited directly in 
the beaker until a black foam-like ash was obtained. The re-
sulting product was ground in an agate mortar and calcined 
at 850 ºC as a loose powder with a heating ramp of 5 ºC/min 
in air for 6 hs to achieve the final desired oxide. 

2.2 Structural characterization and cell preparation 

The prepared phases were characterized by X-ray dif-
fraction (XRD) using a Rigaku ULTIMA IV diffractometer op-

erating with Cu-K radiation. High-quality data for structural 
analysis and crystallographic thermal expansion coefficient 
calculation was collected using synchrotron radiation at 
D10B-XPD beamlinea of the UVX ring of the Brazilian Syn-
chrotron Light Laboratory. The patterns collected varying 
temperature from 400 up to 800 ºC were fitted with GSAS II 
software. Commercial Ce0.9Gd0.1O1.95 (GDC) (Fiaxell Sàrl 
SOFC Technologies) electrolyte was pressed into 13 mm pel-
lets and sintered at 1400 ºC for 6 h. The slurry solution used 
was prepared by mixing alfa-terpineol (Sigma Aldrich), poly-
vinylpyrrolidone (Aldrich), polyvinyl butyral (Aldrich), iso-
propanol and the ceramic material. The cathode composite 
slurry was spin-coated on both sides of GDC pellets and then 
sintered at 900ºC for 4 h. The samples were characterized 
by Scanning Electron Microscopy (SEM) to investigate the 
microstructure, thickness and layer uniformity. Commercial 
2R Cell without the cathode was supplied by Fiaxell for 
power measurements. The cathode material was screen 
printed on a GDC/NiO-Ni 25 mm anode supported cell.  
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2.3 Electrocemical performance 

Electrochemical impedance spectra (EIS) of cathode 
composites were performed in ambient air conditions be-
tween 600 and 800º C using a potentiostat/impedance ana-
lyzer Autolab PGSTAT30 potentiostat/galvanostat between 
1 mHz and 1 MHz with 100 mV sinusoidal amplitude. Plati-
num grids were used as current collectors and the samples 
were kept 1 h at each temperature before measuring to en-
sure equilibrium conditions. The I-V and P-V curves of the 
final configuration REBCO/GDC/NiO-Ni were acquired using 
Open Flanges test set up (Fiaxell Sàrl Technologies) and gold 
mesh current collectors. The H2 flow rate was 150 ml.min-1 
controlled by SEVENSTAR D07 Mass flow controler at the an-
ode side and the cathodic ambient atmosphere was 100 
ml.min-1 O2 flow. 

3. Results 

3.1 Phase Structure and evolution with temperature 

Room temperature XRD patterns of REBCO samples are 
shown on Fig. 1. It can be seen from the patterns that the 
samples with RE = Y, Sm and Gd cristallize into an ortho-
rhombic Pmmm triple perovskite structure, while RE = La 
and Nd could be indexed as a tetragonal P4/mmm structure. 

 

 
Fig. 1. XRD of the REBCO samples prepared by autocombus-

tion method. The inset shows the 013/103 reflection for the 

orthorhombic samples and the 103 for the tetragonal ones. 

3.2 Microstructure and electrochemical performance 

The as-prepared powders where mixed in a special for-
mulated slurry and deposited by spin coating on electrolytre 
GDC dense pellets. Fig. 2 shows a SEM image of the elec-
ctrode surface for NBCO sample. It can be clearly seen a po-
rous microstructured uniform ceramic layer with an appar-
ent sub- micrometric particle size. 

 
 

Fig. 2. SEM image of the NBCO sample. 

3.3 Electrochemical perofomance  

To evaluate the ORR activity of the REBCO samples the 
half cells where tested under OCV conditions. Fig. 3 shows 
the EIS spectra of GBCO in air at diferent temperatures. The 
data was fitted with a resistor in series with a Warburg (W) 
element and a parallel composed by a resistor (Rp) and a 
constant phase element (CPE).  

 

 
 
Fig. 3. EIS spectra of GBCO symmetric cell tested under air at-

mosphere and 10 mV of voltage amplitude.  

 

The power tests of the full cell configurations (cathode 
electrode/electrolyte/anode) are shown in Fig. 4. The maxi-
mum power density value corresponds to the YBCO sample, 
showing a peak at 430 mW/cm2 at 800 C.  
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Fig. 4. Power density curves for REBCO samples at 800 ºC un-

der 175 cc.min-1 hydrogen flow at the anode and 150 cc.min-1 

oxygen flow at the cathode.  

4. Discussion 

The structural charachterization results suggests that the 
symmetry of the REBCO phases decreases as the ionic radii 
of the Ln cation decreases. Samples containing La3+ or Nd3+ 
form tetragonal structures with disordered oxygen vacan-
cies while those containing Sm3+, Gd3+ and Y3+ to orthorhom-
bic with vacancy ordering. The study of the evolution of the 
cell parameters as a function of temperature reveals an O/T 
phase transition between (400-450) ºC. This transformation 
affects the TEC values and this can be detrimental to me-
chanical stability at the electrode–electrolyte interface. 
However, the transition gives rise to mobile, disordered ox-
ygen vacancies that will act as a charge carriers enhancing 
the electrochemical transport of O2- species through the 
crystal structure. 

 
 The power densities observed, as well as the variation 

of the polarization resistances as a function of the ionic radii, 
are in accordance with the fact that the smaller the radius, 
the smaller the hop distance. This behaviour leads to a bet-
ter efficiency in transport properties and a greater catalityc 
activity in the ORR. 

5. Conclusions 

The REBCO series (RE = La, Nd, Gd and Sm) were pre-
pared via an autocombustion modified route. Ceramic pow-
ders where successfully spin coated on electrolyte pellets 
and the electrochemical performance of triple perovskites 
were investigated as cathodes for IT –SOFCs.  

 
The ORR activity of the REBCO cathodes decreased as the 

Ln3+ ionic radius increases wich may be attributed to the ox-
ygen vacancy concentration and it´s mobility. The best elec-
trochemical performance was observed on the YBCO cath-
ode, 425 mW/cm2 at 800 ºC. These results indicated that tri-
ple perovskites oxides (such as REBCO) may have promising 
applications on the 600-800 temperature range.  
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1. Introduction

Solid Oxide Fuel Cells (SOFCs) have been intensively
studied in the past years due to its highly efficient energy 
conversion and its versatility toward clean fuel utilization. In 
this sense, the development of an economically feasible 
SOFC technology has driven the research activity in this area 
toward the reduction of their operating temperature to the 
intermediate temperature (IT) regime (500 °C -800 °C). New 
anode materials need to be developed with mixed ionic-
electronic conductivity, high electrocatalytic activity and re-
sistance to coke deposition when hydrocarbons are used as 
fuel. 

Nanostructured CeO2-ZrO2 (CeZr) exhibits excellent re-
dox properties and electronic conductivity in reducing at-
mospheres due to the presence of the Ce4+/Ce3+ couple and 
high oxygen mobility in its lattice that enhances the materi-
als resistance to carbon and/or sulfur formation from the 
fuel [1]. In order to improve oxygen mobility and redox ca-
pacity, aliovalent doping can help to introduce additional ox-
ygen vacancies in the crystal lattice and is expected to im-
prove the materials resistance to carbon formation. 

In this work, we assess the effect of the addition of an 
aliovalent dopant (Sc3+) to the CeZr lattice in the generation 
of oxygen vacancies and its impact in the polarization re-
sistance of CeZr and CeZrSc anodes when using diluted H2 
and CH4 as fuels. The different electrode processes and 
rate-determining steps are analyzed as a function of tem-
perature and variation of the fuel atmosphere. 

2. Experimental

Ce0.9Zr0.1O2 (CeZr) and Ce0.9Zr0.04Sc0.06O2-δ (CeZrSc4) na-
nomaterials were synthesized by the citrate-complexation 
route [2]. The solids were fired at 1000°C 2 h and character-
ized by x-ray diffraction (XRD), temperature programmed 
reduction (TPR), Raman spectroscopy and Transmission 
Electron Microscopy (TEM). Electrocatalytic tests were per-
formed in symmetric cell configuration with the anode ma-
terial deposited over electrolyte disks of 20 mol%Sm2O3-
CeO2 (SDC) by the thick-film technique. The disks were pre-
pared by uniaxial pressing of the SDC powder at 1.5 ton.cm-

2 and afterwards sintered at 1450 °C for 2 h. The electrodes 
were fired at 1000 °C and a thin grid of Au paste was depos-
ited as current collector. The anode polarization resistance 

was determined by Electrochemical Impedance Spectros-
copy (EIS) technique performed with an Autolab 
PGSTAT302N with a frequency analyzer module (FRA32M). 
The experiments were performed with 20 mV of AC pertur-
bation, in the 1MHz to 0.01Hz frequency range. The imped-
ance spectra were collected at isothermal conditions, begin-
ning at 750 °C and cooling down to 500 °C in 50 °C steps. At 
each temperature, the dwell time was large enough to as-
sure thermal stability and good repeatability. Feed gases 
were supplied at a constant flow of 80 cm3(STP).min-1 and 
relative humidity of 3 mol%. Feed compositions tested were 
of: 7 mol% H2, 5 mol% CH4 and 10 mol% CH4 in N2 balance. 
All gas flows were monitored by mass-flow controllers. The 
total electrode polarization resistance (Rp) was directly 
measured from the differences between the low and high 
frequency intercepts with the real axis on the impedance 
Nyquist plot and by fitting the spectra with equivalent cir-
cuits using ZView free-software from Scribner Associates, 
Inc. (version 2.9b). The area-specific resistance (ASR) of the 
electrode was calculated as: ASR = 0.5.Rp.Ae, where Ae is 
the electrode area.  The Distribution of Relaxation Times 
(DRT) spectra were calculated using the Software DRTtools 
developed by Ciucci et al. based on Tikhonov regularization 
[3]. Gaussian Radial Basis Functions (RBF) were used as basis 
of the DRTs, with a full width half maximum of the RBF func-
tions value of FWHM = 0.5 and a regularization parameter 
value of 10−3. 

3. Results and discussion

3.1 Characterization 

Results from XRD and TEM characterization indicate 
that the powders synthesized are nanostructured and ho-
mogeneous in microstructure and composition (Fig 1). Sc in-
corporation in the lattice of CeZr is confirmed both by con-
ventional XRD experiments and by in-situ XRD tests with 
synchrotron radiation. Samples were heated up to 1000°C in 
air and in diluted H2 and results indicate no segregation of 
secondary phases such as Sc2O3 or ZrO2, exhibiting a cubic 
fluorite type structure in the whole temperature range. Ra-
man spectroscopy characterization (not shown here) con-
firmed the increase of extrinsic oxygen vacancies upon in-
corporation of Sc to the lattice of CeZr. 
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Fig. 1. (a) XRD patterns of samples CeZr and CeZrSc4 and (b) TEM 

micrograph of sample CeZrSc4 fired at 1000°C. 

3.2 Electrochemical behavior 

Fig 2 displays the EIS results for samples tested at 700 °C 
both in 7% H2/N2 and 5% CH4/N2. Results indicate a slight 
improvement in the polarization resistance when doping 
CeZr with Sc. However, this enhancement increases mark-
edly when CH4 is used as fuel. Results with higher CH4 con-
centration (10%CH4/N2, not presented here) are consistent 
with these results, indicating a reduction of almost two or-
ders of magnitude in polarization resistance at low temper-
atures (550-600°C) when Sc is incorporated in the lattice of 
CeZr. 
 

 

Fig. 2. EIS Nyquist plots acquired for both samples at diluted H2 and 

CH4 atmospheres at 700 °C (dots) and fitted profiles (full lines). 

 

In Fig 3 polarization resistance is plotted against 1000/T 
indicating a linear tendency, consistent with the thermally 
activated behavior of the electrodes. Results indicate a re-
duction in the polarization resistance for sample CeZrSc4 
compared to CeZr both in diluted H2 and, particularly, in di-
luted CH4. SEM results (not presented here) showed no deg-
radation due to microstructural change after experiments 
performed in both atmospheres. An increase in oxygen mo-
bility in the lattice can favor the gasification of carbon spe-
cies in the electrode surface. This is particularly beneficial 
for the design of anodes suitable for operation with hydro-
carbons (HC) and, particularly, for Ni-based electrodes in 
which carbon formation due to HC cracking is promoted [4]. 
 

 

Fig. 3. Area specific polarization resistance (Rp) vs temperature in 

7%H2/N2 and 5% CH4/N2 atmospheres. 

 

A distribution of relaxation times (DRT) analysis was per-
formed to gain further insight on the nature of the electrode 
processes contributing to the polarization resistance. Fig. 4 
presents the DRT profiles of samples CeZr and CeZrSc4 at 
700°C in 5%CH4/N2. Both samples show two contributions: 
one at high frequencies (10-15 Hz) and one at middle-range 
frequencies (ca. 1 Hz). However, the presence of an addi-
tional processes at low frequencies (ca. 0.1 Hz) is evidenced 
for sample CeZr that is almost negligible for sample CeZrSc4.  
 

 

Fig. 4. DRT profiles calculated from experimental data (dots) and 

from fitted profiles (full lines). 

 
Results from DRT were contrasted with the results from 

NLLS fitting method using a set of equivalent circuits to rep-
resent the electrode behavior from EIS spectra, Results from 
NLLS fitting are included in Fig 2 with full lines. Sample 
CeZrSc4 was successfully fitted using only an: L-Rs- W circuit, 
being L an inductance from the wires, Rs a resistance that 
includes ohmic losses from the electrolyte and W a finite 
length Warburg element. On the other hand, to fit CeZr sam-
ple an additional process was included resulting in the fol-
lowing equivalent circuit: L-Rs-(R1Q1)-W, being R1 and Q1 the 
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resistance and constant phase element of a charge transfer 
process. 

The combination of both techniques allows for further 
interpretation of the electrode processes, indicating that 
most likely the high frequency contribution is related to the 
oxygen transfer at the electrode/electrolyte interface [5] 
and the middle and low frequency processes are related to 
the oxygen transport in the bulk of the material coupled 
with the fuel oxidation reaction at the surface [6-7].  

Fig. 5 depicts the partial polarization resistances calcu-
lated upon integration of the area under the peaks of the 
two/three processes present in the DRT profiles. The area 
under the curve is proportional to the total polarization re-
sistance. Results reveal that all processes are thermally acti-
vated with a decrease in resistance when temperature is in-
creased. In the inset of Fig 5 activation energies values for 
each process are reported. These results indicate lower ac-
tivation energy values both for oxygen transfer processes 
between electrode/electrolyte (RHF) and for oxygen 
transport in the bulk of the material (RMF). The low fre-
quency process only visible at CeZr sample is ascribed to the 
fuel oxidation reaction step. This is derived from the fact 
that this contribution is present in the DRT profiles acquired 
in the temperature range of 650-750°C, disappearing at 
lower temperatures. Thus, upon temperature increase 
when oxygen transport in the bulk becomes sufficiently fast, 
fuel oxidation becomes the rate determining step. In the 
case of CeZrSc4, the fuel oxidation contribution becomes 
negligible due to the presence of additional oxygen vacan-
cies in the surface that act as active sites for fuel activation 
[8]. 

 

 
Fig. 5 Partial polarization resistances vs temperature in 5%CH4/N2. 
Black symbols: CeZr, Green symbols: CeZrSc4. Inset: activation en-
ergies of each process calculated from linear fitting of experimental 
values. 

4. Conclusions 

The partial replacement of Zr by Sc in the lattice of 
Ce0.9Zr0.1O2 mixed oxide was successfully achieved improv-
ing significantly the polarization resistance of the elec-
trodes. CeZrSc4 sample exhibited a superior performance 

especially when using CH4 as fuel thus implying that the in-
corporation of additional oxygen vacancies in the lattices 
improves the electrode activity for fuel oxidation and its re-
sistance towards carbon formation. Furthermore, SEM im-
ages showed no morphological changes in samples after 
electrochemical testing. These results reveal that CeZrSc 
electrodes stand both as promising metal-free anodes for IT-
SOFC operation or as highly active redox supports for Ni-
based cermets.  
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1. Introduction

PEMFCs have been extensively studied in recent dec-
ades and are currently considered to be a mature technol-
ogy.1 Despite the enormous scientific effort, current fuel 
cells have only yielded moderate success; there are several 
aspects of the operation of fuel cells that are still inaccessi-
ble from an experimental point of view and lack a clear 
description, as in the case of the so-called               
‘‘triple-phase boundary’’ (TPB) region.2,3 The triple-phase 
boundary is the region where the ionomer (liquid, usually 
Nafion), catalyst (solid, usually platinum) and fuel (H2   
gaseous) interact and is the most important region in a fuel 
cell, as it is where the electrochemical reaction occurs with 
the adsorption of the fuel (or oxygen) on the catalyst sur-
face, electron transfer to form H+ and subsequent conduc-
tion of the generated ions to the ionomer for transport 
across the membrane. This is because experimentally only 
a few very general parameters, such as temperature, hu-
midity or fuel flow rate, can be modified, and each of these 
parameters affects all components of the fuel cell and not 
just the three-phase region so it is impossible to separate 
the contributions corresponding to the three-phase 
boundary from the effects occurring, for example, in the 
membrane or from the kinetic effects in catalysis. There-
fore, understanding, characterizing, and optimizing the 
variety of factors that affect the TPB content in fuel cells 
provide excellent opportunities for performance enhance-
ment.  In the last few years, many scientific works have 
focused on trying to elucidate what is happening in the 
TPB, and although it is mentioned in many studies,4,5 most 
of these investigations obtain information from electro-
chemical studies of macroscopic electrodes and single fuel 
cells. From those systems, it is very difficult to acquire at-
omistic information, which is important to make conclu-
sions separating the contributions of the different parame-
ters that affect the TPB.  

In this work, we use molecular dynamics simulations 
and electrochemical experiments on a Nafion/Pt/C system. 
We perform a systematic analysis, at an atomistic level, to 
evaluate the effect of several fundamental factors and 
their intercorrelation in the ECSA (electrochemical surface 
area) of the catalysts. Besides, we evaluate the diffusion 
and structuring processes of water at different system in-
terfaces. Overall, this investigation allows us to rationalize 

how the catalyst utilization is affected, which is an im-
portant step in establishing the relationship between the 
environment and the effectiveness and durability of the 
PEMFC system. It is important to consider that when exper-
imentally analyzing the changes originating from the differ-
ent experimental parameters in the operation of a fuel cell, 
only the average effect of the catalyst, flow field and mem-
brane as a whole can be measured, and it is not possible to 
separate the corresponding contributions, even less from a 
region as complex as the TPB. Thus, computational studies 
provide the appropriate tools for studying each of the pa-
rameters separately and in sufficient detail to understand 
the effects found experimentally. 

2. Experimental

2.1. Computational details 
To study the morphology of graphene-supported Pt na-

noparticles (NPs) in the presence of hydrated Nafion, 
molecular dynamics (MD) simulations were performed as 
implemented in the large-scale atomic/molecular massively 
parallel simulator (LAMMPS). We used the velocity Verlet 
algorithm to integrate the equations of motion with a time 
step of 1 fs, in the canonical (NVT) ensemble, using the 
Nose–Hoover thermostat at several operative tempera-
tures. Starting from relaxed Pt/C structures the hydrated 
Nafion was placed over the Pt/C system and equilibrated 
for 5 ns. 

2.2 Model preparation 
A model of hydrated Nafion membrane (composed of 

Nafion, water, and hydronium) was prepared before its 
deposition on a Pt/C surface, as follows. The monomeric 
unit of Nafion was repeated 10 times to form an oligomer 
to describe a Nafion 117 model which corresponds to an 
equivalent weight (EW) of 1100. EW is defined as the 
weight of the polymer divided by the number of sulfonic 
acid groups. EW of 1100 is the most commonly used varie-
ty of Nafion; it has been used in other simulations with a 
good description of the main properties, such as water 
diffusion in the membrane or density;6 10 hydronium ions 
were added to a single chain to maintain charge neutrality. 
In the initial configurations, the hydration level λ = n 
H2O/SO3

- (number of water molecules per sulfonic acid 
groups) was set to 0, 15 and 43, from a dry until fully hy-
drated Nafion membrane. These models were built to 
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evaluate how the rearrangement of the Nafion structure 
due to the hydration level can affect the ECSA. Besides, full 
hydrated models were used to evaluate the water behavior 
in different regions of the system. Equilibration was per-
formed for 1 ns, and after that, production runs of the 
equilibrated system were performed for 4 ns at tempera-
tures consistent with the operational conditions of fuel 
cells (in 273, 300, and 350 K). To correctly describe the 
Nafion system the General Amber Force Field (GAFF)7 was 
implemented to compute the forces between atoms. Par-
tial charges, Lennard-Jones, bonding, angle, and torsion 
parameters were taken from the previous studies in the 
literature. 8 The SPC/E model was used to represent water 
molecules. To describe metal-metal interactions we used 
the Embedded Atom Method (EAM) 9. To simulate the gra-
phene sheet, we employed the AIREBO potential. 10 The 
interactions of the molecular species in the system with Pt 
were taken into account by implementing a Morse poten-
tial, with parameters obtained from Brunello et al. 11 

 
2.3 Electrochemical measurements 

In order to analyze the changes in the electrochemical-
ly exposed area of the Pt NPs, ECSA measurements were 
performed utilizing hydrogen adsorption/desorption by 
cyclic voltammetry (CV) in 0.5 M H2SO4 (98%, Cicarelli, PA 
grade) solution as the electrolyte. Ultrapure Milli-Q water 
was used for all the solutions. The CVs were performed in a 
conventional three-electrode cell at 298 K at a scan rate of 
5 mV s-1 using a large area platinum sheet and a saturated 
calomel electrode (-0.243 VRHE) as the counter and the 
reference electrode, respectively. The working electrodes 
consisted of 3 mm diameter glassy carbon electrodes 
(CHI104, CH Instruments) mirror polished and degreased 
with acetone (Cicarelli PA grade), which were coated with 
catalytic inks formed by 30 mL of isopropyl alcohol           
(Cicarelli, PA grade), 10 mg of commercial Pt/C (20% w/w 
Pt on Vulcan Carbon XC-72, E-Tek, Inc.), and variable 
amounts of Nafion 0.5% dispersion in isopropyl alcohol/    
water mixture (Ion power Inc.) in order to maintain the I/C 
ratio used for the experimental calculations. The 20% w/w 
Pt/C was selected to have a catalyst with the Pt nanoparti-
cles as dispersed as possible trying to avoid agglomerates 
that can generate underestimates in the area. For this pur-
pose, 6, 12, 18, 28, and 55 mL were placed in the 30 mL of 
Pt/C dispersion, which can be compared to the simulations 
with 4, 8, 12, 24, and 36 oligomers, respectively. Five 15 mL 
aliquots of the catalytic inks were placed on the vitreous 
carbon electrodes, so as to have 0.07 mg cm-2 of Pt/C, and 
they were left to dry at room temperature before being 
used. 

3. Results 

 
We studied the catalyst utilization in our system. The 

catalyst utilization measures the proportion of metallic 
atoms involved in an electrochemical reaction. To estimate 
it from our simulation, we define the active area as the 
number of Pt atoms in contact with water molecules and 
hydronium ions. In Fig. 1 we present some typical snap-

shots taken from the MD simulations of systems with dif-
ferent hydration levels after equilibration.   

 
Fig. 1. Hydrated-Nafion/Pt/C structures. Colour code: blue:  Pt, 
grey: carbon, green: hydrophobic chain (Nafion), yellow: sulfonic 
group (Nafion), red: oxygen and white hydrogen. 

 
Our results show that the percentage of catalyst 

utilization in the nanoparticles is affected due to the iono-
mer content and the hydration level (Fig. 2).  
 

 
Fig. 2. a) Comparison between theoretical and experimental per-

centages of the catalyst utilization for different content of Nafion 

and hydration levels. 

On the other hand, we studied the water behavior 
in full hydrated systems (Fig. 3). The segmented analysis of 
the water regions shows that the presence of Nafion and 
the metal nanoparticle (NP) affects the water structure and 
its dynamic behavior (Table 1). 

 

 
 
Fig. 3. Segmented analysis of the water regions. A) hydrated-
Nafion /Pt/Graphene (12 oligomers) and B) Full hydrated- Gra-
phene. Colour code: blue: Pt, grey: carbon, green: hydrophobic 
chain (Nafion), yellow: sulfonic group (Nafion). Water regions: 
red, orange, yellow, cyan, blue.  
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Table 1. Water diffusion (Å²/ps) at 300 K in full hydrated systems.  
 

Distance from 
Graphene (Å) 

Pt/Graphene/Nafion Graphene 

140 0.248 0.253 

80 0.239 0.252 

60 0.201 0.253 

40 0.185 0.246 

20 0.159 0.216 

 

4. Discussion 

In Fig. 2 we present the ECSA and percentages of the catalyst 
utilization for different contents of Nafion and hydration levels. 
Our results show that the percentage of catalyst utilization in the 
nanoparticles is affected due to the ionomer content. When the 
ionomer content increases, the sulfonic groups, due to their 
strong interaction with the Pt NP, occupy part of the platinum 
surface, increasing the coverage of the hydrophobic chains of 
Nafion, affecting the ECSA and making the adsorption of water 
molecules difficult, which would also diminish the proton 
transport. At low ionomer contents, the active area is higher, and 
water molecules occupy almost all the accessible sites on the 
nanoparticle surface. Additionally, the hydration level is an im-
portant factor in catalyst utilization. We observe in our simula-
tions that at low hydration levels NPs surface is covered by hy-
drophobic chains. The regions where the NP surface is exposed to 
the hydrophobic backbone of Nafion are considered inactive. This 
poisoning decreases the active area.  

In that sense, comparisons were made of the ECSA obtained 
from theoretical calculations with the experiments and also with 
results reported in the literature, and it was found that the behav-
ior of the electrochemically active area is strongly dependent on 
the catalyst mass used in the electrode. The trends found in the 
ECSA as a function of the I/C ratio in the theoretical calculations 
coincide with those found when low quantities of ink are used on 
the electrodes. Our results allow us to infer that the behavior 
found numerous times in the literature, in which a maximum of 
catalytic activity is observed as the mass of Nafion used increases, 
is generated by a combination of the effect of the thickness of the 
catalytic layer and the interaction between Nafion and platinum 
nanoparticles. In this way, our calculations reveal at an atomistic 
level how the utilization of the catalyst can be affected due to 
Nafion content and hydration level. 

On the other hand, in full hydrated systems (Fig. 3) our stud-
ies reveal that the presence of Nafion and the metal nanoparticle 
(NP) affects the structure of the water and its dynamic behavior. 
In the vicinity of the metal nanoparticle, the water has a higher 
structuring and lower diffusion. 

5. Conclusions 

In this work, we report theoretical/experimental studies on a 
hydrated-Nafion/Pt/C system to evaluate the Nafion content,        
hydration levels that could affect the electrochemically active 
area of the metallic NPs, and also evaluate the water behavior in 
the TPB. The results obtained reveal that at high Nafion contents, 
the catalyst utilization is affected due to the strong interaction 
between the sulfonic groups of Nafion and the surface of the Pt 
NPs. The catalyst utilization was below 70 wt% when the Nafion 
content was greater than 20 wt%. However, the catalyst utiliza-
tion was greater than 80% when 7 wt% to 14 wt% of Nafion con-
tent was used, being the optimum Nafion content. On the other 
hand, when the hydration level of the membrane decreases, the 

sulfonic groups have a higher occupation on the NP surface, cov-
ering the active area with hydrophobic Nafion chains, and increas-
ing the inactive area. The trend found in electrochemical experi-
ments is the same as that presented in the results of the compu-
tational studies. Using a much lower catalyst loading than in most 
of the experimental studies, the possible diffusional problems 
present when the catalyst layer is thick are considerably reduced. 
We also observe that the water behavior in our system is affected 
by the presence of Nafion and the Pt nanoparticle. 
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1. Introduction

The technological development of fuel cells still faces
significant challenges related to improving their efficiency 
and durability. Numerical calculations are a very valuable 
engineering tool which allow to guide the development and 
optimal control of these devices. They also allow the oper-
ating conditions and degradation mechanisms to be studied 
in a cost effective way. Developing a robust electrochemical 
model and the correct characterization of the parameters 
involved is one of the most critical challenges of the simula-
tion process, as its predictive potential depends on it. 

As discussed in Losantos et al. [1], there are numerous 
attempts to characterize these parameters, but the compu-
tational cost of combining CFD simulation models with opti-
mization algorithms is a strong limiting factor. Most re-
searchers use equivalent circuit models, or 2D simulations 
of small domains such as Goshtasbi et al. [2] and Dobson et 
al. [3] 

Heat management is also a challenge in non-isotermal 
simulations of real devices of a certain size as it increases 
model complexity and therefore the computational cost. 
Temperature has a great influence on the efficiency of elec-
trochemical reactions, Appleby et al. [4], as well as on deg-
radation processes Harikishan et al. [5]. Therefore, 
knowledge of the temperature distribution is essential in or-
der to analyze the local behavior of the device. 

This study deals with the development of a methodol-
ogy capable of characterizing the fundamental electrochem-
ical parameters of the catalytic layers for a non-isothermal 
3D computational simulation model of a 40-cell stack, using 
easily measurable data: the input flow rates, voltage, cur-
rent and external temperature of the stack. 

2. Experimental

2.1 Numerical model 

Any mathematical model of a physical phenomena has 
to strike a balance between the level of complexity and the 
computational effort needed. The proposed model is a 3D 
steady state, non-isothermal, incompressible flow model 
with some further assumptions: infinitely thin catalyst lay-
ers, single-phase gas flow and constant electrical potential 
along the electrodes. The equations governing the opera-
tion of the fuel cell under the previous assumptions include 
those of conservation of mass and momentum (Navier 
Stokes), species transport, electrochemical phenomena in 
the catalyst layers, the thermodynamic convection and con-

duction equations and transport of protons across the mem-
brane. The implemented electrochemical processes are de-
scribed by the Butler Volmer model at the anode, and by the 
agglomerated model at the cathode. More details on the nu-
merical models implemented can be found in Losantos et al. 
[1] for the physical and electrochemical processes, Sousa et
al. [6] regarding the thermodynamic equations and Li et al.
[7] for the behavior of the proton conductivity in the mem-
brane.

The external heat boundary conditions have been estab-
lished assuming a convective model with an ambient tem-
perature of 25 °C and estimating a variable value of the con-
vective heat transfer coefficient. This is consistent with the 
operating conditions, since the stack was cooled by fans. 

2.2 Method 

In order to find the values of the unknown relevant elec-
trochemical parameters of the catalytic layers we make use 
of a genetic algorithm optimization strategy. More details 
on the genetic algorithm (G. A.) implemented can be found 
in Losantos et al. [1].  The aim is to obtain the best fit to the 
experimental polarization curve and temperature map. The 
main constraint with implementing evolutionary algorithm 
with 3D models is the unaffordable computational cost of 
performing a numerical simulation for each “individual” 
(that is the encoding of a potential solution) evaluated, es-
pecially when the domain under analysis is large and the 
number of parameters to be characterised is high. 

To overcome this limitation, the iterative methodology 
illustrated in Fig. 1 has been developed. The 3D simulation 
has been separated into two stages: fluid flow including heat 
transfer (phase B in Fig 1 – at stack level), electrochemistry 
(phase C in Fig. 1 – at cell level) each assigned to the corre-
sponding computational domain. The idea is that once the 
fluid dynamics is frozen the voltage V would only depend on 
the electrochemical parameters [1]. Consequently, the ge-
netic algorithm only needs to solve the electrochemical 
equations when evaluating each individual, that is computa-
tionally very efficient. 

Fig. 1. Outline of the characterization methodology. 

The stack domain simulation includes the parts de-
scribed in Fig. 2, on which the flow in the channels and the 
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thermodynamic equations are solved. The temperature and 
cell inlet flows obtained are used to perform a 3D isothermal 
simulation in each cell on the domain shown in Fig. 3, where 
the fluid and electrochemical equations are solved. This pro-
cedure is explained in more detail below. 

Experimental stack data: Steady-state operating condi-
tions must be experimentally available for each point on the 
polarization curve. That is to say, voltage, intensity, input 
flows and a thermal map (e.g. photo) of the external surface 
of the stack. (phase A), Fig. 1. 

 

Fig. 3. Stack simulation domain parts and example of obtainded 
thermal distribution.  

 

3D Stack simulation: The purpose of this characteriza-
tion step is to obtain the spatial temperature distribution as 
well as the inlet flow conditions for each of the cells in the 
stack Fig. 3. To achieve this, a simulation is carried out at 
each point of the polarization curve using the operating con-
ditions of the experiments (phase A), as a reference. For the 
first step when no information about the electrochemistry 
is available, a uniformly distributed current and an equal 
voltage in all cells of the stack is assumed. The thermo-fluid 
and scalar transport equations are then solved. The convec-
tive coefficients of the walls are adjusted so that simulation 
matches the experimentally provided temperature map, Fig. 
5. For subsequent iterations the current and voltage distri-
bution are provided by phase C (Fig. 1). 

Cell 3D simulation: An isothermal simulation is per-
formed in all the cells of the stack using the temperature dis-
tribution and the input flow rates to each cell calculated in 
the stack simulation (phase B), as well as the parameters 
characterized by the genetic algorithm (phase E). The results 
of this simulation have three purposes within the optimiza-
tion process. 

1. Evaluate the agreement between simulated and 
experimental voltage values. 

2. Calculate the intensity distribution and species con-
centration in the catalytic layers, (phase D), for the 

genetic algorithm to perform a new optimization of 
the electrochemical parameters. 

3. Use the voltage and intensity distribution obtained 
in the different cells, (phase C), to calculate the 
heat sources and the boundary conditions set in 
the 3D simulation of the stack. 

Fig. 4. Cell simulation domain parts, and representation of an ex-
ample of the locations selected for the G. A. 

 

G.A. Optimization: From the solution provided by the 3D 
simulation for each selected point of the polarization curve, 
the genetic algorithm selects several locations representa-
tive of the operating conditions along the catalytic layer for 
all cells in the stack, see Figure 3. Using the values of the 
species concentrations, current densities and temperature, 
at these locations (phase D), the electrochemical equations 
are solved with different combinations of parameters until 
the one that best fits the experimentally measured voltage 
values is found. Once these parameter values are obtained, 
the fluid dynamics and temperature distribution are up-
dated by a new full 3D analysis (phases B and C). 

The iterative process ends when the global voltage val-
ues obtained from the 3D simulation of the stack converge 
with the required accuracy to the experimental ones.  

3. Results 

3.1 Experimental data  

The steady-state operating conditions for the three rep-
resentative points of the polarization curve used in charac-
terization are listed in Table 1. Thermal map of the third of 
this points is shown at the top left of Fig. 5.  

Table 1. Stack steady-state operating condition data and simu-
lated voltage in the last parameter characterization. 

Current 

(A ) 

Voltage 

 (V) 

Q of H2 

(NL/min) 

Q of O2 

(NL/min) 

Simulated 

Voltage (V) 

16.35 28.95 7.34 15.3 28.9 

32.7 28.91 14.68 15.3 28.89 

125 21.91 65 42 21.98 
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3.2 Stack Simulation  

Fig. 5 illustrates the result for the case of the third point 
of the polarization curve used. It shows a comparison be-
tween the temperature map obtained experimentally, up-
per left, and its counterpart in the simulation, upper right. 
In addition, the lower graph of the image shows the refer-
ence line used to consider the temperature convergence be-
tween the experimental and simulated values as achieved. 
A more complete representation of the stack temperature 
distribution result for the third operating point is illustrated 
in Fig. 2. 

 

Fig. 5. Outside stack temperature comparison between simulated 

and experimental data.  

 

3.3 Cell Simulation and G. A. optimization  

By applying the methodology described above, the val-
ues of the parameters shown in Table 2 are calculated for 
each of the iterations carried out until convergence is 
reached. It also contains the search ranges and units of each 
parameter. The lower part of the table includes the average 
deviation between simulated and experimental voltage val-
ues for each iteration. 

Table 2. Restults of parameters values and mean deviations in each 

iteration step of the characterization process.  

Variable Range Units 1° Iter. 2° Iter. 3° Iter. 

ja,0 3 000-70 000 A m-2 3 537 20 174 28 529 

Jc,0 600-6 000 A m-3 2 110 5 480 5 471 

αa 0-1 - 0.873 0.589 0.393 

αc 0-1 - 0.506 0.441 0.436 

ragg 100-1 000 nm 879.1 864.2 798.2 

δi 10-100 nm 86.53 85.42 84.47 

Ec 55-75 kJ mol-1 71 391 62 293 61 596 

tcl 10-20 μm 10.86 11.42 10.81 

Li 0.2-0.5 - 0.296 0.3646 0.397 

DL 2-10 % H3PO4 2.12 2.01 1.78 

Mean deviation  % 0.45 0.31 0.19 

Among the parameters that constitute the implemented 
models analyzed, those that are very difficult to quantify 
due to their nature have been included in order to charac-
terize them. These are, the reference exchange current den-
sities at 298 K, jc,0 and ja,0. The anode and cathode charge 
transfer coefficients, αa and αc, the radius an of the agglom-
erates, ragg, the thickness of the ionomer film over the ag-
glomerates δi, the volume fraction of ionomer in the catalyst 
layer Li, the activation energy of the cathode, Ec, the thick-
ness of the catalytic layer, tcl, and the phosphoric acid dop-
ing level in the membrane DL. 

4. Discussion 

The values obtained for the different parameters, as de-
picted in Table 2, show that the described methodology al-
lows to obtain a valid set of realistic electrochemical param-
eters with a reasonable computational cost (less than a day 
on a workstation). 

5. Conclusions 

With the study carried out with a 40-cell stack, the meth-
odology described in this article has been validated as a tool 
capable of, by combining 3D simulation and genetic algo-
rithms with easily measurable experimental data, character-
izing the electrochemical parameters of the catalytic layers. 
This allows a precise analysis of the internal behavior of the 
stack as well as possible degradation mechanisms on a local-
ized basis. 
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1. Introduction

Two parameters commonly used to describe the cath-
ode’s ORR activity of Solid Oxide Fuel Cells (SOFC) are 𝑘𝑐ℎ𝑒𝑚  
and 𝐷𝑐ℎ𝑒𝑚, the oxygen surface molar exchange rate and the 
oxygen diffusion coefficient in the electrode material, re-
spectively 1,2. 

This work presents a comparative study of the diffusion 
and surface molar exchange rates of porous 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and Co3O4 nanoparticles deco-
rated LSCF electrodes. The study was carried out using the 
3DT-EIS method, which combines Electrochemical Imped-
ance Spectroscopy experiments with FIB-SEM tomography 
data, interpreted through an adapted Transmission Line - 
Adler Lane Steele electrochemical model.  

By analyzing the electrochemical response as a function 
of oxygen partial pressure, this study allowed to identify the 
ORR limiting mechanisms and how the nanoparticle decora-
tion affects them.  

A reduction of the polarization resistance of about 60% 
was measured for the Co3O4 decorated LSCF respect to the 
reference LSCF cathode, in air at 700 °C. The Co3O4 decora-
tion was found to modify the ORR surface reaction limiting 
mechanism from O2 dissociation to O-ion incorporation, 
whereas the diffusion coefficient was not modified by the 
decoration, which represents a surface diffusion process for 
both electrodes. 

2. Experimental

2.1 Cells preparation 

Symmetric cathode/electrolyte/cathode cells were pre-
pared using La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) as cathode scaffold 
and La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) as electrolyte. The sym-
metrical cells were infiltrated with a Cobalt nitrate solution. 
The final quantity of Cobalt Oxide synthesized on each side 
of the cell was roughly 10% of the electrode’s mass.  For 
more details, see Ref 3. 

2.2 Microstructure characterization. 

The microstructure of all cells was characterized using 
SEM, XRD, TEM and FIB-SEM. 

The specific surface area (𝑎), porosity (𝜀) and tortuosity 
factor (𝜏) values of the reference LSCF electrode were ob-
tained by performing a FIB-SEM tomography to an LSCF sam-
ple as shown in Ref 4. For the Co3O4 decorated sample, con-
sidering that the effect of the decoration on the microstruc-
tural parameters is within the range of uncertainty of the 
FIB-SEM reconstruction, it was assumed that the microstruc-
tural parameters were not significantly modified (see Ref 3). 

2.3 Electrochemical characterization. 

EIS was used to study the mechanism of the oxygen re-
duction reaction (ORR) of the electrodes. All impedance 
spectra were fitted using a series combination of an induct-
ance, a resistance, a Transmission Line Model –TLM– ele-
ment and an R//CPE circuit (the latter at low pO2). All these 
spectra were also modeled with the Adler-Lane-Steele 
model for macro-homogeneous SOFC cathodes 4–6. 

3. Results

Figure 1 shows a SEM image of the pristine Co3O4 deco-
rated LSCF electrode, where the ~ 200 𝑛𝑚 sized particles 
are the LSCF electrode grains, while the small ~ 10 𝑛𝑚 sized 
particles are the Co3O4 decoration. 

Figure 1 : SEM image of the Co3O4 decorated LSCF sample. 

3.1 FIB-SEM reconstruction 

Figure 2 shows the reconstructed volume of LSCF, 
performed using FIB-SEM. 
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Figure 2: Reconstructed volume of the LSCF sample used. 

From this reconstruction, the microstructural parameters specific 
surface area (𝑎), porosity (𝜀) and tortuosity factor (𝜏) were ob-

tained 4. 

From the FIB-SEM reconstruction, the following values 
were obtained for microstructural parameters -see Ref 3,4-: 
𝑎 = (8.2 ± 1.4) 𝜇𝑚−1, 𝜀 = 0.38 ± 0.03 and 𝜏 = 1.3 ±
0.3. As mentioned, the same values of 𝑎, 𝜀 and 𝜏 were used 
for LSCF and Co3O4 decorated LSCF (see Ref 3). 

 
3.2 Electrochemical characterization  

Figure 3 shows an example of EIS Nyquist plots of the 
reference LSCF (red) and Co3O4 decorated LSCF (green) 
samples, both measured in air at 700 °C, respectively. The 
Nyquist plot makes clear that the ASR is significantly 
reduced when decorating with Co3O4 nanoparticles, 
obtaining a 60% reduction. 

 
Figure 3: Example of EIS Nyquist plots of the reference LSCF 

(red) and Co3O4 decorated LSCF (green) samples, measured in air 
at 700 °C. 

 
Similar measurements were performed varying 𝑝𝑂2, 

these are not shown for the sake of brevity, but were used 
to interpret the ORR limiting mechanisms. 

3.3 Kinetic rate coefficients 

Following the adapted TLM-ALS model (See Ref 3,4), 
which relates the behaviour of the EIS fitted parameters 
with the microstructural parameters (from FIB-SEM) and 

thermodynamical parameters, the equilibrium molar ex-
change rate of O2 between the gas and the surface -ℜ0- and 
the oxygen chemical diffusion coefficient -𝐷𝑐ℎ𝑒𝑚-, were cal-
culated. Note that ℜ0 is proportional to the surface ex-
change rate -𝑘𝑐ℎ𝑒𝑚- through:  

 

   ℜ0 =  
𝑘𝑐ℎ𝑒𝑚

𝐴0
𝑐𝑣𝑝𝑂2

𝑛                                          (1) 

 
where 𝑐𝑣 is the molar concentration of O-vacancies in 

the lattice and 𝑛 is a real constant. 
For these calculations, the thermodynamical parameters 

were obtained from literature 7,8. 
Figure 4a shows the obtained values of 𝐷𝑐ℎ𝑒𝑚, which at 

low pO2 is very similar for both samples, while at high pO2 
Co3O4 decorated LSCF presents higher values. The high pO2 
dependence of 𝐷𝑐ℎ𝑒𝑚  for LSCF is interpreted to be due to an 
O-ion surface diffusion process. The fact that the values of 
𝐷𝑐ℎ𝑒𝑚  are modified by the surface decoration, especially at 
high pO2’s, is consistent with the surface diffusion hypothe-
sis. 

Figure 4b shows the dependence of ℜ0 as a function of 
𝑝𝑂2 for each sample. ℜ0 increases around one order of mag-
nitude or more for Co3O4 decorated LSCF when 𝑝𝑂2 <
10−2 𝑎𝑡𝑚, as a consequence of a difference in the pO2 de-
pendence.  

For LSCF, the value 𝑘𝑐ℎ𝑒𝑚 =  1.7. 10−5cm. s−1 was ob-
tained 700 °C in air, and 𝑘𝑐ℎ𝑒𝑚 =  1. 10−5cm. s−1 for LSCF + 
Co3O4, in the same conditions. 

The values of the surface exchange rate -𝑘𝑐ℎ𝑒𝑚- in air re-
main almost unchanged, and is even slightly reduced by 
the decoration. However, the pO2 dependence is drastically 
affected, suggesting a change in the surface exchange rate 
limiting mechanism. 
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Figure 4: (a) 𝐷𝑐ℎ𝑒𝑚 for LSCF (red) and Co3O4 decorated LSCF 
(green dots). (b) ℜ0 for LSCF and Co3O4 decorated LSCF 3. 

4. Reaction mechanisms 

To analyze the surface reaction mechanisms, a method sim-
ilar to that performed by Adler et. al. 9 and also discussed for 
different electrode materials in Ref 1 was used. Taking into 
account Equation (1) and that the dependence of ℜ0 with 

𝑝𝑂2 (𝑛 =
𝜕𝑙𝑛ℜ𝑜

𝜕𝑙𝑛𝑝𝑂2
) is related to the limiting mechanism of the 

speed of the surface reaction, Figure 5 compares, in red 
(LSCF) and green dots (Co3O4 decorated LSCF), the values ob-
tained for ℜ0 normalized by the values of ℜ0(𝑝𝑂2  =  1) as 
a function of pO2. Note that Figure 5 only helps to identify 
the surface limiting mechanisms, but does not give infor-
mation about the speed of the reactions, which can be ex-
tracted from the values of ℜ0 in Figure 4b. 

These values are compared with the expected pO2 depend-
encies for different controlling surface mechanisms (repre-
sented in grayscale colors in Figure 5, as proposed by Adler 
et. al.1,2,9.  

It is very clear how the Co3O4 decoration modifies the sur-
face reaction from a mechanism limited by dissociation to a 
mechanism limited by O2-incorporation1,3. The dissociation 
process is mainly limited by a charge transfer process to the 
oxygen species. In contrast, the incorporation process is lim-
ited by the oxygen-vacancy availability on the LSCF surface. 
We assume that this change in the surface mechanism is due 
to the role the Co3O4 nanoparticles play in increasing the 
probability of charge transfer. 

 

 

 

Fig. 5. ℜ0, normalized by the value of ℜ0(𝑝𝑂2 = 1), for LSCF and 

Co3O4 decorated LSCF 3. In grayscale colors, the pO2 dependencies 

for different controlling surface mechanisms are shown, esti-

mated as proposed by Adler et. al.1,2,9. 

5. Conclusions 

In this work, the application of the 3DT-EIS method to 
porous LSCF and Co3O4 decorated LSCF cathodes for SOFC is 
reported, obtaining the ORR kinetic parameters (𝐷𝑐ℎ𝑒𝑚  and 
𝑘𝑐ℎ𝑒𝑚) as a function of pO2 and temperature, from which 
the ORR limiting mechanisms were extracted. This study 
shows that the 3DT-EIS method is suitable for characterizing 
surface modified SOFC electrodes. 

A reduction of around 60 % of the EIS area specific re-
sistance (ASR) was produced by the Co3O4 nanoparticles 
decoration, at 700° in air, which also produced a change in 
the surface limiting mechanism from O2 dissociation to O-
ion incorporation. 
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1. Introduction

The performance of solid oxide fuel cells (SOFCs) is de-
termined by the sum of resistances associated with each of 
its constituent component. Significant improvements can be 
made by minimizing the resistance of the electrodes. The 
electrodes must have a high electronic and ionic conductiv-
ity, sufficient porosity to allow the diffusion of the gas phase, 
high electrochemical activity for the oxygen reduction reac-
tion (ORR) at the cathode, and for the oxidation of the fuel 
at the anode. Intrinsic reaction kinetics and transport coef-
ficients are properties of the materials. However, the net 
rate of the electrochemical reaction at the electrodes also 
depends on microstructure. The connectivity of the differ-
ent phases and the abundance of reaction sites also deter-
mine the electrochemical performance of the electrode. In 
the electrodes, the reaction occurs in the so-called triple 
phase boundary (TPB) where the three different percolat-
ing-phases are in contact:  ionic conductor, electronic con-
ductor and the gas phase [1]. 

An infiltrated electrode consists of a porous skeleton, 
usually made of the electrolyte material, and calcined at 
high temperature (900-1500 °C) to obtain adequate me-
chanical strength. A solution containing the precursors of 
the electrocatalytic material is infiltrated in the backbone, 
and the set is calcined at a lower temperature (400-1000 °C) 
than that used to obtain the scaffolds. Compared to a com-
posite electrode, this process produces electro-catalytic par-
ticles of smaller size and increases the TPB length. In addi-
tion, the thermal expansion coefficient of an infiltrated elec-
trode is similar to that of the electrolyte material and does 
not show great dependence on the proportion of the mate-
rials as in a composite electrode. 

Enormous progress has been made in numerical, analyt-
ical and experimental modeling of SOFCs. An accurate SOFC 
model is dependent on the understanding of the phenom-
ena that occur in the cell. The physical and electrochemical 
phenomena, in addition to the large number of variables in-
volved, make it impossible to develop an analytical method 
for the SOFC simulation. On the other hand, the installation 
of experimental setups for different operational conditions 
and various geometries is not efficient in terms of time or 
costs. Thus, it is not possible to measure all the characteris-
tics in the experiment. All this makes the numerical model-
ing of SOFC an attractive area.  

Simulations of the infiltrated electrodes can be repre-
sented using the finite element method, Monte-Carlo sto-
chastic simulation technique or the random packing spheres 

method. These representations must consider the parame-
ters and variables that characterize the electrode geometry. 
In that sense, phases proportions, dimensions of the back-
bone, infiltrated particle and pores, the procedure to build 
the backbone and the infiltration process are important. 
Thus, Tanner et al. [2] proposed a simple two-dimensional 
model for a composite material of an ionic and an electronic 
conductor very similar to an infiltrated electrode, being able 
to solve the polarization resistance for the case when the 
diffusion in the electrode pores is not the limiting process in 
the reaction. In the simulation, the authors were able to ob-
serve the effect of the electrode porosity and thickness on 
the performance taking into account the charge transfer 
process. In any case, in these two-dimensional models, the 
electro-catalyst is a layer that covers the entire porous skel-
eton and the percolation of the phases occurs inde-
pendently of several parameters of interest. For this reason, 
the TPB length computation is not necessary and the elec-
tro-catalytic proportion and particle size are not considered 
as variable parameters for the simulation.  

In works with infiltrated electrodes, the study of perfor-
mance focused mainly on the computation of TPB length, 
percolation thresholds and effective medium theory to de-
duce effective conductivities.  Zhang et al. [3] simulated in-
filtrated electrodes by generating a backbone formed with 
the random packing method of micrometric sized spheres 
that is then infiltrated by the electro-catalytic phase with na-
nometric hemispheres that meet different conditions to 
avoid overlapping and aggregation of particles.  

To the best of our knowledge, there is no information 
available about simulation of infiltrated electrodes that uses 
a 3-D resistor network for the computation of the effective 
conductivity or the RP. Taking into account the above, for the 
present work we propose to carry out a novel study on the 
simulation of 3D infiltrated electrodes that takes into ac-
count the process of charge transfer through a resistor net-
work. The analysis will focus on the RP calculation based on 
the parameters that characterize the infiltrated electrode 
such as thickness, particle size, porosity, phase proportions, 
materials conductivities and charge transfer resistance. In 
addition, TPBL curve will be compare and analyzed respect 
to admittance curves, establishing in which conditions they 
present a similar behavior. 

109

mailto:cristian.martinez.setevich@gmail.com


 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 

2. Methodology 

2.1 Microstructure Generation 

Fig. 1 shows the schematic model of the infiltrated elec-
trode. It consists of three phases: the backbone of the elec-
trolyte material (gray color), the pores with the gas phase 
(black color) and the electro-catalytic or electronic conduc-
tor phase (white color). The generated electrode is a 3D-ma-
trix that contains all three elements.  

The initial matrix only contains elements of electrolyte 
material. Spherical pores of radius rG are included in this ma-
trix, replacing the ionic material at random until reaching 

the desired apparent pre-infiltrated porosity ().  
Once the matrix with the electrolyte and the gas phase 

has been generated, the metal phase is incorporated simi-
larly to an infiltration. The electro-catalytic material in the 
form of hemispheres of radius rM is randomly located at the 
electrolyte-gas interface. The infiltration continues until the 

desired volume proportion of electro-catalytic phase (M) is 

reached.  

 
Figure 1- Infiltrated electrode generation procedure 
 

2.2 TPBL computation and Determination of Rp 

The computation of the triple phase boundary length 
(TPBL) was carried out considering the interfaces where the 
charge transfer takes place at a TPB point, and the 
percolation of the different phases. In the resistor network 
method, Charge transfer points are used to introduce a 
resistor between a voxel of ionic and electronic phases at 
TPB. To determine the polarization resistance (Rp) of the 
electrode we use a resistors network method with active 
sites, similar to that implemented by Abel et al.[4] The 
model takes into account the ionic conductivity of the ionic 
backbone and infiltrated MIEC, the electrical conductivity of 
the MIEC material and the rate of charge transfer at the in-
terface between them. It is assumed that the diffusion of the 
gas phase inside the pores of the electrode is fast enough to 
not influence the RP and not be the limiting stage of the pro-
cess. The three-phase cubic matrix (electrolyte-gas-metal) 
that represents the electrode gives rise to a network of re-
sistors, which is generated by assigning a resistor to the con-
tact between two neighboring elements. Thus, each voxel p 

(i, j, k) becomes a node in the cubic network, linked to the 
six nearest neighbors with six resistors. A difference in elec-
tric potential V = 1 V is applied between the current collec-
tor and the dense electrolyte, while the voltage vi for each 
node in the network and the total current flowing through 
the electrode, are obtained through the relaxation proce-
dure based on Kirchhoff's current law. In addition, if n is 
the conductivity between two adjacent nodes, the condition 
for each node with coordinate (i, j, k) is: 
∑nn(vi,j,k-vn)=0. 
where n varies from 1 to 6 corresponding to the six lines con-
necting the node (i, j, k) to the six nearest neighbors. 

3. Results and discussion 

3.1 Calculation of admittance as a function of thickness  

Fig. 2 presents the polarization resistance values of infil-
trated electrodes using the model proposed in this work. Fig. 
2a shows the RP curves as a function of the thickness of the 

infiltrated electrode. For conductivity values i-e << i-i<< e-

e (curve 1), the RP decreases with increasing electrode thick-
ness until it reaches a constant value. The plateau value, the 
thickness at which it is reached, and the rate of variation de-
pend on the conductivity values of the materials, the CT re-
sistance, the size of the infiltrated material and the pores 
and the porosity of the electrolyte. In addition, Fig. 2a shows 
the variation of the RP with the thickness of the electrode for 

the case where all the conductivities are equal, i-e =i-i = 

e-e, (curve 3). In that case, the functional form of the Rp 
curve is proportional to e, (where e is the thickness of the 
electrode). Thus, increasing the thickness increases the dis-
tance that the charge must travel to pass from the current 
collector to the electrolyte, at the same time the number of 
TPB points increases homogeneously with the thickness re-
sulting in a proportionality between the resistance of the 
electrode and the thickness. When the conductivity of the 

CT is e-i << e-e y e-e≈i-i, (curve 2) the RP decreases with 
the thickness quickly and then increases. Thus, for thin elec-
trodes, the length of the path traveled by charges through 
the electrolyte and the metal is small but the amount of TPB 
is not large resulting in a large RP. As the thickness of the 
electrode increases the length of the TPB increases and the 
RP reaches a minimum. Subsequent increments in thickness 
increase the distance the charge must travel in the back-
bone or infiltrated material, which causes the resistance to 
increase again (curve 3 from Fig. 2a).  

Fig. 2b presents the curves of RP vs thickness curves with 

RCT values in the 0.1 – 1  cm range, fulfilling the condition 

i-e << i-i <<e-e. This consideration represents the condition 

i-e << i-i << e-e that is observed with the real experimental 
values of the conductivities, there being 3 orders of magni-
tude between the value of a conductivity and the one imme-
diately following. Hence, the RP curve decreases until it 
reaches a plateau, whose value is lower as the RCT de-
creases. Fig. 2c shows the curves of RP vs thickness when the 
conductivity of the electro-catalytic material increases from 

a value e-e = i-i to e-e = 104 i-i, with i-e << i-i (i-i =0.1 
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S/cm and RCT = 0.1  cm2). In this case, for low e-e values, 
the Rp curve decreases with increasing thickness until it 
reaches a minimum, and then increases with a behavior sim-

ilar to that observed in the curve 2 of the Fig. 2a. As e-e in-
creases the RP decreases until it reaches a plateau.  

Finally, Fig. 2d shows the RP variation for various sphere 
radii used to generate the pores (rG) and the infiltrated ma-
terial (rM). As it is expected to happen in infiltrated elec-
trodes, the polarization resistance decreases as the particle 
size of the electronic conducting phase decreases, due to 
the increase in the TPBL. When the pore size decreases, the 
same behaviour is observed due to the increase in the sur-
face of the gas-electrolyte intephase, and therefore the 
TPBL and the number of charge transfer points. However, 
the decrease in the pore size could decrease the perfor-
mance due to a greater resistance to diffusion of the oxygen 
molecule in the gas phase within the pores of the electrode, 
but this last process is neglected for the RP calculation in our 
model. Furthermore, the condition rM ≤ rG is used in our 
model, because in general de infiltrated particle size is 
smaller than the pore size in real electrodes. 
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Figure 2- Rp as a function of the electrode thickness. a) For dif-

ferent values, curve 1:e-e = 100 S/cm, i-i = 0.1 S/cm, i-e = 

0.0001 S/cm, curve 2:e-e = i-i = 0.1 S/cm, i-e = 6 x 10-6 S/cm, 

curve 3:e-e = i-i = i-e = 0.005 S/cm. b) with different values for 

i-e and with e-e = 100 S / cm and i-i = 0.1 S / cm. c) for e-e in the 

range 0.1-100 S/cm. The pore size was rG = 0.5 m and the metal 
particle size rM = 0.3 m. d) shows different infiltrated particle and 
pore size with the infiltrated amount of 70% of the maximum for 

one-step infiltration and = 0.5 were used in the figure 

        Conclusions 
The simulation present a new model of infiltrated elec-

trodes built up in several stages, ranging from the creation 
of the electrode with the incorporation of random spheres, 
the voxelization, and TPBL and admittance computation by 
means of a resistor network. This way of working has the 
advantage for simulates the electrodes through characteris-
tic parameters and makes it possible to extend the use of 

this model to other types of electrodes in addition to allow-
ing the use of experimentally obtained tomographic data.  

We expand the results obtained by other researchers 
about the 3D simulation of infiltrated electrodes. A well-es-
tablished resistance network model was used to take into 
account the charge transfer process on the interface of the 
ionic-electronic materials. The development allowed the 
simulation and analysis of the performance through the cal-
culation of the Rp. The Rp curves as a function of the infil-
trated amount and the electrode thickness were modeled 
using different microstructures, and ionic, electronic and 
charge transfer conductivities. The comparison with differ-
ent experimental and simulated results obtained by other 
researchers showed an agreement, both in the functional 
form of the curves and in the values obtained.  

Additionally, direct comparison between the obtained 
curves for the Rp and TPB active length was achieved. Both 
calculations of predicting performance are comparable and 
have similar curves as a function of the infiltrated amount. 
This similarity occurs when for the admittance calculation, 
the resistance to gas diffusion in the pores should not be the 
limiting process and, on the other hand, in the TPBL calcula-
tion only the percolation of two phases should be consid-
ered. Percolation for the electronic conductive phase from 
the TPB to the current collector and for the ionic conductive 
phase from TPB to the dense electrolyte must take place in 
the electrode. 
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1. Introduction

Redox Flow Battery technology (RFB) has experienced
an increasing interest during the last years as it could 
provide a large-scale storage solution for renewable energy 
sources contributing to support the stability of the power 
grid [1]. 

Among the components of a RFB, the electrode and the 
flow field correspond to the elements that mainly influence 
on the effectiveness of the redox reactions [1]. Flow 
uniformity in these elements seems crucial for an adequate 
performance of the RFB due to its influence on the efficiency 
and lifetime of the device [2]. 

Optical techniques are a powerful tool to characterize 
the flow distribution. Electrolyte mass transport along the 
flow field and electrode has been investigated using 
electrochemiluminiscence which allows to track its 
behaviour [3]. Infrared thermography combined with 
distributed thermocouples has also been used to visualize 
the flow spreading in a RFB cell [2]. Prumbohm and 
Wehinger [4] have utilized UV imaging to study the 
electrolyte flow through two interdigited flow field designs. 
Similarly, X-ray radiograms and tomograms have proven to 
be very effective to show the electrolyte flow inside the 
electrodes [5,6].  

This work focuses on the characterization of the flow 
distribution along an electrode by means of Planar Laser 
Induced Fluoresce (PLIF) imaging. PLIF is an optical 
technique based on the recording of the light emitted by a 
fluoresecent dye excited by a laser of a suitable frequency 
[7]. This technique will allow visualizing a fluid seeded with 
the fluorescent tracer when circulating through one of the 
porous media actually used as electrode in all-vanadium 
RFB. Two different flow rates and flow field designs have 
been tested to determine their influence on the flow 
distribution patterns. 

2. Experimental

2.1 Set-up 

The experimental campaign was carried out in a home-
made half-cell composed of two transparent plates of 
poly(methyl methacrylate) (PMMA)  which sandwiched a 
100 cm2 heat treated carbon felt electrode 4.6 mm thick. 
The cell was sealed with a 0.5 mm Viton® gasket located 
between the two plates. The flow followed a Z-type 

configuration: it was introduced at the bottom of the rear 
piece that replaces the bipolar plate and exited at the top of 
the front plate that replaced the membrane. The felt was 
fitted in a 2.5 mm deep square cavity machined in the exit 
plate. The compression level of the felt reached about 40 %. 

The working fluid was a 0.05 g/l solution of 
Sulforhodamine B in water. A pulsed Nd-YAG laser was used 
as the illumination source, expanding the beam with a 
divergent lens to cover the whole electrode area. A diffuser 
was placed to homogenize the light intensity. The laser was 
synchronized with a 12-bit 1344 x 1024 pixel CCD camera. 
An OG550 long pass filter was attached to the camera lens 
to reject reflections from the green laser light while passing 
the fluorescence emission. A photo of the PLIF setup is 
depicted in Fig. 1. A peristaltic pump provided flow rates of 
28 and 93 mL/min. These values would approximately 
correspond to states of charge (SoC) of 20 % and 80 % 
respectively. 

Three different flow fields have been considered: 1) no 
channels with centered flow entry/exit, 2) same geometry 
with silicone cords sealing the gap between the electrode 
and the plate cavity and 3) serpentine channels in the back 
(bipolar) plate with inlet/outlet at the corners. In the latter 
case, the flow field was designed with 2 mm wide x 2 mm 
deep square channels with 5 mm separation between 
adjacent ones.  

For all the configurations, pressure drop between flow 
inlet and outlet for the whole flow rate range was measured 
with a Comark differential pressure meter. 

Fig.  1: A detail of the PLIF set-up. 
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2.2 Image processing 

To analyze the electrolye flow distribution pattern, at a 
determinate instant in time, the water circulating inside the 
cell is replaced by water seeded with the tracer. A sequence 
of 300 images of the emitted fluorescence is then recorded 
at a frame rate of 8 Hz. The sequence shows the evolution 
of the flow front on the surface of the electrode that would 
be in contact with the RFB membrane. In all the images, the 
electrode region was trimmed and background corrected 
using the first image of each series. In addition, a secondary 
region of interest was selected to normalize the intensity 
accounting for variations in the laser pulse energy. To 
calculate the advance of the flow front, the images were 
binarized and thresholded. Then, all the bright pixels were 
added up giving a total of wetted surface as the electrode 
was flooded by the solution. Fig.  2 presents a sample of the 
image processing from the raw to the binary image. 

 

 

Fig.  2: Image processing sample. 1) Raw image, 2) Electrode region 
and 3) Binary image.  

3. Results 

3.1 Influence of the flow field 

In Fig. 3 the porous media flooding for the three 
configurations at a flow rate of 93 ml/min at the same 
instant after dye injection can be observed. Bright pixels 
denote the presence of tracer-seeded water. In both 
centered cases the flow stream soaks the electrode surface, 
at least partially.  

 

 

Fig. 3: Flooding area for the 3 configurations at 93 ml/min: 1) 
Centered without silicone sealing, 2) Centered with silicone 
sealing, 3) Serpentine channels with inlet/outlet at the corners.   

However, a preferential path along the gap between the 
electrode and the plate edges in the right-hand side of Fig. 
3.1 is clearly visible. In the serpentine case (Fig. 3.3), almost 

no emission from the electrode surface can be detected, 
suggesting that the liquid is mainly flowing along the flow 
field channels machined in the bipolar (back) plate, rather 
than through the porous media. 

Fig 4 shows the pressure drop measured for each 
geometry. In all the cases a linear tendency is obtained in 
good agreement with Darcy´s law for flow through a porous 
media. The highest loss corresponds to the centered sealed 
configuration, in which all the liquid is forced to flow 
through the electrode instead of circulating along the gap 
between the electrode and the plate of the unsealed case. 
On the contrary, the lowest presure drop is measured for 
the serpentine flow field, in good agreement with the 
conclusions extracted from the visualization experiments. 

   

 

Fig.  4: Pressure drop measurements for the 3 configurations. 

3.2 Influence of the liquid flow rate 

Fig. 5 displays images of both centered configurations 37 
s after the dye injection for flow rates of 28 ml/min and 93 
ml/min. 

In the sealed case at maximum flow rate, the whole 
electrode surface is already flooded. The unsealed case 
shows how the flow preferentially soaks the right hand side 
of the electrode, where it is not in perfect contact with the 
plate edge. The flow pattern at the plate exit also 
demonstrates that in this case dyed water is more rapidly 
moving along the electrode sides. In any case, it is expected 
that after a longer time, the whole surface would be wetted. 
For the lower flow rate, the bright area is obviously smaller, 
in particular, in the unsealed case.  

In order to quantify the electrode soaking progress, the 
temporal evolution of the total number of bright pixels for 
each configuration, calculated following the methodology 
described in Section 2.2, is presented in Fig. 6. The flat 
region of the green curve after a time of 30 s corresponds to 
the complete soaking of the full area of the electrode. 

4. Conclusions 

This work has demonstrated the capabilities of PLIF to 
characterize the flow in an RFB cell. The influence of the flow 
field and the flow rate on the liquid distribution on the 
electrode surface has been analyzed. 

Based on the recorded images, the tight fitting of the 
electrode within its cavity seems crucial for an adequate 
distribution of the electrolyte within the porous media. 
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Otherwise, it will preferentially flow along the gaps between 
the felt and the plate edge due to the lower pressure drop. 
For the same reason, in a plate with channels, the entire 
electrolyte will circulate along them, without being forced 
to move through the electrode, thus limiting the 
electrochemical reactions. 

The electrode soaking process has been succesfully 
quantified analyzing the evolution of bright pixels in an 
image sequence after the injection of the fluorescent dye. 

 

 
Fig. 5: Instantaneous image recorded 37 s after dye injection for 1) 
Centered without silicone sealing 28 ml/min, 3) Centered without 
silicone sealing 93 ml/min, 2) Centered with silicone sealing 28 
ml/min, 4) Centered with silicone sealing 93 ml/min. 

 

 

Fig. 6: Temporal evolution of the number of bright pixels for the 
centered configurations for flow rates of 28 ml/min and 93 ml/min. 
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1. Introduction

Among all types of energy storage systems (ESS), vana-
dium redox flow batteries (VRFB) stand out for their high ef-
ficiency (70-90 %), long life cycle, safety and the possibility 
to decouple both energy and power sizes [1]. 

One of the main challenges in the study and analysis of 
VRFB consists on the correct caracterization of its perfor-
mance through mathematical models. The importance of 
developing mathematical models is reflected in the litera-
ture, where numerous studies widely validated and refer-
enced can be found, such as the electrochemical model de-
veloped by M. Skyllas-Kazacos [2], who pioneered the use of 
vanadium in redox flow batteries.  

Models can be classified as static or dynamic, depending 
on whether the effect of time is taken into acount, and as 
distributed or lumped parameter models, depending on the 
space dimension [3]. Tools as COMSOL are used to analyze 
and develop distributed parameter models, to study effects 
of flow design, components materials or degradation mech-
anisms [4]. However, for control purposes, the distributed 
models are rarely used due to its complexity and relevant 
computational cost, both in resources and time. For that 
reason, a vast majority of works in the literature concerning 
VRFB control, use lumped parameters models. 

Most of these lumped parameters models use different 
hypothesis to relax the problem, facilitating its understand-
ing and analysis. This is the case of Skyllas-Kazacos electro-
chemical models mentioned, where the same flow rate is 
considered in both semicells, same species concentration in-
side the cell and tanks, as well as a constant temperature to 
estimate the open circuit voltage (OCV) by means of the 
Nernst equation [5]. Therefore, it is necessary to develop an 
analysis in order to define which variables and parameters 
will be modelled, and under which assumptions. 

Thus, in this work, a complete model that considers the 
most important effects of a VRFB is presented. It can be di-
vided into four submodels, according to the previous param-
eters, which are: electrochemical, voltage, thermal and hy-
draulic ones.  

This model has been developed in a Matlab-Simulink en-
vironment as a tool to analyze the performance of a VRFB in 
a wide range of possibilities, examining the behaviour of the 
species and the voltage, temperature and pressure varia-
bles, incorporating some improvements with respect to 

other works. For all submodels, a clear distinction is made 
between both sides of the system (catholyte and anolyte 
semicells), not only in terms of dimensions and flow rates, 
but also on the initial conditions. 

2. Model formulation

The model presented in this work can be decompososed
in different submodels. The inputs are the charge/discharge 
current 𝐼, the flow rates for both catholyte and anolyte 
𝑞+and 𝑞−, and the room temperature 𝑇𝑎𝑖𝑟 . 

2.1 Electrochemical 

The electrochemical model presented in this work shows 
the evolution of the species concentration distinguishing be-
tween anolyte (-) and catholyte (+) semicells, as well as cell 
and tank components 𝑐𝑐  and 𝑐𝑡, respectively. Moreover, as 
an improvement over other works, it considers the real tem-
perature of the electrolyte inside the cell which comes from 
the thermal model, and includes hydrogen ions and water. 

The behavior of the vanadium species, as well as the hy-
drogen ions and water concentration, can be used not only 
to determine the state of charge (SOC), but also to compute 
the state of health (SOH), as it considers the main ion 
transport methods such as diffusion, migration and convec-
tion [6]. 

On the one hand, the evolution of species concentration-
inside the cell can be formulated by the following differen-
tial equation: 

𝑣𝑘
𝑐
𝜕𝑐𝑖

𝑐

𝜕𝑡
= 𝑞𝑘(𝑐𝑖

𝑡 − 𝑐𝑖
𝑐) ±

𝐼

𝐹
+ 𝛻�⃗� 𝑖

where the subscript 𝑖 defines the species, subscript k is 
used to differentiate between anolyte and catholyte semi-
cells, 𝑣𝑘

𝑐  is the electrolyte volume of the semicell, 𝐹 is the 
Faraday constant and 𝛻�⃗� 𝑖 represents the ion transport 
mechanisms. 

On the other hand, the behaviour in the tanks is defined 
by the expression: 

𝑣𝑘
𝑡
𝜕𝑐𝑖

𝑐

𝜕𝑡
= 𝑞𝑘(𝑐𝑖

𝑐 − 𝑐𝑖
𝑡)

where 𝑣𝑘
𝑡  is the electrolyte volume of each tank. 

2.2 Thermal 

The thermal model is formulated to calculate the 
temperature inside the whole system, namely: both tanks, 
pipes line connections and the cell temperature 𝑇𝑐. It 
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considers the effect of the current by the Ohm’s law, and 
also the heat generated in each pump thanks to its particular 
hydraulic model [7]. 

In order to compute the temperature in any part of the 
system, the following expression can be used: 

𝑣𝑘
𝑖 𝑐𝑝𝜌

𝜕𝑇𝑖

𝜕𝑡
= 𝑞𝑘𝑐𝑝𝜌(𝑇𝑖𝑛 − 𝑇𝑖) + 𝑢𝑖𝑠𝑖(𝑇𝑎𝑖𝑟 − 𝑇𝑖)

where superscript 𝑖 is used to distinguish between the 
system part, 𝑐𝑝 is the specific heat capacity of the electro-
lyte, 𝜌 is the electrolyte density, 𝑇𝑖𝑛 is the temperature of 
the inlet electrolyte flux, 𝑢𝑖  is the overall heat transfer coef-
ficient that depends on each material and 𝑠𝑖  is the surface 
in contact with the room temperature 𝑇𝑎𝑖𝑟 . 

On the one hand, considering the temperature inside the 
cell, the effect of the current must be considered adding the 
factor 𝑟 · 𝐼2 where 𝑟 is the cell resistance. On the other 
hand, considering the temperature inside the pipe lines 
where the pumps are connected, the heat generated by the 
pumps of the catholyte (𝑊+) and anolyte (𝑊−) parts must 
also be added. 

2.3 Voltage 

The voltage model analyzes the voltage drop, 𝑉, 
between the cell terminals. Unlike the vast majority of works 
that only include the OCV without accounting for the 
Donnan effect considering the hydrogen ions, this one does 
take it into account jointly with the different 
overpontentials [8]. 

Thus, the complete expression of the cell voltage used 
here is the following one: 

𝑉 = 𝐸𝜃 +
𝑅 · 𝑇𝑐

𝐹
𝑙𝑛 (

𝑐2
𝑐 · 𝑐5

𝑐 · (𝑐𝐻+
𝑐 )3

𝑐3
𝑐 · 𝑐4

𝑐 · 𝑐𝐻−
𝑐 ) + 𝜂 

𝐸𝜃being the standard electrode potential, 𝑅 the ideal 
gas constant and 𝜂 the overpotentials [9].  

2.4 Hydraulic 

The hydraulic model is used to calculate the power that 
the pumps must supply in order to maintain the electrolytes 
flowing at a certain rate, considering the pressure drop in 
the pipes and inside the cell [10]. 

On the one hand, the pressure drop in the pipes line 
(∆𝑝𝑘

𝑙 ) can be computed by means of the following equation: 

∆𝑝𝑘
𝑙 = 𝑓

𝑙𝑘
𝑙

𝑑𝑘
𝑙

𝜌𝑣𝑘
2

2

where 𝑙𝑘
𝑙  is the length of the pipes line, 𝑑𝑘

𝑙  is the diame-
ter and 𝑣𝑘  is the electrolyte velocity that can be computed 
as: 

𝑣𝑘 =
𝑞𝑘

𝑠𝑘
𝑙

𝑠𝑘
𝑙  being the pipe section surface. 

Finally, the pressure drop inside the cell can be divided 
in two main parts. On the one hand, the pressure drop in the 
flow frames, which is calculated using the same expression 
of the pipe lines  but considering the different flow sections: 

∆𝑝𝑘
𝑓

= 𝑓
𝑙𝑘
𝑓

𝑑𝑘
𝑓

𝜌𝑣𝑘
2

2

where 𝑙𝑘
𝑓

 and 𝑑𝑘
𝑓

 are the same variables of length and di-
ameter but for the flow frames. 

On the other hand, the pressure drop inside the elec-
trodes can be calculated using the expression: 

∆𝑝𝑘
𝑒 =

𝜇𝑞𝑘𝐾𝑐𝑘(1 − 𝜀)2

𝑑𝑘
𝑒𝜀3

ℎ𝑘
𝑒𝑤𝑘

𝑒

𝑙𝑘
𝑒

where 𝜇 is the electrolyte viscosity, 𝐾𝑐𝑘  is the Kozeny-
Carman constant, ε is the electrode porosity, 𝑑𝑘

𝑒  is the diam-
eter of the electrode fibres and ℎ𝑘

𝑒 , 𝑤𝑘
𝑒 and 𝑙𝑘

𝑒  are respec-
tively, the height, length and thickness of the electrodes. 

Finally, it is possible to compute the heat generated by 
the pumps considering these pressure drops as: 

𝑊𝑘 = (∆𝑝𝑘
𝑙 + ∆𝑝𝑘

𝑓
+ ∆𝑝𝑘

𝑒) · 𝑞𝑘

3. Experimental design

A real VRFB single cell has been developed by the LIFTEC
research team (see Fig. 1), and consists of two 7x7 cm2 car-
bon felt electrodes separated by a Nafion-117 membrane. 
The electrolytes for both anolyte and catholyte consist of a 
2 M solution of sulphuric acid with a concentration 1.7 M of 
vanadium, using 80 ml for each of them.  

The experiment carried out consists of a discharge cycle 
at constant current where the voltage has been measured 
taking samples every 1 second, without impossing any initial 
conditions in terms of initial species concentration. 
Fig. 1 VRFB single cell assembled in the LIFTEC center. 

3.1 Experimental validation 

Despite the fact that many of the variables and param-
eters of the system are known or can be measured, there is 
no information available about some others and they need 
to be estimated. For this purpose, the use of an estimation 
method is required. An offline estimator based on the Parti-
cle Swarm Optimization (PSO) technique is proposed in this 
research. The main reason to choose this offline estimation 
technique is that can be implemented easily in MATLAB and 
is computational efficiency compared with other mathemat-
ical algrithms or heuristic techniques [11].  

The parameters and variables that have been consid-
ered in this work are the initial species concentrations, and 
the parameters related with the different overpotentials, 
which are the cell resistance 𝒓, the charge transfer coeffi-
cients 𝜶, and the reaction rate constant 𝜷. 

Defining the set of parameters to be estimated as 𝒑 =
[𝒄𝟐(𝟎), 𝒄𝟑(𝟎), 𝒄𝟒(𝟎), 𝒄𝟓(𝟎), 𝒄𝑯+(𝟎), 𝒓, 𝜶, 𝜷], it is possible to 
formulate the following optimization problem [12]: 
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𝑚𝑖𝑛𝒑   ∑|𝑉𝑗 − �̂�𝑗|

𝑛𝑗

𝑗=1

 

 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜  �̂�𝑗 = 𝑓(𝒑) 

 𝒄(𝒑) ≤ 𝟎 

 where 𝒏𝒋 is the number of samples of the output meas-

ure 𝑽𝒋, which must be equal to the total points of the esti-

mated one �̂�𝒋 that is computed by means of 𝒇(𝒑), which is 

the voltage function used in this work that depends on the 
complete model variables. Finally, 𝒄(𝒑) is the constraint 
vector of parameters. 

Fig. 2. Real (blue) and estimated (red) voltage profiles for a dis-

charging process of the experimental cell. 

4. Results

A discharging profile with a constant current of 3 A has
been used as a first step in order to validate the estimated 
parameters of the PSO method. Fig. 2 shows the experi-
mental profile applied to the single cell and the one ob-
tained with the calibrated model. As can be observed the 
agreement is reasonably good, presenting a similar sem-
blance in terms of voltage computation. The estimation of 
the ohmic and activation overpotential coefficients makes it 
possible to obtain a correct estimation both in the low and 
high concentration periods. 

5. Conclusions

This work presents a new dynamic model of a VRFB that
allows to consider the most important variables and effects 
that occur during the system operation. The calibration per-
formed using the PSO technique has achieved very accurate 
results with the real data obtained from a discharge experi-
ment, validating the presented model. In this way, the need 
for a model that considers different variables has also been 
demonstrated. As future improvements, it would be inter-
esting to analyze the robustness of the model for the case of 
a stack compose by different cells where the bypass currents 
can have an important effect. Another line of work, could be 
related with long term operation, analysing and validating 
the effect of ion transport mechanism, as well as possible 
degradation of the electrolyte and components. 
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1. Introduction
Nowadays renewable energy sources are receiving a

great boost due to climatic change and geopolitic strategies. 
For instance, at the last Climate Summit in Madrid, it was 
predicted that renewable energies will generate 68% of 
Spain's energy demand in 2030, a considerable increase 
compared to the current 40%. Among them, solar photovol-
taic and wind technologies are the most promising renewa-
ble energy resources to reach this goal. However, intermit-
tency in the energy supply due to uncertain lulls and/or sta-
tionality, force the integration of different technologies to 
storage the excedent energy in order to increase the quality 
and stability of the renwable energy systems.  

A promising large-scale energy storage technology are 
the all-vanadium redox flow batteries (VRFBs). These de-
vices have a large cyclability that means a very long lifetime, 
and their power and capacity range can be sized inde-
pendently, which is very relevant for stationary applications. 
The last feature has a large relevance on  the stack design 
and the electrolyte concentration and tank sizes, respec-
tively.1 

Although the stack in a RFBs comprises membranes, cur-
rent colectors and bipolar plates, the electrocatalytic reac-
tion occurs at the electrodes. The appropriate selection of 
the electrode material is crucial for the overall battery per-
formance because it has great impact on the activation over-
potentials, electrochemistry polarization as well as ohmic 
and concentration polarization. The most common elec-
trodes used for VRFBs due to their high surface area, me-
chanical stability and catalityc sites are the carbon felt (CF) 
and, specifically, those formed by carbonized or graphitized 
Rayon (cellulose) and PAN (polyacrylonitrile) fibers2. Due to 
their relative low activity towards redox reaction in VRFBs 
and their poor wettability, it is necessary to improve their 
physico-chemical properties. Such improvements may in-
clude surface modification by plasma treatment to increase 
the wettability by the formation of both, deep and surface 
concentration of oxygen-containing functional groups, thus 
improving the energy efficiency of the VRFB3. Moreover, dif-
ferent techniques oriented to increase the surface area4,5, 
metallic modifications6,7, chemical and electrochemical oxi-
dation treatments2 are used to improve the performance of 
the electrodes. 

In this study, the influence of the thermal treatment and 
the electrochemical aging by polarization of industrial CF 
materials from Sigracell® made from different precursors on 

their electrochemical properties are studied. 

2. Experimental
2.1 Electrodes

Three carbon electrode materials are used in this research. 
On the one hand, graphitized Rayon-based carbon felts from 
SIGRACELL® (GFA 6-EA, GFA 4.6-EA) and PAN-based CF from 
Avcar® 6 mm thick. They were modified by a homemade 
thermal treatment consisted in keeping the electrodes at 
500°C for 1 h in an industrial furnace under an air 
atmosphere to introduce active sites8. Besides, PAN-based 
GFD 4.6 mm width commertially thermal treated from 
SIGRACELL® CARBON.  

All the electrodes tested were exposed to an aging 
procedure using a potentiostatic polarization treatment 
(PPT) at 1.6 V vs Ag/AgCl reference electrode in low-
concentrated (0.4 M) vanadium-acid electrolyte. With this 
potential value in such positive electrolyte it is ensured high 
stress on carbon materials9 so that results could be obtained 
in a shorter time. 

2.2 Preparation of electrolyte 
Electrolytes were prepared in order to study the 

electrochemical aging of the electrodes by electrochemical 
techniques as well as in a single cell vanadium redox flow 
battery. To this end, a commertial salt of VOSO4 (0.4 M) was 
dissolved in a 2 M H2SO4, 0.05 M H3PO4 solution and two 
flasks connected at different half-cells of a single cell battery 
with 9 cm2 electrode area where filled with 80 ml of this 
solution. A galvanostatic charge set at 0.9 A was applied in 
the cell up to a voltage cut off of 1.6 V. VO2+ electrolyte at 
the positive side and V3+ electrolyte at the negative side 
were obtained. In order to get V2+ electrolyte, another flask 
containing VO2+ electrolyte is placed at positive side and a 
0.9 A galvanostatic charge is again applied to the cell.  

2.3 Electrochemical characterization 
The electrochemical impedance spectroscopy (EIS) 

measurements were carried out in a three-electrode 
electrochemical reactor at 25oC. Bare and treated 
electrodes were used as working electrodes. The reference 
and counter electrodes were Ag/AgCl (+0.207 V vs SHE) and 
a platinum sheet, respectively. 

Potentiostatic polarization tests (PPTs) were carried out 
at 1.3 V. After the PPTs, the samples were settled for 15 
min to attain its stable open circuit potential (OCP) and, 
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then, EIS measurements were performed. Impedance data 
were collected for frequencies ranging from 10-2 to 106 Hz 
with an excitation amplitude of 5 mV, using an Autolab 
potentiostat/galvanostat combined with a FRA32M 
module. The impedance data were curve-fitted to 
equivalent circuits using the Nova 2.1 software by 
Metrohm®. 

 
2.4 Charge-Discharge tests 

All charge and discharge cycles were performed in the 
single cell. The VRFB single cell consisted of two Sigracell® 
graphite composite bipolar plates as well as an anion 
exchange fumasep® FAP-330-PE membrane, and two 
electrodes. Bare and treated CF electrodes of a 9  cm2 area 
of different widths were used. The electrolytes for both 
positive and negative electrodes were the same, 0.4 M 
VOSO4 in 2 M H2SO4 and 0.05 M H3PO4 with volumes of 80 ml 
each. The cell was charged and discharged at a current 
density of 100 mA/cm2 with upper and lower voltage limits 
of 1.8 V and 0.2 V, respectively. 

 

 
Figure 1. a) Nyquits plot for PAN-based carbon felts GFD 4.6 mm 
thichness. Samples after different cycles of PPT. VOSO4 0.4 M, 
H2SO4 2M. Ag/AgCl reference electrode, b) equivalent circuit of the 
4th cycle sample 

3. Discussion 
Figure 1a) shows a representative Nyquist plots of the 

PAN-based carbon felts GFD 4.6 mm thichness during 5 cy-
cles of PPT aging. As can be observed, all of the Nyquist plots 
shows similar responses with an initial semicircle at high 
frecuencies, characteristic of a charge transfer mechanism 
and a straight line at low frecuencies, which is characteristic 
of a mass transport mechanism (diffusion step). Thus, this 
behaviour indicates that the VO2+/VO2+ redox reaction on 
this carbon felt electrode is governed by two different 
mechanisms. 

The equivalent circuit of Fig. 1b), which fits the EIS data, 
includes the solution contact resistance (SCR) R1, and R2 and 

CPE, which stands for the charge transfer resistance (CTR) at 
the electrode-electrolyte interface R2 and the double layer 
capacitance (Cdl) of the faradic arc in the medium frecuency 
region. Finally, the Warburg element Ws1 describes the mass 
transport limited diffusion effect in the low fraquency re-
gion. 

As can be observed in Fig. 1a), as the polarization tests 
evolve the CTR increases from 82.4 mΩcm2 to 142 mΩcm2 
which may be attributed to a decrease in C=O and C-OH 
functional groups8 of the thermal activated carbon felts wich 
is related to the wettability capacity of the high porous car-
bon felts. 

 
Figure 2. Nyquits plot for PAN-based carbon felts GFD 4.6 mm 
thichness activated and non-activated electrodes Samples at end 
cycles of PPT. VOSO4 0.4 M, H2SO4 2M. Ag/AgCl reference elec-
trode. 

The Nyquits plots for activated and non-activated PAN-
based carbon felts GFD 4.6 mm thick electrodes are shown 
in Fig. 2. The different semicircle sizes point to the fact that 
the thermal treatment influences the performance of the 
electrodes mainly due to modifications on their phisical 
properties (wettability and active surface area) and 
chemical composition. The solution contact resistance (SCR) 
for both electrodes are nearly the same, 20.5 mΩcm2 and 
22.2 mΩcm2, respectivelly. However, the responses to the 
charge transfer resistance of the faradaic processes appear 
markedly modified showing a better performance to PPT of 
the activated carbon felt electrode with CTR of 141 mΩcm2 
versus 174.9 mΩcm2 for the non-thermally treated one. At 
low frequencies, both electrodes exhibited diffusion-limited 
behaviour typical of highly porous media. 

Taking into account the good performance of the 
thermally treated electrode of SGC 4.6 mm thick 
commercially available, a study of the behavior in the VRFB 
single cell (3x3 cm2 electrode area) with vanadium 0.4 M, 
H2SO4 2 M and H3PO4 0.005 M electrolyte were carried out. 
The most characteristic parameters defining the VRFB 
efficiency were also meassured. 

Figure 3. shows the effect of compression ratios (CR) on 
the voltage, coulombic and energy efficiencies (VE, CE, EE), 
respectively, as well as the discharge capacity (DC) of the 
VRBFR at 70 ml/min flow rate and different current 
densities. It is very relevant how the VE is affected by the 
compression rate. Firstly, an increase in VE is observed at all 
densities values up to a CR of 42.6 % due to a decrease in 
the interfacial contact resistance betwen the electrode and 
bipolar plates. Then, a sudden decrease of the values of this 
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parameter occurs because at such large CR, their is a drastic 
reduction in the electrodes porosity that is more critical than 
the achieved reduction of the interfacial contact resistance. 
Impedance studies (not shown here due to space limitation) 
in such VRFB single cells, shows how the charge transfer 
resistance is increased at high compression ratios. 

 

 
 
Figure 3. VRFB efficiencies at different compression ratios and 
current densities of 150 (top), 100 (medium) and 80 mA/cm2 
(bottom). 

References 
[1]  Tas M, Elden G, A comprehensive review of carbon-based and 
metal-base electrocatalysts in the vanadium redox flow battery, 
Energy Storage, 4:e265 (2022) 1-22. 
 
[2]  Thi Xuan Huong Le, Mikhael Bechelany, Marc Cretin, Carbon 
felt based-electrodes for energy and environmental applications: A 
review, Carbon 122 (2017) 564-591. 
 
[3]  J.-Z. Chen, W.-Y. Liao, W.-Y. Hsieh, C.-C. Hsu, Y.-S. Chen, All-
vanadium redox flow batteries with graphite felt electrodes 
treated by atmospheric pressure plasma jets, J. Power Sources, 274 
(2015) 894-898.  

[4]  I. Mustafa et al., Effects of carbonaceous impurities on the elec-
trochemical activity of multiwalled carbon nanotube electrodes for 
vanadium redox flow batteries, Carbon 131 (2018) 47-59. 

[5] L Wei, TS Zhao, G Zhao, L An, L Zeng, A high-performance carbon 
nanoparticle-decorated graphite felt electrode for vanadium redox 
flow batteries, Applied energy, 176 (2016) 74-79. 
 

 

4. Conclusions 
In this study the aging of the treated electrodes has been 

demonstrated. Although soaking the carbon felt electrodes 
in sulfuric acid is a known method to activate these 
elements, when this happens in a vanadium electrolyte, the 
charge transfer resistance is increased and the DLC is 
decreased probably due to changes in the chemical 
composition and wettability of the cabon felts. 

Studies performed in single cell have revealed that 
voltage efficiency has a higher weight than the coulombic 
efficiency in the globar VRFB energy efficiency. Thus, 
porosity, which affect the VE, plays an important role in the 
energy efficiency of the VRFC when using high compression 
ratios.  
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1. Introduction

Water-in-salt (WiS) electrolytes have drawn the energy
storage community’s attention due to their potentiality to 
be used in different supercapacitor and battery technologies 
[1]. WiS are especially attractive because they help to miti-
gate the safety issues caused by organic electrolytes while 
maintaining a wide electrochemical stability window of 3 V.  

The physical chemistry of the electrolyte is at the heart 
of the performance of any electrochemical device for energy 
conversion. Lithium-based batteries are no stranger to this 
situation and the transport properties of the electrolyte 
have a direct impact on the rate capability, inner resistance 
and overpotentials, making an important contribution to the 
overall performance. 

WiS present transport properties that are beneficial for 
battery and supercapacitor operation, such as high Li+ 
transport number related to a selective mobility−viscosity 
decoupling of lithium ions [2]. It has been proposed that the 
origin of the high lithium transport number observed in WiS, 
using pulsed field gradient nuclear magnetic resonance 
(PFG-NMR) [2] is a consequence of the nano-heterogeneous 
nature of these electrolytes. Using molecular dynamic (MD) 
simulations, Borodin et al. [3] have proposed the formation 
of dynamic nanodomains for a 21 molal solution of bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) in water, consisting of 
Li+(H2O)4 and Li+(TFSI−)x, which they called “water-rich” and 
“anion-rich”, respectively. 

In this work we will analyze the relation between 
nanostructure and transport properties of WiS electrolytes 
of interest in the field of energy storage. In particular,  Small-
Angle Neutron-Scattering (SANS), conductivity, diffusion, 
viscosity and transport numbers results of superconcen-
trated aqueous solutions based on lithium trifluoro-
methanesulfonate (LiTf), LiTFSI and LiTFSIm + LiTfm/3 (where 
m is molality) as a function of concentration and tempera-
ture will be discussed. 

2. Experimental

2.1 Sample preparation 

LiTf (Sigma-Aldrich, 99.99%) and LiTFSI (Sigma- Aldrich, 
99.95%) were dried by heating at 140°C for more than 12 h 
and stored within an Argon-filled MBRAUN glove box with 
oxygen and water contents lower than 2 ppm, until the 

solutions were prepared. For achieving the desired molali-
ties, all the solutions were prepared by weighing the re-
quired amounts of salts and ultrapure (milliQ) water for 
transport measurements or deuterated water (D2O, deuter-
ium oxide, Aldrich, 99.9%) for SANS measurements, with the 
help of a syringe, and stored in parafilm sealed vessels.  

2.2 Viscosity and density measurements 

The viscosities of the solutions at different salt concen-
trations were measured with a capillary rolling ball viscom-
eter (Anton Parr, Lovis 2000 M/ME) at 298.15, 308.15, 
318.15 and 328.15 K (accuracy 0.01 K). Two capillaries, hav-
ing diameters 1.59 mm and 1.80 mm were used to accu-
rately cover the entire range of viscosities. The densities of 
the solutions as a function of the concentration and tempe- 
rature, required for converting the rolling times to dynamic 
viscosity, were measured using a 2 cm 3 volumetric flask 
with a calibration mark. 

2.3 Conductivity 

The electrical conductivity of LiTf solutions as a function 
of the concentration and temperature were measured in 
this work, while those for the mixtures of LiTFSI m -LiTf m/3 
and the LiTFSI solutions were taken from the data reported 
by Ding et al. [4,5]. A capillary conductivity cell with two plat-
inum electrodes and a volume of approximately 2 cm 3 was 
used in order to minimize the amount of salt required. The 
cell was calibrated with a standard 0.1 molal KCl aqueous 
solution of known conductivity at each temperature. The im-
pedance spectrum between 0.1 Hz and 10,000 Hz, at 0.1 V 
voltage amplitude, was recorded employing an Autolab 
PGSTAT302 N potentiostat (Echochemie, Netherlands), and 
the results were fit using a series RC model circuit. 

2.4 Diffusion coefficients of Li+, Tf–, and TFSI− ions in the su-
per-concentrated solutions 

Diffusion-ordered (DOSY) NMR spectroscopy of 1H, 19F 
and 7Li has been used for determining the diffusion coeffi-
cients of the solvent, the anions, and the Li+ ion, respec-
tively, in the LiTf and LiTFSIm -LiTfm/3 solutions. The solution 
was placed into a 3 mm (o.d.) NMR tube that have been 
shown to minimize convection effects, up to a height of 5 
cm, in such a way that it lay within the region of the constant 
magnetic field gradient. A Bruker Avance Neo 500 NMR 

121

https://www.researchgate.net/institution/Helmholtz-Zentrum_Berlin/department/Institut_fuer_Weiche_Materie_und_funktionelle_Materialien
mailto:ga.horwitz@gmail.com
mailto:hrcorti@tandar.cnea.gov.ar


 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 

spectrometer (1H at 500.13 MHz, 19F at 470.59 MHz, 7Li at 
194.37 MHz) was used, equipped with a z-gradient amplifier 
and a broadband observe probe (Bruker BBFO plus–AZ 
Smart Probe) with z-axis gradient coil having a maximum 
gradient strength of 55 G cm−1. The 90 °pulse lengths were 
12.0 (1H), 13.5 (7Li), and 15.0 (19F) μs. The self-diffusion coe- 
fficients were obtained at 298.15 K and 328.15 K, and the 
gradient strength was calibrated using the known self-diffu-
sion coefficient of the “doped water” standard sample from 
Bruker (1.91.10−9 m2.s−1 at 298.15 K). 

 

2.5 Small Angle neutron Scattering 

SANS measurements of the most concentrated solu-

tions ( 7 m ) were performed at the monochromatic instru-
ment V4 at BER II in the Helmholtz-Zentrum Berlin (HZB). 
The distance between the sample and the detector was set 
to 1 m, and the wavelength of the cold neutrons was λ = 4.5 
Å, which led to a range of Q vectors from 0.45 to 8 nm−1 
(0.78−12.6 nm) (Q = 4π/λ sin θ is the module of the momen-
tum transfer vector and 2θ is the scattering angle). The 1D 
scattering patterns were obtained by converting the iso-
tropic 2D scattering data with the BerSANS software. 

The lower concentration solutions (< 7 m) were measu -
red in the instrument ZOOM at the ISIS Neutron and Muon 
Source (Oxford, UK)  in  “time-of-flight” mode with incident 
neutron wavelengths in the range 1.75 Å < λ < 16.5 Å, cover-
ing the range 0.42 < Q < 8.4 nm−1. The data were reduced 
using the open-source Mantid software. Results from both 
instruments are corrected for sample transmission, quartz 
cell background, and D2O incoherent scattering. 

3. Results 

3.1 Transport properties  

Figure 1 shows that the conductivity of LiTf, LiTFSI and 
LiTFSIm-LiTfm/3 super-concentrated aqueous solutions de-
creases with increasing molality for m > ≈ 4 mol.kg−1. This 
behaviour is, in part, a consequence of the increasing viscos-
ity of the solution and also due to the anticorrelated motion 
of ions of the same charge.  

 
Fig. 1: Conductivitiy of super-concentrated LiTf (red symbols) at 
298.15 K (■), 308.15 K (▼), 318.15 K (●), 328.15 K (▲), LiTFSI at 
298.15 K (blue dot-dashed line) and 328.15 K (blue dotted line) [5] 
, and LiTFSI m + LiTf m/3 at 298.15 K (■) and 328.15 K (▲) [4] as a 
function of the salt molal concentration compared with that of 
LiTFSI in 1,2-dimethoxyethane (DME) (green symbols) [5,6] 

As it can be seen in Figure 1, the conductivities of these 
WiS electrolytes are comparable to those of non-aqueous 
electrolytes commonly used in Li-O2 batteries, such as LiTFSI 
in 1,2- dimethoxyethane (DME), which is the most conduc-
tive system from the family of the glymes [6,7]. 

The measured viscosity of all the systems followed an 
exponential relation with molality, and decreases as tem-
perature increases, as expected. The diffusion coefficients 
were used to determine the apparent transport numbers 
(t+), which lie above 0.5 and increase with concentration in 
all the cases.  

3.2 Nanostructure of WiS electrolytes 

LiTf and LiTFSI based WiS were analyzed using Small An-
gle Neutron Scattering in the concentration and tempera-
ture range 4 - 21 m and 25 °C – 60 °C respectively. In all the 
cases, the WiS electrolytes show a SANS dispersion peak 
close to Q =3.5-5 nm-1, which is clear evidence of nano- 
structuring on the 1.2 nm scale.  

Figure 2 shows the results for LiTFSI solutions. The peak 
was fitted with the Teubner-Strey model [8], which 
describes nanoscopic inhomogeneities seen as two media of 
different scattering density, generally interpenetrating. 

 

  
Figure 2: Normalized dispersed intensity as a function of Q vec-

tor for LiTFSI-D2O. The Teubner-Strey fitting is represented as a red 
line. Curves are shifted upwards in the Intensity axes for a clear 
representation. 

4. Discussion 

4.1 Decoupling of ionic mobility from viscosity in WiS elec-
trolytes 

The usual way of analyzing the relation between the vis-
cosity and the ionic mobility is by resorting to the fractional 
Walden law (WL) or the Stokes-Einstein relation (SER), rep-
resentred by equiations 1 and 2, respectively: 

 

 = 𝑐𝑡𝑒   (1) 
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values implies a decoupling between ionic mobility and vis-
cosity and the lower is α, the larger the decoupling. 

All the WiS electrolytes studied in this work presented 
decoupling of conductivity from viscosity. It is noteworthy 
that the Walden product or the WiS is higher than that of 
the same salts at infinite meaning that they have higher con-
ductivity than expected for an infinitely diluted solution 
(maximum ionic conductivities) with equivalent viscosity. 

By analyzing the diffusion coefficients, it is possible to 
disentangle the contribution from different species to the 
mobility decoupling. A deviation from the SER is observed 
for the Li+ ion in the three super-concentrated solutions, 
while the corresponding anions do not exhibit decoupling. 
Thus, we conclude that the de- coupling factor α measured 
for the salt conductivity, is mainly due to a boosted motion 
of the Li+ ions, which also results in high cation transport 
numbers. In fact, the α values lie in between the decoupling 

parameter  of the anion and cation for each solution.  
The preferential decoupling of Li+ can be explained by 

the formation of nanoscopic domains in WiS electrolytes 
comprised by a Li+(TFSI−)x net (anion-rich domains), with per-
colating channels of high H2O and Li+ mobility (water-rich 

domains). The similar   value obtained for Li+ and water, 
and the differentiated anion and cation movement strongly 
support that view of nanosegregation in these WiS electro-
lytes. 

 

4.2 Nanostructure of WiS electrolytes 

A correlation peak centered around Q = 3.5−5 nm−1 can 
be distinguished in the SANS profiles for all the solutions 
within the WiS regime (concentration ≥ 7 m), confirming the 
presence of structural nano-heterogeneities in these elec-
trolytes. These heterogeneities were ascribed to the afore-
mentioned “water rich” and “anion rich” phases, responsi-
ble for the peculiar transport properties of these systems.  
Interestingly, the morphology of these heterogeneities was 
found to be temperature independent between 25 and 
60°C.  

By fitting the results with a Teubner-Strey model [8], the 
periodicity distance (d) and surface to volume ratio  (S/V) of 
the boundary between the different phases (anion-rich and 
water-rich) was determined. For LiTFSI solutions the do-
mains were found to decrease in size with concentration, 
while for LiTf they seemed to remain the same size. Interes-  
tingly, at high concentrations LiTf and LiTFSI WiS electrolytes 
seem to have identical morphologies.  

A common monotonically descendent trend of the sur-
face to volume ratio was found for salt volume fraction, ϕsalt, 
higher than 0.5, which led us to propose a picture of these 
solutions as nanometric water channels penetrating a 3D 
anion-rich matrix. Moreover, we propose that the parame-
ter that determines the formation of such heterogenei   ties 
and their morphology is ϕsalt, that can be calculated from the 
partial molar volumes of water and salt in the hypothetical 
liquid supercooled state. This is reason why LiTFSI-based 
WiS electrolytes exhibit a SANS correlation peak at smaller 
molal concentrations, but similar volumetric fractions com-
pared to LiTf-based WiS, and also higher transport numbers. 

5. Conclusions 

The relation between nanostructure and transport 
properties of super-concentrated electrolytes was analyzed, 
by combining different classical physicochemical measure-
ments and scattering techniques.   

The trends found for the morphological parameters led 
us to propose a picture of these solutions as nanometric wa-
ter-rich channels penetrating a 3D anion-rich matrix, re-
sponsible for the decoupling of Li+ and water mobility from 
the viscosity. We propose that the salt volume fraction de-
termines the formation of these domains, which explains 
the ordering of LiTFSI at lower molal concentrations than 
LiTf, and its higher transport numbers.  
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1. Introduction
It has been established that the Li-O2 battery with the

highest energy density undergoes parasitic reactions with 
degradation of electrolyte and cathode material, which lim-
its the cycle number due to the formation of very reactive 
singlet oxygen formed by superoxide disproportionation.  
    We present herein a new operando method for the detec-
tion of singlet oxygen during the discharge of an aprotic Li-
O2 battery. The first electron transfer step to molecular oxy-
gen in aprotic solvents yields superoxide anion radical,  

 O2 + Li+ + e− → [LiO2]surf   (1) 

where [LiO2]surf  is a surface superoxide ion pair, which can 
undergo disproportionation to generate the extremely reac-
tive singlet oxygen (1O2 or 1∆g ) and Li2O2(1): 

[LiO2]surf  + [LiO2]surf  → Li2O2 ↓ +x O2
1 + (1 − x)  O2

3  (2)                                                                                                   

     The identification of singlet oxygen, 1O2, is based on its 
reactivity towards 9,10-dimethylanthracene (DMA) which 
rapidly and selectively traps 1O2 by forming its endo-perox-
ide (DMA-O2) and can be detected in operando following 
DMA fluorescence decay. 

(3) 

     Gasteiger et al. showed that singlet oxygen is formed dur-
ing Li2O2 oxidation at potentials above 3.5 V vs. Li/Li+(2). 
Freiberg et al.  showed that 1O2 generated by photoexcita-
tion of Rose Bengal reacts with carbonate solvents in Li-ion 
batteries(3). Hassoun et al. had suggested the involvement of 
singlet oxygen in the Li-O2 battery cathode(4) while the group 
of Freunberger has shown that singlet oxygen causes most 
of the parasitic chemistry during non-aqueous alkali metal-
oxygen batteries(5-10). Mahne studied the reactivity of 0.1 M 
LiClO4 in ethylene glycol dimethyl-ether (DME) electrolyte 
with singlet oxygen, photochemically generated with a pho-
tosensitizer(8). It has been shown that oxidation of Li2O2(2,8) 
and also Li2CO3(7) results in the production of 1O2 detected 
by  the decrease in the fluorescence intensity of 9,10-dime-
thylanthracene (DMA) due to its specific reaction with sin-
glet oxygen(11).   
     We have reported experimental evidence of 1O2  for-
mation during oxygen reduction on carbon electrodes in 
LiTFSI in DMSO by  following the fluorescence decay of DMA 

during ORR chronoamperometry using an electrochemical 
fluorescence cell without stirring(12). 

2. Experimental
2.1 Chemicals:
     Bis-(trifluoromethanesulfonyl) imide (LiTFSI, 99.995%), 
anhydrous dimethyl sulfoxide (DMSO, ≥99.9%), N-Methyl-2-
pyrrolidone (NMP), 9,10-Dimethyl-anthracene (DMA) and 
poly (vinylidene fluoride) (PVDF) were purchased from 
Sigma-Aldrich. Sodium azide (NaN3, 99%) was obtained from 
Fluka.  

2.2 Electrodes: 
    Carbon cathodes were made from a slurry of Multi-Wall 

Carbon Nanotubes (MWCNTs, Nanolab) with PVDF as binder 
in the ratio 9:1 using N-methyl-2-pyrrolidone (NMP). We 
used Li1.5Mn2O4 as counter electrode (~3.04 V vs. Li/Li+ 
(DMSO)(13) in order to specifically probe reactions at the 
cathode and to exclude unwanted reactions of electrolyte 
components with a Li-metal anode. Li1.5Mn2O4 was prepared 
from an equimolar mixture of Li2Mn2O4 and LiMn2O4, carbon 
Vulcan XC-72 (Cabbot) and PVDF (8:1:1) dispersed in NMP. 

2.3 Electrolytes: 
     0.5M LiTFSI in DMSO and 1mM DMA with and without 
addition of 30mM NaN3 as a physical quencher of singlet ox-
ygen. Prior to use, the electrolyte was dried using 4 Å type 
molecular sieves (Sigma-Aldrich) and water content (<20 
ppm) was measured using a Karl Fisher 831 coulometer 
(Metrohm). All solutions were prepared inside the MBraun 
glove box.  

2.4 Operando cell assembly and electrochemical measure-
ments: 

A stainless steel EQ-STC-Li-air split test cell (MTI) was 
used with a quartz observation window at the bottom which 
allows spectroscopic analysis of the battery for the in oper-
ando measurements using a bifurcated optical fiber 
(Thorlabs). A schematic representation of the experimental 
setup is shown in Fig. 1. The cell was assembled inside an 
MBraun glove box under Ar atmosphere. The cathode com-
prised carbon nanotubes deposited on onto a carbon gas 
diffusion layer (Freudenberg H23C4) of 10mm in diameter. A 
glass microfiber filter was used as separator (Whatman, 
GF/D) with 150 μl electrolyte and the Li1.5Mn2O4 counter 
electrode on the side of quartz window with a 5 mm 

+ O
O

1O2
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diameter hole to allow the light from the optical fiber to 
reach the cathode surface.  

  The cell was purged with high purity O2 for 15 minutes 
before discharge. The electrochemical performance was an-
alized by galvanostatic discharge using an Autolab PGSTAT 
204 (Metrohm) at different current densities and discharge 
cut off potential set at 2 V vs. Li/Li+ (DMSO). 

 
2.5 Fluorescence Measurements: 

DMA fluorescence was measured in DMSO solution and 
in the battery Li-O2 battery before, during and after dis-
charge at 0.1 mA during 500 seconds with MWCNTs cathode 
and Li1.5Mn2O4 anode. 

DMA fluorescence was measured in DMSO solution and 
in the battery Li-O2 battery before, during and after dis-
charge. The fluorescence measurements were carried out 
using a PTI model QM-4 spectrofluorometer, which was 
adapted to fit input and output light with a bifurcated opti-
cal fiber in front face configuration. Emission spectra were 
measured exciting the electrolyte at 378 nm, and corrected 
by considering the detection responsivity with wavelength 
provided by the manufacturer and checked in our labora-
tory. The DMA fluorescence emission exhibits a maximum at 
430 nm. For the operando measurements 1 mm slits were 
used and a GG400 filter (Schott) was employed to avoid ex-
citation light reaching the detector. 

 

 

Figure 1. Experimental set: split cell, bifurcated optical fiber, spec-
trofluorometer and potentiostat/galvanostat. 

3. Results and Discussion 
     Fig. 2 depicts base line corrected fluorescence emission 
spectra of 1mM DMA in 0.5 M LiTFSI in DMSO with excita-
tion at 378 nm. For comparison DMA in DMSO solution (Red 
dotted line) is shown and operando fluorescence of DMA in 
electrolyte before battery operation (black line), and DMA 
fluorescence decay after battery discharge at 0.1 mA for 500 
seconds (blue line). This demonstrates that the experiment 
can capture spectroscopically the fate of DMA and hence of 
1O2 that results from the Li-O2 battery discharge under op-
eration conditions. 

      The fluorescence decay of 1 mM DMA under constant 
current (0.05 – 0.1 mA) increases with the O2 reduction 
charge and follows the O2 reduction diffusion pattern as has 
been previously shown in a cuvette with the cathode under 
O2 reduction conditions.  
     The life time of singlet oxygen in DMSO is 5.5 μs(14) and 
therefore the DMA fluorescence quenching arises from a so-
lution adjacent to the carbon cathode. 

It should be noticed that DMA fluorescence spectrum 
features are the same but the intensity decays. When the 
electrolyte contains 30 mM sodium azide the fluorescence 
is constant and shows that any 1O2 formed during the bat-
tery operation has been quenched by the NaN3. 
     Under similar conditions the battery has been cycled at 
limited discharge charge of 500mAh/g for more than 150 cy-
cles while in the absence of the physical quencher, NaN3, af-
ter 40 cycles an important increase in the charge and dis-
charge overpotential was observed fading away after 90 cy-
cles. 
 
 

 
 
Figure 2. Fluorescence emission spectra of DMA and quenching by 
singlet oxygen generated in the battery operation. MWCNTs 
cathode and Li1.5Mn2O4 anode.  

4. Conclusions 
We have shown for the first time an operando detection 

of singlet 1O2 during discharge of a Li-O2 battery with a new 
experimental approach using a bifurcated optical fiber and 
a Li-O2 battery with an optical window that allowed the in-
spection of DMA fluorescence decay by formation of non 
fluorescent endoperoxide with singlet oxygen. The fluores-
cence decay could be offset by 30 mM sodium azide which 
physically quenches the singlet oxygen. 
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1. Introduction

Lithium peroxide (Li2O2) is the main discharge product
of the rechargeable Li-O2 battery (LOB), a promising 
technology due to the exceptionally high theoretical energy 
density. In the last years, it has been intensively studied with 
the aim of finding solutions to the limitations that are 
preventing its practical implementation. Among the critical 
issues are the insulating character of Li2O2 and the high 
charging overpotential that impairs its efficiency [1].  

One of the strategies that has been proposed to reduce 
the overpotential was the incorporation of heteroatoms in 
the electrolyte that can dope the discharge product [2]. The 
mechanism of how this doping can affect the performance 
of the battery is still unclear. In this work, we perform first-
principle calculations based on the density functional theory 
(DFT) to shed light on this particular point. But, in order to 
understand the effect of doping in the charging 
performance, we first have to clarify several crucial aspects 
of the electronic structure of the pristine Li2O2 surfaces. 

Standard local DFT functionals induce spurious metallic 
states in the insulating bulk Li2O2 upon lithium vacancy 
formation or at its non-stoichiometric surfaces. These 
surface metallic states have been interpreted as beneficial 
to the operation of the battery because a metallic behavior 
of the Li2O2 surface could mitigate the electrical passivation 
of the cathode. 

Previous works have shown that the lithium vacancies 
(VLi) and hole polarons are the dominant charge carriers in 
bulk Li2O2, and that the inclusion of exact Coulomb exchange 
interaction beyond standard local or semilocal functionals of 
DFT, as it is done within the Heyd-Scuseria-Ernzerhof (HSE) 
screened hybrid functional, is essential for achieving their 
correct description [3]. On the other hand, the different 
Li2O2 surface orientations play an important role in the 
oxygen evolution reaction (OER) occurring during the 
recharge of the battery, so a proper theoretical description 
is imperative. 

Doping Li2O2 is a potential strategy to improve the 
efficiency of the LOB. However, the mechanisms of how the 
incorporation of heteroatoms in the Li2O2 can affect the 
performance of the battery are still unclear. Experimentally, 
barium (Ba) was one of the heteroatoms considered, 
achieving a significant reduction in the charging 
overpotential [4]. The authors ascribed this effect to an 
improvement in the charge transport as a consequence of 
Ba incorporation in Li2O2.  Afterward, Chen and coworkers 
showed that a LOB with Na-doped Li2O2 as a discharge 

product also presents a lower charge overpotential as 
compared to the undoped system, since the Na+ as the 
dopant induces lithium vacancies, which according their DFT 
calculations using semilocal standard functionals, lead to 
conducting states in Li2O2 [2]. This theoretical interpretation 
needs to be revised. 

2. Computational methods

First-principle calculations based on DFT are performed
with the generalized gradient corrected approximation 
(GGA) by Perdew, Burke and Ernzerhof (PBE), as well as the 
hybrid functional by Heyd, Scuseria and Ernzerhof (HSE06), 
as implemented in the Vienna ab initio simulation package. 
For technical details see Ref. [5]. The surfaces are simulated 
using a slab geometry of Li2O2 separated by a vacuum layer 
of 10 ÅA. In some cases, it is necessary to duplicate the cell 
in one direction of the surface plane and remove selected 
lithium or oxygen atoms in order to attain different surface 
stoichiometries such as the oxygen-rich (O-rich) and 
stoichiometric one (ST). 
The surface energy, for T=300 K and P=1 atm, can be 
calculated as: 

γ(T,P)=[Gslab-(NLi/2)gbulk+(NLi-NO)μO(T,P)]/2A,  (1) 

where Gslab is the free energy of the surface supercell, A is 
the area of the exposed surface, NLi and NO are the numbers 
of Li and O atoms present in the slab, gbulk is the free energy 
per formula unit of bulk Li2O2 and μO (T,P) are the chemical 
potentials of O in bulk Li2O2.  

We calculate the free energy of each electrochemical 
intermediate step during the recharge process of the 
battery, assuming that the couple (Li+ + e-) is in equilibrium 
with bulk metallic Li; that the O2 molecule in solution is in 
equilibrium with both, O2 in the gas phase and O2 adsorbed 
at the surface; that during the desorption of Li+ ion at the 
cathode there is a coordinated (Li+ + e-) charge transfer and 
that the interactions of the surface species with the 
electrolyte can be ignored. 
The free energy change between reaction steps is given by: 

ΔGn=[En-En-1+ΔNLi(μLi-eU)+ΔNO2μO2(T,P)],                           (2) 

where n represents an intermediate reaction step, En is the 
total energy of the configuration at that step. ΔNLi and ΔNO2 
are the number of Li and O2 atoms that are removed from 
the surface in step n with respect to step (n-1), and eU is 
electron energy under the applied charging potential U. 
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3. Results 

3.1 Surface energy and electronic structure  

First, we calculate the surface energy and the electronic 
structure of the [0001], [1-100] and [11-20] facets with 
different stoichiometries (see Table 1).  It can be seen how 
GGA and HSE provide a qualitatively different 
thermodynamic description of the trend in the stability of 
the surfaces. Within GGA the most stable orientation is the 
[0001] O-rich-1 while within HSE it is the [1-100] ST-3 one. 
The discrepancy between GGA and HSE arises from the fact 
that GGA is not able to correctly describe the localization of 
the non-compensated charge (the hole polarons) due to the 
intrinsic self-interaction error. Figure 1 shows the crystal 
structure of the studied surfaces for the stoichiometric and 
oxygen-rich situations (ST and O-rich) obtained with HSE. 
The formation of polarons occurs in the non-stoichiometric 
cases within HSE. Precisely, the lacking charge at the oxygen-
rich surfaces takes the form of hole polarons at certain 
dimers, that are sketched as purple bonded. 

Table 1. Surface energies γ of Li2O2 at 300 K and 1 atm, the * 
denoted the lowest surface energy within each method. 

Orienta

tion  
Termination γGGA[meV/A2] γHSE[meV/A2] 

[0001] O-rich-1 17.0* 50.8 

 ST-4 47.8 44.2 

[1100] O-rich-2 31.5 43.7 

 ST-3 33.5 37.5* 

[1120] O-rich-1 40.4 49.4 

 O-rich-2 34.3 50.4 

Figure 
1: Crystal structure of Li2O2 surfaces calculated with HSE. Red 
(green) spheres represent O (Li) atoms, and the purple bond 
represents a hole polaron localized at the O2 site. 

The functional HSE partially corrects this error by adding 
a fraction of the exact exchange and it is able to achieve the 
formation of hole polarons. These polarons have an elastic 
cost which raises the surface energy γ, therefore, it is 

expected that the O-rich facets have higher γ than the ST 
ones within HSE. 

In Figure 2, we plot the density of states (DOS) 
calculated using GGA and HSE for the [0001] O-rich-1 
surface, projected at the oxygen 1st (surface) and 2nd (sub-
surface) layer. According to HSE, this O-rich surface turns 
out to be insulating. The localized hole polaron is evident as 
a peak in the middle of the gap. Conversely, the GGA results 
for the same surface, show spurious surface metallic 
behavior. The same applies to all O-rich surfaces studied. 

 
Figure 2: Projected DOS at O surface and sub-surface sites 

calculated with HSE (GGA) in solid red (black line).  

4. Discussion 

Li2O2 decomposition during the charging process 

Now we discuss the reaction energy profile of the OER 
for the surface with the lowest γ according to HSE, the [1-
100] ST-3. The reaction-free energy was calculated using Eq. 
2. 
 

 
Figure 3: Reaction free energy diagram during OER calculated with 
GGA (black line) and HSE (red line), at U= 0V. Lithium in dark grey 
(bulk) and light green (to be removed); oxygen dimer in bulk (dark 
grey), to be removed (light red) and the O2(light purple). 
 

Hole polarons are formed along the decomposition 
process within HSE. The last step is the limiting one and will 
determine the value of the overpotential. The GGA 
functional overestimates this value due to the overbinding 
error characteristic of the functional. We then study the 
effect of doping in the Li2O2 decomposition. Chen and 
coworkers showed a decrease in the charging overpotential 
when Na+ ions were dissolved in the electrolyte, doping the 
formed Li2O2 at the cathode. 

Figure 4 shows the calculated reaction free energy of 
the OER process at U=0 V for the Na-doped Li2O2 surface 
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(blue line) in comparison with the corresponding for the 
pristine Li2O2 (red line). Our results indicate that the 
structural distortions and the promotion of lithium vacancy 
formation induced by the dopant give rise to a decrease in 
the limiting potential step that explains the experimentally 
observed improvement in the battery efficiency. See Ref. 5 
for a more complete description. 
 

 
 
Figure 4: Reaction free energy diagram during OER for the Na 
doped system.  

 
5. Conclusions 

In this work, we have studied the electronic structure of 
different Li2O2 surfaces using the hybrid functional HSE that 
is capable of adequately describing the electronic structure 
and modelling the localization of hole polarons. The 
insulating nature of the all studied surfaces has been 
confirmed. In the non-stoichiometric terminations with low-
coordinated surface oxygen atoms, we have also confirmed 
a similar charge self-trapping behavior as found in Li2O2 bulk.  

Then, we have examined the Li2O2 decomposition that 
occurs during the recharge process using HSE, to take into 
account the presence of the surface polarons in the 
electrochemical intermediate steps. These results have 
been compared with the ones obtained using the GGA 
functional, which tends to delocalize the excess of charge 
carriers. We have shown that the free energy variation of 
the limiting step is overestimated within GGA when there 
are spurious metallic states instead of hole polarons.  

We have investigated the Na-doping effect on the 
lithium vacancy generation and on the Li2O2 surface 
decomposition. On the one hand, it is found that Na dopant 
reduces the lithium vacancy formation energy compared to 
the value for pristine surface, promoting the vacancy 
generation in agreement with experimental results.  

Finally, the Na-doped Li2O2 decomposition has been 
studied. The removal of the second LiO2 intermediate is 
found to be the limiting step during charge, in both Na-
doped and pristine Li2O2 surfaces. We have found that Na-
doping decreases the energy barrier of the limiting step, 
contributing to a reduction of the charging overpotential, in 
line with the experimental results. Our calculations indicate 
that the origin of this decrease is the lattice distortions 
associated with doping that weaken the LiO2 binding, and 
not the emergence of surface metallic states as previously 
reported.  
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1. Introduction

Li-S batteries are a promising energy storage
technology for the future due theoretical energy density of
2600 Wh kg-1 and a maximum practically accessible energy
density of 600 Wh kg-1 [1–3]. Nevertheless, to reach
commercial viability some issues need to be solved. After
lithiation a sizeable volumetric expansion occurs due to the
specific volume difference of LiS, Li2S and S8, causing
strain-stress on the composite matrix, conductive materials
such as microporous carbon have been added as
composites to ensure good performance of sulfur
electrodes due to insufficient electrical conductivity.
Various intermediate polysulphides formed during
discharge are soluble in the electrolyte. The dissolved
higher order polysulphides diffuse to the anode, get
converted to lower order polysulphides and diffuse back to
the cathode where they can be reconverted to higher order
polysulphides. This shuttle mechanism for electroactive
long-chain sulfur intermediates contributes to an
irreversible capacity loss and is one of the obstacles for the
widespread deployment of Li-S batteries. Encapsulation of
sulfur within carbon matrices with high pore volume is one
of the most effective approaches to stabilize S cathodes
during prolonged cycling. Ultramicroporous carbon
possesses several properties which are different from bulk
carbon. For cells containing cathode structures with pore
sizes up to 2 − 3nm and electrolyte solvents such as
carbonates or fluorosulfonyl anion-based ionic liquids [4],
the voltage profiles differ from those commonly measured
for conventional Li–S composite electrodes. These voltage
profiles are characterized by a single galvanostatic
charge/discharge voltage plateau observed around 2.0 V vs.
Li/Li+. Only one reduction and oxidation peaks appear in
the cyclic voltammograms of these sulfur electrodes. This
type of behavior is explained to be derived from the
Quasi-Solid-State (QSS) Mechanism [5]. The complexity of
the Li-S reaction mechanism has been studied via
experimental [6, 7] and modelling [8, 9] works. There is a
combination of electrochemical and chemical disproportion
steps, though many of the intermediaries are still not
completely resolved. The choice of solvent and electrolyte

seems to have an effect on the overall chemistry. Cathode
structure has an effect as well. It has been found that Li2S2

is a metastable phase that should spontaneously
decompose into Li2S and α-S8. Li2S2 band gap is smaller than
Li2S or S8, suggesting that this phase should have a high
electronic conductivity [10]. The reaction of Li2S into Li2S2 is
known to be kinetically difficult, with nucleation and
hysteresis phenomena taking place. Efforts towards the
simulation of a Li-S cell are an aid to experimental work and
often offer insight into the underlying mechanisms and
laws that govern the electrochemical system. Simulations
focused on the continuum framework are particularly
relevant for the present work. Kumaresan et al. [9] and
Ghaznavi et al. [11] proposed the first such model, which
included a complete kinetic series of steps for S8 reduction.
This kinetic model was later reduced by Danner et al. [12]
in order to specialize the study into the electrode pore
structure and minimize the computational load.

In this work a model of a quasi-solid-state
lithium−sulfur battery is derived from the work of Yin and
Franco [13], and its parameters are optimized to fit the
experimental results from a Li-S cathode obtained using
ultramicroporous carbon. Also a sensitivity analysis of the
model was carried out to investigate the relevance of each
parameter to the model capacity.

2. Model

The model of the half cell is based on the model of Yin
and Franco [13] with some adjustments made to take into
account the reversibility of the reaction steps, and possible
variations in the symmetry factor β.

The lumped-element model considers a uniform
cylindrical pore from a nanoporous carbon particle, initially
filled with S8.

The reactions considered for the discharge model are:

S8 + 8Li+ + 8e- ⟷ 4 Li2S2 (1)

Li2S2 + 2Li+ + 2e- ⟷ 2Li2S (2)

The model makes a series of assumptions:
1. The reactions take place in the C-S and C-Li2S2

interface, which advances as a uniform reaction
front from the top to the bottom of the pore. The
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reaction surface is limited by the maximum
electron tunneling distance across the sulfur
phase. The reaction takes place in a layered
fashion, there is a reaction front for each reaction
located in the S-electrolyte, S-Li2S2 and Li2S2-Li2S
interfaces.

2. The reactions occur following the quasi-solid-state
(QSS) mechanism. The Li+ concentration close to
the pore is considered to be constant, via a
sufficiently rapid diffusion of Li+ ions to-from the
bulk.

3. The diffusion of Li+ ions through the Li2S2 and Li2S
generates an overpotential due to ionic resistance.
The increase of thickness in those layers is
followed by a voltage decrease.

4. Both reaction steps, (1) and (2), are assumed to be
reversible.

5. The discharge model does not take into account
diffusion through the electrolyte, or double-layer
dynamics in the electrode-electrolyte interface.

3. Experimental

Elementary sulfur (Sigma Aldrich) without any previous
purification and ultramicroporous carbon provided by SAFT
Company (France) were manually mixed and heated to
155°C for 5 h followed by 30 min at 300°C in a sealed
evacuated vessel to infiltrate sulfur on the carbon porous.

To perform the electrochemical measure the
electrodes were prepared by mixing active material,
poly(vinylidene fluoride) (PVDF) and carbon super C65 in a
ratio of 8:1:1 weight respectively, with N-methylpyrrolidone
(NMP) as solvent. The obtained slurry was casted onto
carbon coated aluminum foil as current collector by doctor
blade technique. Electrodes with a surface area of 0.5 cm2
were cut, and dried at 50°C overnight before use.
Electrochemical experiments were done using coin cells
CR2032 assembled inside an argon-filled glove box with
Celgard 2310 as separator, metallic lithium as
counter-electrode and a solution 1M Lithium
hexafluorophosphate (LiPF6) in Fluoroethylene carbonate
(FEC): Dimethyl carbonate (DMC) (1:4) volume mixture as
electrolyte. Galvanostatic cycles were done between 3.00
and 1.00 V vs. Li/Li+ in a MACCOR 4200
galvanostat/potentiostat station.

4. Results

To fit the experimental data the pore length was set to
7.5 nm, and the radius to 0.5 nm. The parameters βx, kx and
⍴x were optimized to fit the experimental results of a
discharge at a rate of 0.1C. The discharge curves can be
seen in Fig. 1, and the parameter values are shown in Table
1.

As it can be seen in FIg. 1. the model shows a good fit
to the experimental data, having a root-mean-square error
of 67 mV, and a maximum error after 20 mAh/g (when the
potential plateau is reached) is 95 mV. Thus, it can be
argued that this model is able to capture the
electrochemical behavior of the system during the
discharge with a reasonable quantitative fit .

Fig. 1. a) Experimental and Model potential curves at 0.1C and b)
Model species thickness evolution during the discharge.

Table 1. Optimized parameter values.

Parameter Value

β1 0.1

β2 0.5

k1 1·10-11 mol/(s·m2)

k2 6.31·10-15 mol/(s·m2)

ρ
𝐿𝑖

2
𝑆
2

3.98·10-11 Ω·m

ρ
𝐿𝑖

2
𝑆 1.99·10-12 Ω·m

A sensitivity analysis of the capacity was performed to
the model with the following parameters using 50 equally
spaced values in the specified intervals varying the
discharge rate between 0.1C and 1C:

● β1∈ [0.1,0.9] (using linear scale).
● β2∈ [0.1,0.9] (using linear scale).
● k1∈ [1x10-16,1x10-8] (using log scale).
● k2∈ [1x10-16,1x10-8] (using log scale).
● ρLi2S2∈ [1x109,1x1012] (using log scale).
● ρLi2S2∈ [1x1010,1x1014] (using log scale).
● L ∈ [5x10-9,5x10-9] (using linear scale).
● r ∈ [0.25x10-9,1x10-9] (using linear scale).
Where βx are the symmetry factor of reaction 1 and 2,

kx are the kinetic constant, ⍴x are the Li+ resistivity of each
species, L is the length of the pore, and r is the radius. The
expansion of each layer is taken following [18].

Sensitivity results were calculated for every parameter
as follows:

𝑆
𝑥
= 1

50
𝑛=1

50

∑
𝑄
𝑟𝑒𝑓
−𝑄

𝑛

𝑄
𝑛

𝑥
𝑟𝑒𝑓
−𝑥

𝑛

𝑥
𝑛

( )2
Sensitivity analysis results can be found in Fig. 2, while

the capacity reached while varying each parameter
individually at different C-rates is shown in Fig. 3.

It can be found that for every discharge rate the most
sensitive parameters are the Li+ resistivity of the Li2S2 and
Li2S, followed by the pore length, the kinetic constant of
Li2S2 reduction and the kinetic constant of S8 reduction,
respectively.

Also, looking at Fig. 3, it can be observed that there is a
considerable effect of the C-rate in the pore capacity,
almost halving capacity when going from 0.1C to 0.2C

131



8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022

Fig. 2. Sensitivity results for each parameter at different C-rates

5. Discussion
As is shown in Fig. 1 there is an increase in the Li2S2

phase during the first half of the discharge, until the
potential has been lowered enough for reaction 2 to begin
and Li2S begins to form. This new phase increases the total
resistivity of the pore provoking an increase in the
discharge slope at around 450 mAh/g.

Fig. 3. Capacity reached varying each parameter individually at
different C-rates.

As is shown in Fig. 3 there is a noticeable effect of both
kinetic rate constants on the total system capacity, giving
insight into possible temperature effects on Li-S batteries.
The first reaction step is shown to increase capacity with
increased rate constant, and this effect is particularly
important for lower C-rates. The kinetic rate constant for
Reaction 2 diminishes capacity as it is increased.

On the other hand, while increasing resistivity of both
Li2S and Li2S2 are shown to decrease total capacity, as
shown in Fig. 3, the effect is more noticeable for Li2S.

It is found that decreased pore radius below 0.6 nm
show no modification for the capacity of the system, while
there is a sharp decrease for larger pores, particularly for
the lowest C-rate of 0.1. The effect of pore radii on the
behavior of the system has been shown to be critical [14].

6. Conclusion
A model was produced and validated with

experimental data focused on the discharge characteristics
of a Li-S battery using microporous carbon. There are still
several unknown physical and chemical parameters that are
a limiting factor for a more thorough modeling of the
discharge phenomenon in carbon micropores. The larger
resistivity of both Li2S2 and Li2S with respect to S8 found for
the model validation is consistent with what was found in
[13] and previous experimental results. Further insight into
the QSS mechanism inside the micropores could be gained
by expanding the model to include transport phenomena,
double-layer dynamics and the development of the charge
mechanism and its model.
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1. Introduction
Transport, domestical and technological activities de-

pend principally on electricity production. Globally, 4 % of
the electrical energy is produced by renewable sources,
being in Argentina this contribution even smaller (1.1%).
This implies increasing emissions of CO2 to the atmosphere.
In order to decrease CO2 emissions, nowadays, new electri-
cal devices are being developed. Considering its high theo-
retical energy density, lithium-air batteries (LAB) are prom-
ising devices for future vehicles, as alternative to Li-ion
batteries in searching for larger energy density. One of the
barriers for developing a commercially available LAB lies in
the choice of the electrolyte as it has to meet certain re-
quirements, including low volatility, low viscosity, high ionic
conductivity and high chemical and electrochemical stabil-
ity. Recently, increasing interest has been given to glymes
as solvents for LAB, considering its low volatility and the
fact that the main discharge product is Li2O2. Horwitz et al.
[1, 2] have studied the electrical conductivity and diffusion
of LiTf and LiTFSI in bulk dimetoxyethane (DME) and di-
glyme, and analyzed the speciation of the salts as a func-
tion of concentration.

In the literature, one of the main criterions established
in the search for an electrolyte for LAB is based on finding a
salt/solvent combination that assures fast ionic diffusion.
But, since the diffusion of the electrolytes occurs within
porous carbon electrodes, the bulk properties of the elec-
trolytes are not a reliable parameter for their election. In
this way, for an efficient battery design, it is important to
know the transport properties of the electrolytes inside the
lithium-air porous electrodes. Moreover, the effect of con-
finement on the transport properties of lithium salts has
been scarcely studied. For instance, only the effect of con-
finement on the transport properties of LiCl in aqueous
solutions in mesoporous carbons has been reported [3].
In this work, we studied the effect of carbon mesostructure
and surface charge on the diffusion of LiTf and LiTFSI salts
dissolved in diglyme. Interdiffusion coefficients were de-

termined using a conductimetric method previously devel-
oped in our group [4], and self-diffusion coeficients were
measured by 1H and 7Li NMR.

2. Experimental

2.1 Mesoporous carbon systhesis and characterization
Monolithic mesoporous carbon synthesis was recently

described in a previous work [3]. For the synthesis, both
hard and soft templates (HT and ST, respectively) were
used to generate mesopores between 4 and 25 nm diame-
ter and micropores around 1 nm size.

The specific surface area of the monolithic mesoporous
carbons was determined with a Micromeritics ASAP2020,
from the nitrogen adsorption isotherm at 77 K at a relative
pressure of 0.99, using the Brunauer-Emmet-Teller (BET)
equation. For the characterization of the pore size distribu-
tion, the desorption isotherm was analyzed with the Bar-
rett, Joyner, and Halenda (BJH) model [5], whereas the
same model was used for the calculation of the mesopore
volume from the adsorption isotherm. Functional Theory
(2D-NLDFT) analysis from the nitrogen isotherm was used
to characterize the micropore region.

Surface charge was determined by Bohem titration [6].

2.2 Diffusion of LiTf and LiTFSI salts in confined di-
glyme

For the diffusion measurements, the mesoporous car-
bon samples were filled with 0.1 M LiTf and LITFSI diglyme
solutions by embebition of the samples in the correspond-
ing solutions, inside a glove box, during 1 week.

Conductivity measurements were used to determine
the evolution of the concentration of electrolyte released
from the mesoporous samples as a function of time. For
this purpose, small carbon disks, embedded with the corre-
sponding electrolyte solutions, were placed in an air-tight
glass conductivity cell, with platinized Pt electrodes, filled
with pure solvent, and under continuous stirring. The elec-
trolyte concentration at any time, t, was calculated from
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the measured conductivity (t). The apparent diffusion
coefficient, Dp, of the electrolyte in the mesoporous media
was calculated with the expression for the desorption from
a slab in a stirred solution of finite volume [7].

Additionally, the intradiffusion coefficient of confined
diglyme and the relaxation time T1 for 7Li was determined
through NMR. Diffusion experiments were carried out on a
PM5 NMR-MOUSE (MObile Universal Surface Explorer)
from Magritek GmbH, with a magnetic field corresponding
to 20.3 MHz for 1H, and a static magnetic field gradient G0 =
23.5 T/m.  Spin Echo pulse sequence, using a
Carr−Purcell−Meiboom−Gill (CPMG) pulse sequence [8, 9]
was used to detect the signal and improve sensitivity by
echoes addition. The CPMG echo time used was 33 μs and
100 echoes were recorded.

3. Results
3.1 Mesoporous carbon structure characterization

Table 1 shows the textural features of the studied sam-
ples (Pore diameter (d), BET surface area (SBET), total vol-
ume (Vtotal), micropores percentage (% Vmic) and total sur-
face charge). From now onwards, samples will be named as
Ci, being i the pore diameter in nm. For C4 samples two
treatments were used for the elimination of the HT. In one
case, dissolution was performed with NaOH 3 M at 60 ºC,
while in the other with HF at 25 ºC. As it can be obseved in
Table 1, both treatments yield in different surface charges.

Sample d/
nm

SBET/
m2·g-1

Vtotal/
cm3·g-1

%
Vmic

Surface charge/
µmoles·g-1

C4/
NaOH 4 521 0.38 26 151 ± 7

C4/HF 4 589 0.48 23 115 ± 8

C10/
NaOH 10 633 0.79 15 ------

C25/
NaOH 25 636 0.82 13 ------

3.2 Diffusion of confined LiTf and LiTFSI dissolved in di-
glyme.

Sample Salt D/ cm2·s-1 porosity tortuosity

C4/NaOH

LiTf

micropore:
4.21x10-9

0.395

334

mesopore:
1.51x10-8 93

LiTFSI

micropore:
9.17x10-9 149

mesopore:
6.54 x10-8 21

C10/NaOH LiTf 2.60x10-7 0.510 7.0

C25/NaOH
LiTf 2.67x10-6

0.534
0.71

LiTFSI 3.97x10-6 0.46

bulk solu-
tion
at infinite
dilution

LiTf 3.56x10-6 ----- -----

LiTFSI 3.45x10-6 ----- -----

Table 2 shows the obtained diffusion constants for
both confined salts dissolved in diglyme, in comparison to
bulk solutions. Results show that the diffusion of the salts
are greatly reduced by confinement; for instance, when the
pore diameter decreases from 25 to 10 nm, the diffusion of
LiTf decreases one order of magnitude.

Interestingly, for C25 and C10 samples, only one diffu-
sion constant is observed. However, for C4, two diffusion
coefficients appear. This can be ascribed to the fact that in
C4 samples, diffusion from the micropores contribute
markedly to the release of the electrolytes from the porous
samples to the bulk media. This was also evidenced in our
previous work [3]. Therefore, for C4 samples, we named
the two diffusion coefficients as that corresponding to the
meso and micropores.

The retardation in the mobility of the salts under con-
finement, in relation to the diffusion in bulk, can be quanti-
fied by the magnitude of the tortuosity,  ( = .Db/Dp,
where  accounts for the porosity of the sample, and Db

and Dp correspond to the diffusion constants of the salts in
bulk and inside the pores, respectively). is an empirical
parameter which accounts for the ratio between the real
pore length and the ideal linear pore length; being also the
electrostatic Li+-surface interactions taken into account in
this value. Table 2 shows that  has small values for sam-
ples with pores between 10 and 25 nm diameters, increas-
ing notably for 4 and 1 nm pore sizes. This implies an im-
portant interaction of the Li+ ions and the pore walls, which
become relevant for small pore diameters considering the
relation between the area and the volume of the pore.
Interestingly, the values of  are not very sensible to the
surface charge, when NaOH and HF treatments are com-
pared, except for 1 nm pore diameters, where a higher
surface charge in NaOH tretated carbons shows higher 
values.  Again, retardation in the Li+ diffusion is given by Li+-
wall interactions which are exacerbated for samples with
larger surface area-volume ratios.

Table 2 also shows that, for NaOH treated samples, the
ratio between the diffusion constants of LiTf and LiTFSI in
bulk solutions is 1.03, being this value equal in infinite dilu-
tion and 1 M samples. This implies that in bulk, the diffu-
sion constant of LiTf is a little bit higher than that for LiTFSI.
LiTf, as previously repored [2], has a higher conductivity at
infinite dilution, given by the fact that the anaion Tf- is
smaller than TFSI-. However, LiTf association constant is
higher than that for LiTFSI, reducing markedly its conduc-
tivity with concentration. Nevertheless, this is not noticed
in the diffusion constant dependence on concentration,
since ionic pairs contribute to diffusion, in contrast to what
happens in conductivity meassurements. For confined
samples, the ratio between the diffusion constanst of LiTf
and LiTFI are: 0.67, 0.23 and 0.45 for 25, 4 and 1 nm pore
diameters, respectively, evidencing that under confine-
ment LiTFSI has a higher mobility than LiTf. This can be
explained considering that the interaction of the ions with
the pore walls is different for both electrolytes, competing
the ion-pore wall interactions with the association cation-
anion inside the pores.
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Table 3 shows the diffusion constants of 1H, and T1 val-
ues for 1H and 7Li obtained from NMR, in bulk and confined
C4 samples for different surface charges.

1H bulk C4/NaOH C4/HF
T1/ms 2620 micropore:

450
micropore:

340
mesopore:

1300
mesopore:

1900
D/cm2.s-1 1.05.10-5 micropore:

1.9.10-7
micropore:

4.5.10-7

mesopore:
3.3.10-6

mesopore:
3.6.10-6

tortuosity micropore:
55

micropore:
23

mesopore:
3.2

mesopore:
2.9

7Li
T1/ms 3700 micropore:

50
micropore:

170
mesopore:

400
mesopore:

1100

NMR T1 measurments for 7Li show higher values for
NaOH-treated carbons in comparision with HF treated
samples, reflecting in the latter sample an average weaker
interaction of the ions with the pore walls, probably as a
consequence of the roughly 30% lower surface charge den-
sity on this carbon sample. Moreover, the diffusion con-
stant of the glyme, corresponding to the 1H signal,
throughout the 4 nm mesopores, does not show significant
differences between the two carbons, while significant
differences are observed in the micropore region.

4. Conclusions
In this work, we studied the effect of confinement and

surface charge in the transport properties of LiTf and LiTFSI
salts in diglyme solutions. We showed that carbon mi-
cro/mesoporous structure plays a critical role on the
transport properties of the electrolyte, producing a de-
crease up to 3 orders of magnitude on the salt diffusion
coefficient when it goes from bulk to a pore with a diame-
ter of 1 nm. It was observed that for pores with 10 and 25
nm diameters the reduction in the diffusion coefficient can
be ascribed to the porosity of the sample, being the tortu-
osity approximately close to one. However, for smaller
pore sizes (1-4 nm diameter) bigger tortuosity values can
be related to high ion-pore wall interactions.

We want to highlight that based on our findings, in or-
der to have an efficient carbon material as electrode for
lithium-air batteries, special care should be taken to the
carbon micro/mesostructure architecture, as it has a criti-
cal influence in electrolyte transport behavior. The
knowledge of the diffusivity of Li+ ions in mesoporous car-
bons is also relevant to improve the predictions of LABs
performance using multiscale modeling [10], which cur-
rently use bulk-solvent diffusion coefficients as input pa-
rameters. In these work, we demonstrated that the rela-

tionship observed between the diffusion coefficients of
two salts (LiTf and LiTFSI), dissolved in diglyme, are differ-
ent in bulk and under confinement, demostrating that the
interactions of the ions with the pore wall probably com-
pete with the interactions cation-anion.
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1. Introduction

Metal-air batteries (MABs) are promising energy stor-
age systems due to their predicted high theoretical energy 
densities (from 1000-11000 W h kg-1). MABs consist of a neg-
ative electrode, a metal that oxidizes during discharge, and 
a positive electrode, in which ambient oxygen is reduced. 
Several metals can be used as anodes: lithium, sodium, mag-
nesium, potassium, aluminium, zinc and iron. Amongst all 
MABs, iron-air batteries (IABs) have several advantages. The 
Fe-air secondary battery is a space saving technology due to 
the high theoretical volumetric energy density of iron of 
9700 kW h m-3 and the use of an aqueous electrolyte. Alt-
hough IABs have the lowest open circuit voltage and theo-
retical gravimetric specific energy of all the aforementioned 
systems – 1.28 V and 1080 W h kgFe

-1, respectively [1]–, IABs 
have the potential to become one of cheapest and safest en-
ergy storage solutions of the future. Iron is abundant, eco-
nomic, safe to handle and easy to refine and recycle.  

The two reactions that take place in the negative elec-
trode of these batteries (shown in the discharge direction) 
are the following ones: 

𝐹𝑒 + 2𝑂𝐻− ⇌ 𝐹𝑒(𝑂𝐻)2 + 2𝑒−   (1) 
3𝐹𝑒(𝑂𝐻)2 + 2𝑂𝐻− ⇌  𝐹𝑒3𝑂4 + 4𝐻2𝑂 + 2𝑒−   (2) 

The standard potentials of these reactions are -0.878 V 
and -0.762 V vs. SHE, respectively. There are two main prob-
lems affecting the negative (iron) electrode of IABs. The first 
is the hydrogen evolution reaction (HER) that occurs during 
the charging cycle of the electrode at a potential of -0.828 V 
vs. SHE, competing with the reduction of iron (II) hydroxide 
to metallic iron. This causes the loss of energy during charg-
ing and diminishes the coulombic efficiency of the system. 
The second problem is the loss of capacity of the iron elec-
trode upon long-term cycling. The iron electrode deac-
tivates which each cycle, either by passivation due to the 
formation of non-reactive, non-conductive iron species or 
due to the loss of material. 

Sulphur additives, such as iron sulphide or bismuth 
suplhide in the electrode and sodium sulphide in the elec-
trolyte, have proven to slow-down the passivation of the 
iron electrode, allowing it to retain its capacity. In this work, 
we study the mechanism of deactivation of iron electrodes 
and propose an explanation of why sulphur additives can 
prevent it. 

2. Experimental

2.1 Synthesis of iron oxides and iron-sulphur/carbon compo-
sites 

Porous sulphur-modified iron oxides were synthesized 
via precipitation of iron (II) sulphate with tartaric acid and 
sodium hydroxide. Sodium thiosulphate was also added as a 
sulphur source. A sulphate tartrate salt was obtained, which 
was then calcined in air at 350 ºC or annealed in nitrogen at 
500 ºC. The sulphur-iron/carbon composites were obtained 
by mixing the iron oxides with Vulcan XC-72R in 1:1 mass ra-
tio in a planetary ball mill, at 100 rpm for 1 h in ethanol. The 
samples were named as shown in Table 1. For the sake of 
comparison, iron oxides without the addition of tartaric acid 
and/or sodium thiosulphate were also synthesized. The iron 
oxides were named S-Fe2O3-X-Y, where S stands for the 
presence of sulphur (in the oxides synthesized with sodium 
thiosulphate). X is the precipitating agentn used during 
synthesis: it can be either TAR in the oxides synthesized with 
tartaric acid or SHX in the oxides where the preicipitating 
agent was only sodium hydroxide. Y is the thermal 
treatment atmosphere. 

2.2 Physical-chemical characterization 

The sulphur-modified iron oxides were characterized by 
solid state techniques: X-Ray Diffraction (XRD), X-Ray Photo-
electron spectroscopy (XPS), nitrogen physisorption, Ele-
mental Analysis (AE), Inductive Coupled Plasma spectros-
copy (ICP), and Scanning and Transmission Electron Micros-
copy (SEM and TEM).  

2.3 Electrochemical characterizations 

Charge-discharge chronopotentiometry cycles and 
electrochemical impedance spectroscopies (EIS) were 
carried out to characterise the performance and behaviour 
of the composites as iron electrodes. A mesh working 
electrode was prepared by hot-pressing a paste of the 
composite and PTFE dispersion in a stainless steel mesh – 
0.05 mm wire diameter, 39.6% porosity. These tests were 
carried out in 6.0 M KOH electrolyte and using a Hg|HgO 
oxide reference electrode. The counter electrode was a 
nickel sheet.  

3. Results

3.1 Physical-chemical characterization 

The obtained sulphur-modified iron oxides show differ-
ent properties, which depend on the precipitating agent and 
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thermal treatment conditions. The size of the crystals, for 
instance, ranged between 7.6 and 16.3 nm for the oxides 
calcined in air, while it had values of 26.8 and 40.5 nm for 
the ones annealed in nitrogen. There is a clear sintering ef-
fect of high-temperature thermal treatment. The precipita-
tion with tartaric acid yielded mesoporous iron oxides with 
surface areas greater than 115 m2·g-1, double than the other 
4 materials.  The amount of sulphur in the sulphur-modified 
oxides ranged from 2.1 wt. % to 6.6 wt. % in the ones that 
were synthesized the addition of sodium thiosulphate. 

 

3.2 Electrochemical characterizations 

20 charge-discharge cycles at a charge rate of 0.4 C and 
discharge rate of 0.2 C (Fig. 1) were performed to investigate 
the deactivation of the electrodes. After a few cycles in 
which the capacity increases –period of activation–, the ca-
pacity of the electrodes starts slowly decreasing. As can be 
seen in Fig 1, the maximum discharge capacity of the elec-
trodes and their stability varies greatly among the differente 
materials. S-Fe2O3-SHX has the greatest discharge capacity, 
achieving a maximum of almost 700 mAh·gFe

-1, but loses 
about 30% after 20 cycles. On the other hand, S-Fe2O3-TAR-
air shows around half of the capacity of the aforementioned, 
but retains almost all of it upon cycling. 
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Fig. 1. Discharge capacity (mAh·gFe

-1) of the different composites 

along cycling, considering two discharge steps. 

4. Discussion 

In order to compare the capacity loss of each electrode, 
a first-order deactivation model was proposed: 

 

𝑄 = 𝑄𝑖 ∗ 𝑓𝑛−𝑖                                                                      (3) 
 
Where 𝑄 is the discharge capacity of the electrode at a 

cycle 𝑛, 𝑖 is the number of activation cycles, 𝑄𝑖  is the dis-
charge capacity of the electrode at the end of activation and 
𝑓 is a factor that indicates how ideally the electrode works 
or how fast it deactivates. In an electrode that does not lose 
capacity at all, 𝑓 would be equal to one (𝑓 = 1). When ap-
plying equation 3 to all of the electrodes (Table 1), we find 
that the 𝑓 factors range between 0.930, for S-Fe2O3-SHX and 
0.998 for S-Fe2O3-TAR-air. This means that this electrode 
loses 0.2% of its capacity with each cycle.  

Table 1. Maximum capacity and stability factors of the electrodes. 

Sample 
Maximum discharge 

capacity (mAh·gFe
-1) 

𝒇 factor 

Fe2O3-TAR-air 623 0.989 

S- Fe2O3-TAR-air 359 0.998 

Fe2O3-TAR-N2 442 0.953 

S-Fe2O3-TAR-N2 443 0.962 

Fe2O3-SHX 511 0.975 

S-Fe2O3-SHX 688 0.930 

 
To further investigate how deactivation occurs, we ap-

plied EIS studies to the second charging step (equation 1) of 
electrodes S-Fe2O3-TAR-air and S-Fe2O3-TAR-N2 after 1 cycle 
and after 15 cycles (Fig. 2). The studies let us know that, af-
ter the mentioned 15 cycles, the charge transfer resistance 
in the first of these electrodes increases around 10%, while 
in the second one it increases more than 25%, suggesting 
that less material is available to react, and that the electrode 
is passivating at a faster pace. 

 

 
Fig. 2. Nyquist diagram and equivalent circuit for the second charge 

step (equation 1) of the electrode S-Fe2O3-TAR-N2 after 15 cycles. 
 

5. Conclusions 

There is a significant relationship between the synthesis 
method and thermal treatment of the iron oxides and the 
performance of the electrode manufactured with them. The 
addition of sulphur to the electrode seems to enhance the 
stability of the electrodes synthesized with tartaric acid. 
However, too much sulphur can be detrimental for the sta-
bility of the electrodes, as can be seen in the electrode S-
Fe2O3-SHX-air – the one with the highest amount of sulphur. 
Long-run tests must also be performed to prove the validity 
of these results. 

Acknowledgements  

The authors wish to thank the Ministry of Science and 
Innovation and the AEI 
(MCIN/AEI/10.13039/501100011033) for the funding re-
ceived with the reference project PID2020-115848RB-C21, 
and the Government of Aragon for funding the T06-20R 
group and Mr. Villanueva’s scholarship. 

References 

1  McKerracher, R. D., et al, A review of the iron–air secondary 

battery for energy storage, ChemPlusChem, 80(2015) 323-335. 

137



 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

POSTER PRESENTATIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

Electrolyzers as smart loads, preserving the lifetime (P-1H) 
R.D. Fernández1*, L. A. Martínez1,2*, R. R. Peña1, R. J. Mantz2  

1 Departamento de Electrónica, Facultad de Ingeniería, Universidad Nacional de la Patagonia ‘San Juan Bosco’,Km 4, Ciudad Universitaria, Ruta 

Pcial Nº1 s/n,9000, Comodoro Rivadavia, Chubut, Argentina 
2 Instituto LEICI, Facultad de Ingeniería, Universidad Nacional de La Plata, 1 y 48, 1900, La Plata, Buenos Aires, Argentina  

 (*) Pres. author: martinezleandroariel@gmail.com  (*) Corresp. author: dfernandez@unpata.edu.ar   

 

Keywords: Hydrogen, Wind, Integration, Constraints, Control  
 

 

1. Introduction 

Many countries have developed legislation, like the 
Clean Air Act and the Energy Policy Act in the USA, to pro-
mote the use of renewables. This growing interest has clear 
time objectives and includes reducing energy consumption 
and greenhouse gas emissions. On the other hand, water 
electrolysis, a well-known technology, produces high purity 
hydrogen that is important in many applications as energy 
generation by fuel cells. Hence, integrating renewable en-
ergy sources and water electrolysis into the power grid is 
fundamental. This integration constitutes a process that can 
decarbonize the energy supply chain [1][2].  

However, it is known that the penetration of variable 
wind energy presents challenges to the operation and relia-
bility of the electrical grid. In this regard, water electrolysis 
can mitigate the fluctuations of renewable energy sources 
in power grids. This concept, using electrolyzers as smart 
loads, implies compensating for the variability of the grid. In 
this way, in Argentinean Patagonia, a project considers a 
‘Wind Turbine-Hydrogen Plant Connection Analysis’ [2]. In 
[3], the authors present a preliminary analysis of using elec-
trolyzers as smart loads compensating for the electrical var-
iability generated by the Patagonian wind. After developing 
a mathematical model, the work showed that electrolyzers 
could be used as variable loads to consume variable wind 
power. However, when using electrolyzers as electrical com-
pensation devices, constraints need analyzing. Indeed, due 
to the wind speed variability, wind generation can surpass 
maximum rates of change of power of electrolyzers, and 
then saturation effects reduce their lifetime. In this work, 
electrolyzers are operating as smart loads for compensating 
the variability of wind generation. However, to avoid dam-
aging the electrolyzer, a strategy maximizing its use, and 
preserving its lifetime, is added. 

2. Mathematical models from experimental data  

2.1 Electrolyzers model  

The mathematical model of an alkaline electrolyzer, only 
considering the transient response of the electrical part, can 
be determined from data presented in [4]: 

𝐺(𝑠) =
𝐾𝑝𝑟𝑜𝑐𝑒−𝑠𝑇𝑑

(𝜏1𝑠+1)(𝜏2𝑠+1)
                                (1) 

 
Expression (1), obtained using least squares from time 

responses depicted in [4], has the next parameters, gain 

Kproc = 1; constant times τ1 = 6.9 ms and τ2 =69.75 ms; time 
delay Td = 19 ms. When considering only the slower con-
stant time, the nominal rate of change (r.o.cN): 

 

𝑟. 𝑜. 𝑐𝑁 =
0.632 

0.06975

𝑝.𝑢

𝑠
= 9

𝑝.𝑢

𝑠
  (2) 

 
Even when Kproc depends on the quiescent point of op-

eration [4], it is considered constant in this work, with the 
control system solving the change. It is important to note 
that, due to the tests in [4] considering step changes of 75% 
of the rated power, the mathematical model in expression 
(1) does not weigh up the impact on the degradation of the 
electrolyzer.  

Some cautions must consider when managing electrolyz-
ers as compensation devices. In [5], a detailed model of an 
alkaline electrolyzer, compatible with a transient system 
simulation program, predicts the cell voltage, hydrogen pro-
duction, efficiencies, and operating temperature. Regarding 
constraints, the authors in [6] indicate that a 20 kW alkaline 
electrolyzer increases its power from 16 % to 100% of its 
nominal power in 40 seconds. Hence, its rate of change 
(r.o.cE) is:  

 

𝑟. 𝑜. 𝑐𝐸 =
0.84 

40

𝑝.𝑢

𝑠
= 0.021

𝑝.𝑢

𝑠
                      (3) 

 
Note that r.o.cE <<< r.o.cN. Hence, only analyzing time re-

sponses, expression (1), can be harmful to electrolyzers. 
 

2.2 Wind generation rate of change 

Figure 1 presents wind generation in 37.5 minutes from 
wind data belonging to the National University of Patagonia 
’San Juan Bosco’. Electrical generation considers a single 
wind generator (fixed-speed) of 900 kW. The figure shows a 
highly variable electrical power delivered by the generator, 
with many positive and negative slopes indicated with ’I’ and 
’II’. The observed maximum rate of change (r.o.cW) of 150 
kW/s is: 

 

𝑟. 𝑜. 𝑐𝑤 =
150 

𝑠

1

900
= 0.1667

𝑝.𝑢

𝑠
                      (4) 

 
Hence, r.o.cw = 7.94 times the r.o.cE  of expression (3).  

3. Unconstrained and constrained control operation 

Under normal operating conditions, electrolyzers work 
at steady-state points with smooth and slow transitions 
from one operating point to another. Therefore, the control 

138

mailto:martinezleandroariel@gmail.com
mailto:dfernandez@unpata.edu.ar


 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 

problem objective is to regulate the electrolyzer behavior in 
a vicinity of an equilibrium point given by a reference of hy-
drogen generation. The control design approach takes the 
process without restrictions, its mathematical model around 
an equilibrium point (expression (1)), and calculates the con-
troller. Additionally, more than 90% of the controllers in the 
industry are PI [7]; consequently, this work considers a PI 
control in the main control loop (enclosed by a dashed line), 
Figure 2. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Delivered power of a wind generator on 37.5 minutes [3] 

 

 
Fig. 2. PI control of an electrolyzer including constraints 

 

The mathematical description of the control is: 

𝑃𝐼(𝑠) =
𝐾𝑝𝑠+𝐾𝑖

𝑠(𝜏𝑎𝑠+1)
                               (5)         

 
where Kp =0.225 and Ki = 2.89 are the proportional and in-

tegral gains, respectively, and a = 0.2469 is the constant 
time filtering noise at the measurement stage and ensuring 
the high-frequency roll-off property of the PI design [8]. 

 
Furthermore, Figure 2 includes an intermediate block 

named ’Rate and output limits’ representing the constraints 
of the electrolyzer. Due to initially considering steady-state 
operating points, control approaches can be harmful to elec-
trolyzers when they are (load) compensation devices of 
highly variable powers. Indeed, wind power in Figure 1 is r(t) 
in Figure 2. Hence, owing to fast changes in r(t), if the rate 
of change of the output of the controller (�̇�𝑃𝐼𝐷) is bigger 
than the rate of change of the electrolyzer (�̇�𝐴𝑐𝑡), then both 
outputs 𝑦𝑃𝐼𝐷  and 𝑦 will be not correlated. This behaviour is 
known as windup. An anti-windup (AW) scheme that adds 
u1(t) to avoid windup by decreasing yPID and/or �̇�𝑃𝐼𝐷 is in-
cluded in Figure 2. Hence, when the AW scheme detects lim-
its are surpassed, u1(t) is added to the control loop forcing 
the internal variables to be correlated. 

The Passivity Based Control (PBC) theory allows calculat-
ing u1(t). PBC assures stability properties demonstrating that 
the Energy (Lyapunov) Function decreases towards the equi-
librium point. The Interconnection and Damping Assignment 
(IDA-PBC) technique [9], in the AW frame of this work, is 
used. IDA-PBC changes the description of a system from: 

 
�̇� = (𝐽 − 𝑅)∇𝑥𝐻 + 𝑔(𝑥)𝑢1 = 𝑓(𝑥) + 𝑔(𝑥)𝑢1      (6) 

to 
�̇� = (𝐽𝑑 − 𝑅𝑑)∇𝑥𝐻𝑑                               (7) 

 
with x being PI variables and rate and output limits ones (Fig-
ure 2), H is a smooth function representing the energy of the 
system, and J and R are matrixes of interconnection and 
damping, respectively. Also, J=-JT≤0 and R=RT≥0. The sub-
script‘d’ indicates desired (design) values. After mild condi-
tions [9], the AW control u1(t) is: 

   
𝑢1 = [𝑔𝑇𝑔]−1𝑔𝑇{[(𝐽𝑑 − 𝑅𝑑)𝛻𝑥𝐻𝑑 − 𝑓(𝑥)]}           (8) 

 
The AW is applied on the PI plus actuator models. Due to 

AW acts when constraints are met, the mathematical de-
scripcion involves the deviation of variables from the uncon-
strained (equilibrium) operation: 

 

�̃�1̇ = −
𝐾𝑁𝐾𝑎𝑑

𝜏𝐴𝑐𝑡
�̃�1 +

𝐾𝑁𝐾𝐴𝑐𝑡

𝜏𝐴𝑐𝑡
�̃�2                     (9) 

�̃�2̇ = −
1

𝜏𝑎
�̃�1 + �̃�1 + 𝐾𝑝(𝑟 − 𝑦 + 𝑢1)             (10) 

�̃�1̇ = 𝐾𝑖(𝑟 − 𝑦 + 𝑢1)                                        (11) 
 

wiith Kad and KN desing (chosen) gains, Act the actuators 
constant, and 𝑟 − 𝑦 from Figue 2. Then, the AW action is: 
 

  𝑢1 =
𝐾𝑝(−𝑅22𝑘2�̃�2+

1

𝜏𝑎
�̃�2−�̃�1)

𝐾𝑝
2+𝐾𝑖

2 −
𝐾𝑖𝑅33𝑘3�̃�3

𝐾𝑝
2+𝐾𝑖

2         (12) 

 
with coefficients 𝑅22 and 𝑅33 belonging to the diagonal ma-

trix 𝑅𝑑, 𝐻𝑑 = 0.5𝑘1�̃�1
2 + 0.5𝑘2�̃�2

2 + 0.5𝑘3�̃�3
2, being 

�̃�1,2,3 = 𝑥1,2,3 − 𝑥1,2,3
∗  with the superscript ‘*’ indicating the 

equilibrium point. Finally, 𝑘1,2,3 (>0) are chosen for modify-

ing the speed of convergence to the equilibrium. 

4. Results 

To analyze behaviors, Figure 4 presents simulation re-
sults using 8 minutes of Figure 1 with all values in p.u. In the 

first analysis, rate limits are r.o.cE = 0.042 p.u./s. It is two 
times the r.o.cE  in expression (3).  

In Figure 4: 1) black lines indicate both the behavior 
when the electrolyzer has no constraints (the ideal case in 
expression (1)) and the reference of power of the wind, y(t) 
and r(t), respectively; 2) orange line shows the behavior 
when the electrolyzer has operating limits (expression (1) 
and (3)) but without AW action (u1(t)=0); finally, 3) blue line 
depicts the behavior when the AW action, expression (12), 
is included in the control. The details, enclosed in rectangles 
in Figure 4(a), are showed in parts (b) and (c). It is worth not-
ing that part (b) depicts the problem when not considering 
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rate limits in the control system. Consequently, a lack of syn-
chronization is present between the reference (black line) 
and the power consumed by the electrolyzer (orange line). 
The last is a consequence of not considering the AW scheme. 
This erratic behavior, also shown in the first part of (c), indi-
cates that variables inside the controller are uncorrelated 
with the process ones. On the contrary, when analyzing the 
AW scheme (blue line), the systems response is smoother 
than without AW. Furthermore, Figure 4 shows that the con-
troller keeps the electrolyzers output closer to the variable 
power reference r(t). 

 
Fig. 4. Electrolyzer operated as a smart load. System behavior with-
out (orange line) and with (blue line) anti windup scheme 

 
It is worth remembering that, in Figure 4, the chosen 

r.o.c.E is twice as fast as the presented one in expression (3). 
Then, if not taking care of constraints, the behavior will be 
more erratic than the presented one in Figure 4 (orange 
line), and the electrolyzers lifetime will decrease. 

Figure 5 depicts, under the same wind conditions, the 

response using the AW scheme and r.o.cE = 0.021 p.u./s. 
Parts (b) and (c) of Figure 5 show the rate limit imposed by 
the AW scheme. Ellipsoids encircle time ranges where the 
limitation on the rate of change of the PI output (�̇�𝑃𝐼𝐷) is op-
erating, and the electrolyzer output 𝑦 is slower than the 
wind generation r(t). Even when the rate limit was activated, 
the power the electrolyzer consumes (𝑦) is close to the wind 
power showing good general behavior of the system.  

5. Conclusions 

This work shows that electrolyzers can work as smart 
loads for compensating wind generation. To preserve the 
lifetime of electrolyzers an AW scheme incorporates the 
constraints in the control. A linear PI controller, calculated 
without considering saturation effects in electrolyzers, is 
used in the main control loop. In a second loop, the AW 
strategy adds a signal ensuring that PI variables correlate 
with the process variables.   

Temporal behaviors over a realistic wind profile show 
the excellent performance of the system. The behaviors 
demonstrated that it is possible to maximize the ’electrical’ 
operation without compromising the lifetime of electrolyz-
ers. 
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Fig. 
5. Electrolyzer’s response when used as a smart load. System be-

havior with AW (blue line) and r.o.cE = 0.021 p.u.  
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1. Introduction

Green hydrogen production using highly efficient yet low-
cost, and stable oxygen electrodes, is crucial for ensuring a 
sustainable clean energy future. While alkaline electrolysis (AE) 
is the most used and more mature technology on a commercial 
level at the MW scale, the zero-gap configurations such as the 
proton exchange membrane water electrolyzers (PEMWE) and 
the anionic exchange membrane water electrolyzers (AEMWE) 
are gaining progressively more momentum. The AEs use a 
diaphragm to separate both electrodes which fails to prevent 
extensive mixing caused by the cross-over of hydrogen and 
oxygen from one half-cell to the other; besides posing 
problematic safety concerns, also reduces the efficiency of the 
device [1]. Besides, several technical issues arise due to the high 
reactivity of hydroxyl ions with CO2 from ambient air, which in 
turn triggers the formation of K2CO3 salts that utterly condemn 
the stability of the electrolyzer. PEM systems obtain high 
current densities, surpassing 4 A·cm-2 with cell efficiencies of ca. 
74 %HHV[2], and the typically PSFA-based membranes allow 
differential pressure operations that avoid a second stage 
mechanical hydrogen compression for subsequent storage. 
Despite many positive features, the highly oxidative 
environment of the anodic chamber narrows the choice of 
electrocatalysts and peripheral components to Precious Group 
Metal (PGM) and other scarce or expensive materials, 
contributing to the high capital cost of the technology. 
AEMWEs on the other hand, is an emergent type of low-
temperature electrolyzers that unravel numerous eye-catching 
benefits since the aim is to combine the kernel advantages of 
PEMWEs, the use of the solid polymeric membranes, with the 
rewards of AEs, by resorting to cheap and abundant PGM-free 
materials. A striking difference from the counterpart PEMWE 
concerns the use of a supporting electrolyte (i.e, KOH or K2CO3 
solutions) that has been assigned to drop the ohmic resistances 
of the membrane and catalyst layers from higher hydroxide ion 
transport and for boosting the kinetics of the reaction, due to 
the increment of local pH at the catalyst-electrolyte interface. 
Naturally, the past decade of research breaths increased 
interest in the production of green hydrogen via AEMWEs and 
many advancements have been followed mainly in membrane 
technology and the development of PGM-free catalysts for the 
oxygen evolution reaction (OER). Quaternized imidazolium 
polystyrene-based membranes and ionomers, such as 
Sustainion 37-50, have allowed reaching unprecedented 

current densities of ca. 3.3 A·cm-2 at 1.8 V @ 60 °C using 1 M 
KOH and PGM-based catalysts (IrO2|Pt) and 0.47 A·cm-2 with 
PGM-free catalysts (NiFe|NiFeCo) at the same operating 
conditions [3]. Still, the operation under demineralized water is 
the ultimate sought goal for turning AEMWEs into a 
competitive technology. Nickel-based catalysts and 
components represent the standard material for AEM 
electrolysis, however, under anodic polarization, their chemical 
stability is compromised at pH <9, which has been inhibiting its 
use under ultra-pure water conditions. Additional pressing and 
critical technical issues concern the poor stability of water-fed 
AEMs, due to ambient CO2 contamination that triggers the 
formation of dissolved carbonate and bicarbonate ions, known 
for decreasing the ionic conductivity of the binders and 
membranes. Besides some promising performances reported 
for pure water-fed membrane-based alkaline electrolyzers that 
reach 1.5 A·cm-2 at 2.0 V and 85 °C or 800 mA·cm-2 at 2.0 V at 70 
°C [4,5] using PGM-free anodes, the stability of the cell at fixed 
and moderate current densities is rather poor and short-term ( 
< 50 h). 
In this work, a full PGM-free, high-performing AEM electrolyzer 
with unprecedented durability under ultra-pure water 
operation, (> 85 h @ 60 °C at 200 mA·cm-2) was developed. The 
breakthrough preparation strategies that led to record 
stabilities, in both KOH concentrated electrolytes and ultra-
pure water, of membrane electrode assemblies (MEAs) 
consisting of pyrrolidinium functionalized styrene-ethylene-
butylene-styrene-based (SEBS-Py) membrane and 
NiFeOx|Mo2C based electrodes are detailed. The activation of 
the polymers in alkaline media, both membrane and solid 
electrolyte (ionomer/binder) were found to be crucial in 
maintaining high performances in ultra-pure water and 
moderate current densities while simultaneously maintaining 
the stability of Ni catalysts and other low-cost components, 
such as stainless steel bipolar plates and current collectors. 
These outcomes are one step closer to unknot high-performing 
and durable AEMWEs into pilot commercialization operating in 
ultrapure water, thus allowing for replacing the high-costly 
PEMWEs that already operate with ultra-pure water (UPW). 

2. Experimental

2.1 Membrane electrode assembly (MEA) preparation and 
AEMWE assembly 

A styrene-ethylene-butylene-styrene-based (SEBS) solution 
produced, via the mechanism shown in Fig.1, was poured into 
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a glassy dish and dried at room temperature until evaporating 
all the solvent. After that, the Cl- form membranes were 
thoroughly washed in ultrapure water and the membrane 
electrode assemblies were prepared. Both catalyst coated 
membranes (CCMs) and catalyst coated substrates (CCSs) were 
produced by dispersing 4 mg·cm-2 of NiFeOx catalysts (CenMat) 
together with 10 wt. % - 30 wt. % I/C of the ionomer suspension 
based on SEBS copolymer; either on top of a SEBS membrane 
or on a substrate felt of Ni, SS (Bekipor) or carbon paper 
(SigraCarb 2050) at the anode side, and 4 mg·cm-2 of Mo2C 
catalysts (CenMat) at the cathode side. The depositions were 
performed on top of a pre-heated plate at 50 °C. Both CCMs or 
CCSs were immersed in a TMA + 20 wt.% KOH solution to 
perform a cross-linking step and insert the functional groups of 
pyrrolidine, for 15 h. After that, the membranes in OH- form 
were obtained by immersing the SEBS-Py in a 1 M KOH solution 
in the dark between 48 h and 72 h. The water uptake and 
conductivity in OH- were measured for the prepared 
membranes.  

 

Fig. 1. Diagram for the preparation of Py-SEBS membrane and ionomer. 

2.2 AEMWE Cell assembly and electrochemical 
characterization 

The membrane electrode assembly components were 
thoroughly rinsed in ultra-pure water and assembled in an 
AEMWE using 0.6 Nm torque to clamp the cell. The AEMWE was 
tested in both 0.1 M KOH liquid electrolyte and ultrapure water 
at 60 °C and 85 °C. The cell was continuously purged with N2 to 
minimize the generation of K2CO3 due to the side reaction of 
KOH with atmospheric CO2. The cell was firstly activated in 
potentiostatic mode and then in galvanostatic mode with lead 
times of about 4 min at each current up to 2 A·cm-2 in KOH and 
up to 1 A·cm-2 in UPW. Ten polarization curves were retrieved 
in potentiostatic mode up to 2.5 V with a scan rate of 20 mV·s-1 

in alkaline media and neutral pH; EIS spectra were recorded at 
200 mA·cm-2. Long-term chronopotentiometries were 
performed in water-fed anion exchange membrane 
electrolysers, at 200 mA·cm-2. 

3. Results 

3.1 Effect of current collector (PTL) composition and ionomer 

concentration on the AEMWE in KOH and UPW operation 

AEM water electrolyser applications require mechanically 
stable AEMs for operating at high differential pressures.  The 
final thickness of the produced membranes SEBS-Py was ca. 65 
μm, with no visible surface defects and both the membrane and 
ionomers had an ionic exchange capacity of OH- (IEC) of 1.40± 
0.13 mequiv. g−1.  Common AEMs possess around 1.50 mequiv· 

g−1, if the AEMs are built to have IEC >3 mequiv·g-1, they quite 
frequently dissolve in water and lose their properties to be used 
in AEMWE. Moreover, the conductivity in OH- form reached 
28.5 ± 2.3 and the water uptake ratio was 38.3 ± 4.8 %. 

Fig.2 a) and b) show the polarisation curves retrieved for 
AEMWEs employing different anode current collectors (SS felt, 
carbon paper and Ni felt); the current collectors play a pivotal 
role in assuring the transport of reactant water in the direction 
of the catalyst layer while simultaneously allowing efficient 
removal of product gas towards the cell’s exhaust. Ni felt 
operates as an extension of the catalyst layer under OER 

conditions at a pH = 13, thus allowing to achieve 1.1 A·cm-2 @ 2 
V and 60 °C, Fig. 2 a). Nonetheless, upon performing the 
polarization curve in ultra-pure water, the performance of Ni-
based anodes dropped considerably to 0.1 A·cm-2 @ 2 V and 60 
°C, and catalyst nanoparticles could be detected at the cell 
exhaust, suggesting the poor stability of the MEA at such 
conditions. The former event may have occurred since under 

pH neutral conditions and at potential differences over 1.2 V, 
Nickel dissolves in water in the form of Ni2+ ions, as seen in the 
Pourbaix diagram for Nickel-water [6]. Hydrophilic carbon 
paper current collectors (no teflon immersion treatment) 
although being highly conductive, easily oxidize to carbon 
dioxide at potentials > 0.8 V vs. RHE, and besides demonstrating 
fair performances in 0.1 M KOH operation Fig.2a) it is counter-

productive to adopt this material for commercial endeavors at 
pH-neutral media (where anodic operating potentials > 1.0 vs. 
RHE, Fig.2 b)). The stainless steel felt provided the best 
threshold between conductivity and performance and emerged 
as the best support for catalytic layers, ensuring the 
minimization of interfacial resistances and better management 
of gas-liquid phases. Most importantly, it proved to be stable 

under OER conditions in both KOH and UPW operations at 60 
°C. Besides, CCSs yielded larger current density outputs when 
compared to CCMs independently of the current collectors 
used and pH of the supporting electrolyte, most likely due to 
the detrimental effect on the polymeric chains and 
consequently stability, throughout the spraying process of 
catalysts onto the dry SEBS-Py based membrane at 50 ° C.  

 

 

Fig. 2. Polarisation curves for AEMWE cells using several anode current 

collectors (Ni felt, SS felt and carbon paper) using NiFeOx and Mo2C 

catalysts and the SEBS-Py based membranes and ionomer in CCSs and CCMs 

MEAs configurations for a) 0.1 M KOH and b) ultra-pure water (UPW) at 60 

°C; effect of SEBS-Py ionomer concentration on CCSs at the polarisation of 

AEMWEs in c) 0.1 M KOH and d) ultra-pure water at 60 °C.  
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The ionomer to catalyst ratio (I/C) must be tuned, for mainly 
two reasons: i) for guaranteeing the continuous transfer of 
ionic charges from the membrane to the surface of active sites 
throughout the 3D microstructure of the catalyst layer, ii) to 

avoid the insulating polymeric binder of blocking the porous 
microstructure of the catalyst layer, compromising both the 
mass transfer of reactants and products and the passage of 
electrical charges. In this regard, for both operations in alkaline 
media (Fig. 2c)) and in pH-neutral media (UPW), the I/C ratio of 
20 wt. % is favourable for boosting the performance of the 
AEMWE due to the increment of triple-phase boundaries, Fig. 

2d).  

3.2 Effect of type of materials used as bipolar plates and solid 
electrolytes in AEMWE performance at pH-neutral 
operation 

Fig. 3a) evidences the performance of AEMWEs using PGM-free 

catalysts, NiFeOx at the anode and MO2C at the cathode with 
either commercial Sustainion as AEM & anion exchange 
ionomer (AEI) or SEBS-Py, under pH neutral operation. The 

benchmark membrane fails to deliver high currents densities 
outputs, as the ohmic resistance is utterly high. On the other 
hand, fabricated SEBS membrane extends the pathways for OH- 
transport from the cathode towards the anode resulting in 

remarkable performances of ca. 0.8 A cm-2 @ 2 V, 60 °C.  

Fig. 3.a) I-V curves for AEMWEs employing commercial Sustainion 

membranes and prepared SEBS-Py using Ti bipolar plates (PEMcell) or 

stainless steel bipolar plates (AEMcell) at 60 °C or 85 °C in ultra-pure water 

pH=7 I/C=0.20; b) Long-term chronopotentiometry for PGM-free SEBS-Py 

based AEMWE in pH neutral operation (60 °C, 200 mA·cm-2). 

The presence of phenyl groups in the ionomer backbone that 
may cause oxidization to phenolic acid (pKa = 9.6) which limits 
the stability of PGM-free electrocatalysts was minimized with 
the fabrication of SEBS-Py comparatively to Sustainion; the 

results suggest that the proton in the phenol group did not 
deprotonate to neutralize the hydroxide of the pyrrolidinium 
functional group. Besides, the approaches for activating the 
membrane in KOH prior to testing proved to be beneficial for 
SEBS to yield great ion conductivity in UPW. The influence of 
gas bubble-induced ionomer detachment/and delamination of 
catalyst later from the membrane occurred much more 

effortlessly with Sustainion rather than with SEBS; which 
suggests the Sustaionion ionomer besides having lower gas 
permeabilities generating additional resistance, also has a 
much lower adhesion due to their excessive swelling in contact 
with water. With such developments it was possible to achieve 
the best to authors’ knowledge stability at pH-neutral media for 
a PGM-free AEMWE (SEBS-Py) for over 85 h, recording a 

degradation rate of solely 3 mV·dec-1, Fig.3b). 

4. Conclusions 

A novel strategy introduced in MEA fabrication allows to 
extend the electrical contact with the aqueous electrolyte 
thereafter providing an effective OH− transport pathway during 
the AEMWE cell operation. Some important remarks could be 
summed up, namely: i) CCSs using Stainless steel felts 
outperform CCM configurations probably due to the loss of 
mechanical integrity during CCMs’ preparation ii) I/C ratios of 
20 % are pivotal for extending the number of triple phase 
boundaries and the performance of the AEMWE iii) Cell 
operations at 85 °C deliver higher performances but less 
stability than operations at 60 °C throughout long-term tests; 
iv) Best performance attained in UPW occurred when using  
IrO2|Pt/C catalysts using SEBS-Py AEM & AEI - 1 A·cm-2 @ 2 V at 
60 °C outperforming commercial available Sustainion-based 
MEAs; v) but entirely PGM-free cell was able to reach 
unprecedented current densities of ca. 0.8 A·cm-2 @ 2 V @ 60 
°C in UPW with the novel membrane configuration; vi) The most 
stable AEMWE cell in UPW to the best of the author’s 
knowledge is reported in this work and uses PGM-free catalysts 
(NiFeOx|Mo2C) and the novel SEBS-Py membrane & ionomer. 
The author’s cell achieved a degradation rate of 3 mV/ h vs. 64 
mV/h obtained by Li et. Al published in Nature energy, which is 
the most equivalent system, for ca. 85 h in pH-neutral 
operation. These results shed the opportunity to optimize such 
system and thus boost the efficiency on the production of 
hydrogen through sustainable routes. 
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1. Introduction

The approach of H2 as an energy vector is not new, how-
ever recently research have been intensified on its produc-
tion from different sources, purification, and application 
particularly in fuel cells [1]. Development of new and cleaner 
H2 technologies is related to the climate restrictions which, 
according to the IPCC 2018, establish that to limit global 
warming below 2°C in 2030, the CO2 emissions need to de-
cline 25% respect to 2010 and reach net zero around 2070 
[1]. To achieve this goal, it is necessary to reduce the cost of 
low-carbon H2 production and expand its implementation 
[1]. 

In this context H2 production as an energy vector by 
steam reforming of alcohols obtained from biomass, such as 
bioethanol (Equation 1), is a sustainable alternative. H2 can 
be transform into energy in fuel cells, such as PEM ones, 
which demands high purity H2 to be effective.  

𝐶2𝐻5𝑂𝐻 + 3𝐻2𝑂 ↔ 2𝐶𝑂2 + 6𝐻2                     (1) 
Taking into account  that the H2 produced from this pro-

cess contains significant amounts of CO, which poisons the 
anode at the PEM fuel cell,  therefore it must be removed. 
The gaseous product stream from the reforming unit con-
tains mainly H2, CO2, CO and CH4, so to minimize CO content 
operational units arranged in series are used. These units 
are based in Water Gas Shift Reaction (WGSR) and Preferen-
tial Oxidation of CO (COPROX).  

Lately, several studies [2, 3] have been published on 
sorbent materials that, working in the same reforming unit, 
reduce significantly the CO produced in ethanol reforming 
through selective capture of CO2, by shifting the equilibrium 
of WGSR reaction (Equation 2) and methane steam reform-
ing (MSR, Equation 3). This process is known as sorption en-
hanced ethanol steam reforming (SE-ESR). Therefore, in 
presence of CO2 sorbent material, not only CO content is re-
duced but also H2 production is increased.   

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2           (2) 
𝐶𝐻4 + 2𝐻2𝑂 ↔ 𝐶𝑂2 + 4𝐻2   (3) 
In last years, SE-ESR has become an interesting ap-

proach for industry, since it offers high purity H2 in a simpler 
and smaller system. To improve feasibility on this process, it 
must be operated in multicyclic sorption-regeneration 
scheme, becoming important the use of materials that work 
under ethanol steam reforming conditions (atmospheric 
pressure, 500-600ºC). Several CO2 sorbent materials have 

been studied, such as CaO materials; lithium zirconates, lith-
ium orthosilicates or sodium zirconate and hydrotalcites [3]. 

Hydrotalcites (HT), a layered double hydroxide material, 
have shown selective CO2 capture capacity and stability in 
multicyclic operation under mild temperatures [2, 3, 4, 5]. 
Even when HT sorbents have lower CO2 sorption capacity 
compared to CaO ones, these are promising materials since 
its sorption capacity might be improved increasing its basic-
ity by addition of alkaline metals such as Na, K, Cs [4].  

In this study CO2 sorbents based on Mg/Al HT, modified 
with different loadings of potassium (K) are analyzed, and 
their performance in the cyclic CO2 sorption-desorption pro-
cess is compared. Finally, these sorbents are tested under 
SE-ESR conditions with a Ni based catalysts, comparing H2 
purity obtained. 

2. Experimental

2.1 Sorbent and catalysts synthesis 

The sorbents are developed using a synthetic hy-
drotalcite (HT), supplied by Merck (CAS. 11097-59-9). This 
solid has been modified with different loadings of K through 
incipient wetness impregnation, following the procedure 
described by Halabi et al. [6]. First, commercial HT is sieved 
to particle size between 177-297 µm and calcined at 400ºC 
for 4h. Then, it is mixed with a suitable volume of an aque-
ous solution of K2CO3 of known concentration, which is de-
termined based on HT poral volume. After that, the solid is 
dried to 120ºC for 12h and calcined at 500°C for 4h. Sorbents 
are labeled as NKHT(x), where N is the nominal loading of K, 
N = 0, 10, 15, 20wt.%, and x refers to the calcination tem-
perature in ºC. 

Catalyst used in sorption-enhanced steam reforming of 
ethanol tests, is obtained after the activation of a Ni-Mg-Al 
hydrotalcite precursor previously developed for our group 
[7]. This catalyst was named HT-4 and its nominal composi-
tion is denoted by molar ratios Ni/Mg = 4 and [Ni(II) + 
Mg(II)]/Al(III) = 3.  

2.2  Sorbent characterization 

The unpromoted and K promoted hydrotalcites are char-
acterized by: BET surface area and pore size distribution by 
N2 sorption on a Quantachrome Autosorb; elemental analy-
sis by inductively coupled plasma- optical emission spec-
trometry (ICP-OES) in a Perkin Elmer ICP OPTIMA 2100 
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spectrometer; powder X-ray diffraction (PXRD) obtained in 
a Shimadzu XD-D1 diffractometer with Cu Kα; CO2 tempera-
ture programmed desorption (CO2-TPD) and CO2 sorptio-de-
sorption test are performed in ta Micromeritics Autochem 
II. The CO2 sorption capacity of the samples is determined 
based the obtained results for CO2 sorption test and the fol-
lowing expression: 

𝐶𝑖 =
𝑃 𝑉𝐶𝑂2

𝑅 𝑇 𝑚𝑠𝑜𝑟𝑏
                                                                      (4) 

Where: 𝐶𝑖: sorption capacity in i cycle (mol CO2/kg of 
sorb); 𝑉𝐶𝑂2

: adsorbed CO2 volume (mL CO2); P: atmospheric 

pression (1 atm); R: constant (82.06 atm.mL/mol CO2. K); 
msorb: sorbent mass (kg). 

Additional information regarding characterization test 
was referred in previous work [8]. 

Complete conversion of ethanol is ensured in all SE-ESR 
tests. During the analysis, molar fractions of N2, H2, CO2, CO 
and CH4 are followed. Results are reported as H2 and CO pu-
rities in dry basis, as expressed in Equation 6. 

𝑃𝑗 =
𝑦𝑗

1−𝑦𝐴𝑟−𝑦𝑁2

 100                                           (6) 

Where: yj: molar fraction of j product at reactor outlet, 
H2 or CO2; yN2, yAr: molar fraction of N2 and Ar, respectively. 

 
2.3 Sorption enhanced ethanol steam reforming 

Sorption enhanced ethanol steam reforming tests are 
performed in a fixed-bed reactor. The reactor packing con-
sists in a homogeneous mixture of 0.62g of Ni based catalyst 
and 2.38g of sorbent. The reaction is performed at 500ºC. 
Additional information in presented in a previous work [8]. 

3. Results and discussion 

Textural properties of unpromoted hydrotalcites with 
different K loadings are shown in Table 1. For the un-
promoted hydrotalcite, a small reduction of BET area is de-
tected with calcination temperature. When comparing the 
promoted hydrotalcites, BET area and poral volume signifi-
cantly diminish with increasing K loading, while average 
pore radius increases. These results are consistent with the 
blockage of the pores due to the impregnation of the hy-
drotalcites with K.  

 
Table 1. Textural properties of hydrotalcites fresh and spent in 19 
sorption-desorption cycles, determined by N2 physisorption. 

Sample 
BET Area 

(m2/g) 
Poral Volume 

(cm3/g)) 

Average 
pore radius 

(Å) 

Fresh 

0KHT(400)  225.8 0.22 22.0 

0KHT(500)  220.6 0.24 24.1 

10KHT(500) 31.9 0.16 84.2 

15KHT(500) 16.8 0.14 123.5 

20KHT(500) 8.6 0.10 135.0 

Spent (19 cycles) 

10KHT(500) 32.2 0.15 85.5 

15KHT(500) 15.4 0.12 137.6 

20KHT(500) 12.1 0.09 158.8 

Figure 1 shows PXRD patterns for unpromoted and pro-
moted hydrotalcites. For all the samples diffraction signals 
occur at 2Ɵ = 37º, 43º and 62º, corresponding to MgO 

periclase phase (JCPDS 45-946). For 20KHT(500) diffraction 
signals associated to K phases are detected at 2Ɵ = 30º, 
32.2º, and 32.7º, which according to Lee et al. [9], can be 
attributed to crystalline phases of K2CO3. 

Meis et al [10] proposed a mechanism on impregnation 
of K2CO3 in hydrotalcites, where some Mg2+ ions in the sur-
face of mixed oxide MgAlOx are replaced by K+ ions creating 
O2- vacancies. This could explain why no segregation of 
K2CO3 is distinguished at low potassium content. 

 

Figure 1. PXRD patterns for HT(400) and NKHT(500) samples. 

 
In Figure 2, CO2-TPD profiles for fresh sorbent samples 

are shown. According to literature [11], [12], three types of 
basic sites are detected. Between 50 and 300ºC takes place 
CO2 desorption from weak sites, which are associated to the 
more labile bicarbonate species [11]. Basic sites of interme-
diate strength are located between 300 and 700ºC, and in 
accordance with Walspurger et al. [12] this peak is broad-
ened with its maximum shifting to higher temperatures as K 
loading increases.  

 

Figure 2. CO2-TPD profiles of fresh unpromoted and K-promoted 

hydrotalcites. 

In hydrotalcites with K, occurs a CO2 desorption event 
with a maximum around 830ºC [12, 13] that can be at-
tributed to decomposition of bulk potassium carbonate or 
bidentate carbonate K+; accordingly, its intensity increases 
with K loading. 

The distribution of basic sites for each sample has been 
determined by deconvolution and integration of the CO2-
TPD profiles (Table 3). A clear behavior is noted: the basic 
character of the samples increases with K loading.  
Table 3. Proportion of basic sites calculated from CO2-TPD profiles 
of fresh hydrotalcites. 
 

Sample 
Proportion of basic sites (%) 

Weak (%) Interm. (%) Strong (%) 

0KHT(500) 64.9 25.1 9.9 

145



 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 

10KHT(500) 27.7 60.3 12.0 

15KHT(500) 12.5 42.1 45.4 

20KHT(500) 8.9 35.5 55.6 

 
Furthermore, unpromoted hydrotalcite presents the 

higher proportion of weak basic sites, while the proportion 
of strong basic sites increases with K loading. Regarding the 
sites of intermediate strength, proportion of these reaches 
an optimum with K loading for 10KHT(500). 

The results for CO2 sorption tests are presented in Fig-
ure 3. Based on sorption results, the pre-breakthrough pe-
riod, is longer for K promoted hydrotalcites compared to un-
promoted one, which confirms that addition of K enhances 
CO2 sorption capacity. Concerning breakthrough period, alt-
hough the differences between sorption capacities are rela-
tively small, it is observed that CO2 volumes captured follow 
a trend as K content: 15KHT(500)> 20KHT(500) > 10KHT(500) 
> 0KHT(500). Moreover, 15KHT(500) presented the higher 
stability after 19 samples; while 10KHT(500) the lowest (not 
shown). 

 

Figure 3. CO2 Sorption profiles for unpromoted and K-promoted 

hydrotalcites. Conditions: total flow of 50 mL/min of CO2:N2 (15:85) 

at 500ºC during 10 min. 

SE-ESR has been performed with K promoted and un-
promoted hydrotalcites mixed with Ni based catalyst, Figure 
4.   

 

Figure 4. Purities to H2 and CO2 under sorption enhanced steam 

reforming of ethanol at 500ºC for NKHT(500), being 

N=0,10,15,20wt.%. --- corresponds to purities obtained for ethanol 

steam reforming 

The K promoted hydrotalcites presented higher H2 puri-
ties and lower CO2 purities during the pre-breakthrough pe-
riod. Additionally, in accordance with CO2 sorption test, pre-
breakthrough period is longer for promoted sorbents com-
pared to unpromoted ones. Finally, no significant difference 
is observed in the performance of promoted hydrotalcites in 
SE-ESR, related to K loading.  

4. Conclusions 

Potassium promoted materials have higher CO2 sorption 
and desorption capacities compared to unpromoted solids. 
Moreover, CO2 sorption multicycle tests denote the exist-
ence of an optimum K loading. This is due to the opposite 
effects produced by K impregnation: in one side, as K loading 
increases BET area reduces, hindering CO2 sorption; mean-
while, basic character of samples increases with K, favoring 
CO2 capture. Furthermore, it is confirmed that K-promoted 
hydrotalcites can be regenerated under inert atmosphere at 
the same temperature of CO2 sorption. Finally, it is evident 
the beneficial behavior of K-promoted hydrotalcites as 
sorbents in sorption enhanced ethanol steam reforming, 
reaching nearly 100% in H2 purity with the latest type of ma-
terials, with minimal discern between K loadings.  
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1. Introduction

Kesterites Cu2ZnSn(S,Se)4 (CZTSSe) are promising earth-
abundant element-based alternatives to the existing chalco-
genide absorbers thin-film technologies[1]. CZTSSe-based 
solar cells have improved during the past decade until to 
reach the record efficiency of 12.6% in 2013 [2]. Because of 
this distinguished performance in the field of photovoltaics, 
they have been implemented in photoelectrochemical de-
vices for water splitting. Photocathodes have been fabri-
cated with the same configuration of a solar cell, with pho-
tocurrents for hydrogen generation comparable to the 
short-circuit current (Jsc) values obtained from a photovol-
taic device. Ros et al. showed that the Jsc of the photovoltaic 
device Mo/CZTSe/CdS/i-ZnO/ITO/TiO2 and the photocurrent 
(Jph) produced by water reduction on the photocathode 
Mo/CZTSe/CdS/i-ZnO/ITO/TiO2/Pt were similar, 30mA cm-2. 
Although the high short-circuit current values, CZTSSe de-
vices suffer from low open-circuit voltage associated with 
the high density of defects due to the multielement compo-
sition nature of the quaternary CZTSSe phase [3]. This is not 
limited to photovoltaic devices, and this disorder also causes 
a decrease in the onset potential of photocathodes, conse-
quently decreasing the solar-to-hydrogen conversion effi-
ciency (HC-STH). The partial substitution of Cu+ by Ag+ in 
Cu2ZnSnS2 (CZTS) has been successfully demonstrated to en-
hance onset potential due to the annihilation of the CuZn and 
ZnCu antisites. Because of the benefits caused by Ag-substi-
tutions on the CZTS photocathode performance, in this 
work, we show the same effect is also obtained for partially 
substituting Ag in CZTSSe. To demonstrate that the Ag-sub-
stitution vanquishes the Cu/Zn-related defects, we compare 
the photoelectrochemical results to the characterization of 
the CZTSSe films by photoluminescence. 

2. Experimental

2.1. Molecular precursor solutions 

The molecular precursor solutions were prepared based on 
the method described by Colllord and Hillhouse [4]. Briefly, 
the CZTSSe precursor solution were prepared by sequen-
tially dissolving 5 mol L-1 thiourea TU (99%), 0.48 mol L-1 

Cu(CH3CO2H)2 (99.99%), 0.37 mol L-1 ZnCl2 (99.99%), 0.35 mol 
L-1 SnCl2 (99.99%), and 0.03 mol L-1 LiCl in dimethylforma-
mide, DMF (99.98%). Elemental ratios were Cu/(Zn+Sn) =
0.75 and Zn/Sn = 1.05 to obtain a Cu-poor and Zn-rich
CZTSSe composition. The Ag alloyed CZTSSe (I2-II-IV-VI4) pre-

cursor solution was prepared by the same procedure de-
scribed above, adding 0.05 mol L-1 AgCl (99.99%) to obtain a 
film with the composition of (Cu0.9,Ag0.1)2Zn Sn(S,Se)4.  

2.2. CZTSSe film deposition and devices fabrication 

The chalcogenides films were deposited onto Mo-coated 
soda lime glass (MSLG) substrates 2.5 x 2.5 cm. The films 
were annealed on a hot plate at 300 oC for 90 s and then 
allowed to cool. The spin casting and annealing procedures 
were repeated 6 times to obtain a film thickness equal to 
~1200 nm.  The as deposited CZTSSe films were selenized at 
520 oC for 20 min under an Ar flow of 100 cm3 min-1. The 
devices were completed by further deposition of a 40 nm 
CdS buffer layer by chemical bath deposition (CBD) tech-
nique [5]. The substrates were immersed in 150 ml of deion-
ized water, 22 ml of 0.015 mol L-1 CdSO4 solution, 22 mL of 
0.75 mol L-1 thiourea solution, and 28 ml of NH4OH at 65 oC 
during 10 min. The electron transport layer of TiO2 was de-
posited over the CdS/CZTSSe by spin coating. The precursor 
solution was comprised by 20% of titanium isopropoxide in 
isopropanol. The amount of solution deposited was 400 μl 
to achieve the desired thickness. The process was spun at 
3000 rpm for 1 min, and the films were annealed at 
200°C/30 min afterwards.  A Pt cocatalyst layer was photoe-
lectrodeposited at 0 V vs Ag/AgCl under 100 mW cm-2

 during 
30 s. The photoelectrodeposition was carried out in a three-
electrode cell, where TiO2/CdS/CTZSSe/Mo was the working 
electrode, Pt as counter electrode and Ag/AgCl electrode as 
reference in an aqueous solution of 10 µ𝑀 H2PtCl6.  

2.2 Film characterization and photoelectrochemical perfor-
mance  

(SEM) micrographs and energy-dispersive X- ray spectros-
copy (EDX) were collected with a FEI microscope. X-ray dif-
fraction (XRD) was performed with Cu Kα radiation at room 
temperature. The UV-Vis spectra of the chalcogenide films 
were measured between 400 and 1400 nm.  

3. Results and Discussion

3.1 Characterization of Ag-alloyed CZTSSe films 

Ag substituted CZTSSe films were obtained from seleni-
zation of solution-processed nanocrystalline CZTSSe precur-
sor films. Figure 1 shows the profile of the chemical compo-
sition of CZTSSe and ACZTSSe obtained by glow-discharge 

optical emission spectrometry (GDOES).  
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Figure 1 – Elemental profile obtained by GDOES of (a) CTZSSe and 

(b) ACTZSSe films. 
 

All the films were prepared under Cu-poor, I/(II+IV) = 0.75, 
and Zn-rich conditions, II/IV = 1.05. The elemental analysis 
shows that the Cu-poor condition is maintained throughout 
all compositions with I/(II+IV) approximately 0.75. Although 
II/VI elemental ratio varied between 1.06 and 1.19, all the 
samples are also Zn-rich. The S/(S+Se) ratio is approximately 
5% for both films. For the Ag substituted film Ag/(Ag+Cu) is 
equal to 10%. The crystal structure and quality of the spin-
coated and selenized CZTSSe and Ag+-substituted one, 
ACZTSSe, thin films were characterized by X-ray diffractom-

etry. These samples exhibit diffraction peaks at 2 corre-
sponding to the (112), (204)/(220) and (312)/(116) reflection 
planes of the tetragonal crystal structure. The substitution 
of Ag(I) into the Cu(I) sites in the CZTSSe film promote the 
shifts of all the peaks in the diffractogram. This indicates the 
expansion of the lattice structure caused by the substitution 

of the larger ionic radius of Ag+ (radius = 1.15 Å) into Cu+ 

sites (Cu+ radius = 0.74 Å ). Diffraction peaks other than 
those for CZTSSe phase indicate that no significant impurity 
phases were identified by XRD. Impurity phases derivatives 
from the substituent transition metals, have not been de-
tected in the Ag alloyed CZTSSe films. The SEM images of the 
surface of CZTSSe and ACZTSSe show the effect of the Ag 
substitution on the morphology of the films. The surface of 
the non-alloyed CZTSSe is formed with grain with an average 
size equal to ~1 µm. The surface of ACZTSSe film shows large 
grains with a size of over 3 µm. 
 
3.2. Solar-driven water splitting on Ag-substituted CZTSSe-
based photocathodes 

 
To enhance the photoelectrochemical activity, a thin buffer 
layer of CdS, and a protective layer of TiO2 were deposited 
on ACZTSSe and CZTSSe photocathodes. In addition, Pt na-
noparticles cocatalysts covered the photocathode surface to 
increase the kinetic charge transfer on the interface semi-
conductor/electrolyte. Figure 2a shows the current density–
potential curves for the photocathodes in 0.5 mol L-1 H2SO4 
solution under chopped simulated sunlight (100 mW cm-2). 
Based of that, the half-cell solar-to-hydrogen efficiency (HC-
STH) plot was obtained according to the equation below and 
it is shown in Figure 2b.  
 

𝐻𝐶 − 𝑆𝑇𝐻(%) =
𝐽𝑃𝐻× (𝑉−𝑉

𝐻2 𝐻+⁄ )×100%

𝑃𝑡𝑜𝑡𝑎𝑙
                                                        

 

The Pt/TiO2/CdS/CZTSSe photocathode exhibited a photo-
current density of -6.2 mA cm-2 at 0 VRHE and an onset po-
tential of 0.22 VRHE. With the partial Cu+ substitution by Ag+, 
the onset potential significantly improved (Von~0.4 VRHE) 
with high photocurrent density (Jph = -16.8 mA cm-2

 at 0 
VRHE). The increased onset potential can be attributed to the 
reduction of the concentration of deep defects [6]. Further-
more, the increased photocurrent for Pt/TiO2/CdS/ACZTSSe 
can be explained by the improved grain morphology. The Ag 
cation incorporation causes the grain to expand laterally and 
along the depth direction, which can enhance light absorp-
tion and carrier collection. Therefore, the solar-to-hydrogen 
efficiency for Pt/TiO2/CdS/ACZTSSe photocathode (1.27 %) 
was more than 6 times higher than that for the CZTSSe pho-
tocathode (0.20%).  

 

 
Figure 2 – (a) Current density–potential curves of 
Pt/TiO2/CdS/ACZTS and Pt/TiO2/CdS/CZTS in a 1.0 mol L-1

 H2SO4 so-
lution (pH 0.4) under chopped simulated sunlight (1.5G filter and 
100 mW cm-2) and the correspondent (b) Half-cell solar to hydro-
gen efficiency (HC-STH).. 

4. Conclusions 

In summary, we have demonstrated that the partial substi-
tution of Cu+ by Ag+ in CZTSSe thin may mitigate the pres-
ence of antisite defects such as CuZn and ZnCu, which are 
point out as the main responsible for the band tailing and 
low onset potential in CZTSSe based photocathodes for PEC 
water splitting. The fabrication of the spin-coated 10% sub-
stituted ACZTSSe thin films was confirmed by the elemental 
profile obtained by GDOES and DRX, which show no signifi-
cant impurity phases. In terms of photoelectrochemistry, 
the partial substitution of Cu+ by Ag+, increases the onset po-
tential from 0.2 to 0.4 VRHE, resulting in an increment of 10.6 
mA cm-2

 in the photocurrent, and more than 6 times the so-
lar-to-hydrogen efficiency confirms the drop of the antisite 
defects.  
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1. Introduction

Hydrogen, as an energy carrier, is seen as a key factor in
the energy transition to a net-zero economy, and Brazil is 
beginning to promote its use [1],[2]. Even if this process is in 
its early stages, it is highlighted that the production of green 
hydrogen in Brazilian offshore associated with wind genera-
tion appears as an increasingly viable possibility [3],[4],[5], 
[6]. Given this context, hydrogen storage may be one of the 
main options linked to this potential, using offshore geolog-
ical reservoirs. The study on the use of Brazilian offshore 
fields for CO2 storage has already started, but there is still no 
mention of using these fields for hydrogen storage [7]. 
Therefore, in this study, we sought to present the initial ap-
proach to this issue, investigating the possibility of hydrogen 
storage in depleted offshore oil and gas fields in Brazil. 

2. Literature Review

2.1 Underground hydrogen storage 

There are a variety of feasible hydrogen storage reser-
voirs, just as there are for carbon dioxide storage [6]. The 
most evident possibilities include saline aquifers, depleted 
oil and gas fields, and salt caves [5]. The usage of depleted 
fields has several advantages, including a better understand-
ing of local geology (because this knowledge is acquired in 
the oil exploration process) and the existence of a transpor-
tation network and local infrastructure [7]. In the case of 
Brazil, offshore oil and gas deposits appear to be viable 
choices, especially given the previously studied feasibility of 
CO2 geological storage [7]. In addition, storage of hydrogen 
in salt caves and depleted gas or oil reservoirs allows large-
scale and long-term storage, having lower costs than using 
tanks [8]. 

2.2 Hydrogen in Brazil 

Due to favorable climatic conditions, a competitive in-
dustrial sector with variable options, and a predominantly 
renewable electricity matrix, Brazil has stood out as one of 
the possible candidates for leadership in the global hydro-
gen market [9]. In July 2021, the Brazilian government also 
presented the guidelines of the National Hydrogen Program 
(PNH2), to demonstrate the country's strategies for the de-
velopment of the hydrogen economy [10]. PNH2 also sought 
to map existing laws and regulations to support and pro-
mote hydrogen as an energy vector and fuel in the Brazilian 
energy matrix [10]. Also, the Energy Research Company 
(EPE) (a public company affiliated with the Ministry of Mines 
and Energy) recently released technical notes on the 

country's potential for grey and blue hydrogen, with plans 
to publish on turquoise hydrogen soon [11]. Currently, one 
of the priorities of the National Energy Policy Council (CNPE) 
focuses on research, development, and government sup-
port for international partnership and project initiatives 
aimed at accelerating the formalization of the national hy-
drogen strategy [10]. 

2.3 Hydrogen-rock interaction 

CH4, H2, and CO2 can all be stored in the same geological 
formation [11]. As a result, the same geological features may 
be used for several purposes. Some conflicts of interests 
may emerge, such as the competition to store CO2 or H2 at 
the same reservoir [11], [12]. However, the odds are very 
low, since all projects with these natures are still very incip-
ient, and competition issues may be addressed from the be-
ginning [11], [12].  

In-depth geological characterisation is important to un-
derstand the storage capacity of Brazil's offshore oil and gas 
fields. Although the storage possibilities are initially the 
same for different gases and purposes, it is necessary to un-
derstand how each gas reacts when in contact with different 
mineralogies, permeabilities and porosities [11]. 

3. Methodology

The underground hydrogen storage depends especially
on the geological conditions (e.g. the mineralogy of the 
rocks of the chosen formation and their structural stability) 
and physicochemical conditions of the fluid-rock interac-
tion. In this work, we seek to ascertain the traditional meth-
odology for calculating stocking as well as to approximate 
the required calculations to the available data, considering 
the need for an initial approach to the problem.   

The traditional calculation methodology consists of 2 
steps drawn from the available literature on the subject [4], 
[5], [12], [13], [14], [15]: i) geological site selection; ii) hydro-
gen storage capacity estimate.The reservoir hydrogen stor-
age capacity is determined by replacing the recoverable nat-
ural gas volume in the gas field with hydrogen using Eq. (1), 
assuming that the reservoir natural gas has methane prop-
erties [12]: 

𝐸𝐻 = 𝐻𝐻𝑉𝐻 × 𝜌𝐻,𝑠 × 𝑂𝐺𝐼𝑃 ×
𝜌𝐶𝐻4,𝑠𝑡𝑝

𝜌𝐶𝐻4,𝑠
× 𝑈𝐺              (1) 

Where 𝐸𝐻 is the total energy stored as hydrogen in the 
working gas (MWh·m³), 𝐻𝐻𝑉𝐻 is the higher heating value of 
hydrogen (MWh/kg), 𝜌𝐻,𝑠 is the hydrogen density (kg/m³) at 

the pressure (MPa) and temperature (°C) when the store is 
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full, 𝑂𝐺𝐼𝑃 is the original gas in place in the store expressed 
as a volume (m³) at standard temperature and pressure 
(STP), 𝑈𝐺 is the recoverable amount of gas also expressed 
as a volume (m³) at STP. 𝜌𝐶𝐻4,𝑠𝑡𝑝 is the natural gas density 

(kg/m³) at STP, 𝜌𝐶𝐻4,𝑠 is the natural gas density at the pres-

sure (MPa) and temperature (°C) when the store is full [10]. 
Considering the initial impossibility of obtaining some of 

these data, we will approximate the storage capacity by cal-
culating the CO2 storage capacity, whose storage capacity 
calculation also considers the switch from using porous nat-
ural gas spaces to injected gas. 

4. Results 

4.1 Depleted oil and gas fields distribution 

Figure 1 shows the 85 studied fields and their location in 
the Brazilian offshore.  

 

Fig. 1. Brazilian offshore fields. Source: [7].  

 

The Brazilian offshore fields are not equally distributed 
along the country's coast, being concentrated in the south-
east region, especially in the Campos and Santos basins. In 
this sense, it is to be expected that hydrogen storage will be 
concentrated in this region. This idea is also favoured by the 
greater availability of infrastructure and proximity to con-
sumer centres in this location. However, this does not pre-
clude the use of different regions for hydrogen storage, 
given fields in the northeast offshore region. 

4.2 Possible reservoirs 

Considering the impossibility of compiling all the neces-
sary data for the calculation of hydrogen storage capacity in 
the first moment, we will consider that the fields with the 
highest CO2 storage capacity fit as the most adequate candi-
dates for hydrogen storage. This fields, possibly the most 
suitable hydrogen storage sites in the Brazilian offshore, are 
shown in table 1.  

Table 1. Possible most suitable oil and gas fields for hydrogen 
storage. 

Field Name Basin Geologic Formation 

Buzios Santos Barra Velha Formation  

Tupi Santos Barra Velha Formation 

Jubarte Campos Carapebus Formation 

Roncador Campos Carapebus Formation 

Marlim Sul Campos Carapebus Formation 

Marlim Campos Carapebus Formation 

Albacora Campos Carapebus Formation 

Marlim Leste Campos Carapebus Formation 

Albacora Leste Campos Carapebus Formation 

Peregrino Campos Carapebus Formation 

5. Discussion 

Several reasons lead one to believe that offshore south-
eastern Brazil has the greatest potential for hydrogen stor-
age: greater infrastructure, proximity to consumption cen-
tres, advanced geological knowledge of the oil and gas 
fields, and studies indicating potential storage of other gases 
such as CO2. Within this context, the Santos and Campos ba-
sins stand out with their large oil and gas production fields. 
However, it is important to mention that, even though stor-
age capacity is relevant knowledge, it is possible that fields 
with smaller capacities serve different purposes. For exam-
ple, fields with smaller storage capacity may serve as pilot 
projects or less be located in strategic locations. 

It is relevant that future studies consider separating the 
oil fields from the gas fields, bearing in mind that oil fields 
are more likely to have complex multiphase fluid flow inter-
actions with hydrogen, resulting in reduced pore space oc-
cupancy and greater storage costs, as well as the lack of a 
cushion gas already in place [12]. 

6. Conclusions 

Brazil begins to analyse the introduction of hydrogen 
into its energy matrix, and doing this in an integral way re-
quires evaluating possible sites for storage. The depleted 
fields of oil and gas in the Brazilian offshore appear as an 
interesting possibility due to their broad technical 
knowledge, available infrastructure and previous studies in-
dicating the capacity to store CO2. It is also pertinent to con-
sider hydrogen as a long-term, large-scale energy storage 
solution, especially when coupled with renewable energy 
sources or grids with dynamic electricity pricing schemes. 
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1. Introduction

Anion exchange membranes (AEMs), key component in
zero gap alkaline water electrolyzers and fuel cells, have at-
tracted growing interest because of the advantages of alka-
line conversion devices [1]. AEMs containing cationic groups 
(CGs) bounded to a polymer backbone are usually em-
ployed. 1,4-diazabicyclo (2.2.2) octane (DABCO), having ge-
ometric restrictions unfavorable for hydroxyl attack, was 
proposed as alternative to poor stable in alkaline media tri-
methylamine based CGs. Poly[2-2´-(m-phenylene)-5-50-
bibenzimidazole] (PBI), crosslinked with poly (vinylbenzyl 
chloride) (PVBC) quaternized by DABCO [2] attained an ac-
ceptable performance in Hydrogen AEMFC testing. Then, a 
similar AEM quaternized with BDABCO [3], a N1-butyl sub-
stituted doubly charged 1-butyl-4-aza-1-azaniabicyclo 
[2.2.2] octane bromide, showed improved conductivity.  

In this work, we study the quaternization with BDABCO 
of a previously reported poly(2,5-benzimidazole) (ABPBI)-c-
PVBC/OH membrane [4], quaternized with DABCO. Then, we 
go further in DABCO substitution by alkyl halides, by study-
ing a similar membrane, quaternized with 1-tetradecanyl-4-
aza-1-azaniabicyclo [2.2.2] octane bromide (TDABCO). 

2. Experimentale

2.1 Preparation of ABPBI-c-PVBC/CG/OH membranes  

ABPBI polymer, averaged Mw 23,200 g·mol-1, was sin-
tethyzed according to a reported procedure [5]. PVBC, 60/40 
mix of 3- and 4-isomers average Mw ~55,000 and ~100,000 
respectively, (Sigma Aldrich), and DABCO, 99 wt. %, (Sigma 
Aldrich), were used as received. 

The alkylated DABCO were synthetized from 10.1 g of 
DABCO dissolved in 100 mL of AcOEt at room temperature, 
then the corresponding n-alkyl chloride was added in molar 
ratio of (1:2). After stirring during 16 h, the product was pre-
cipitated, washed several times with AcOEt and dryed under 
vacuum.  

ABPBI-c-PVBC (ABPBI: PVBC 1:2) were prepared by the 
casting, from a solution of ABPBI (1 wt. %), LiNO3 (1 wt. %) 
and PVBC (X wt. %) in NMP. The mixture was placed in a Petri 
dish and dried in an oven at 100 °C for 48 h, with careful 
control of the temperature and time, in order to reproduce 

the crosslinking grade of the membrane. 
ABPBI-c-PVBC films were quaternized by immersion in a 

0.5 M ethanol solution of the quaternizing agent (DABCO, 
BADCO or TDABCO) at 60 °C, for 24 h. These membranes 
were denoted as ABPBI-c-PVBC/CG/Cl. The ABPBI-c-
PVBC/CG/Cl films were then converted to the OH- form im-
mersing them in a 1M KOH aqueous solution, to obtain the 
ABPBI-c-PVBC/CG/OH membranes. The preparation path-
way is schematized in Fig. 1. 

Fig. 1. Preparation pathway of ABPBI-c-PVBC/CG/OH membranes. 

2.2 Spectroscopic characterization 

Proton nuclear magnetic resonance (1H NMR) spectra of 
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BDABCO and TDABCO were done in a Bruker AC 200, em-
ploying deuterium chloroform as solvent and TMS as inter-
nal standard.  

Fourier transform Infrared spectra (FTIR) measure-
ments were taken before and after the quaternization stage 
of the membranes, by means of a Thermo Scientific Nicolet 
6700 FTIR spectrometer. 

2.3 Ionic exchange capacity and conductivity measurements 

For ionic exchange capacity (IEC) determination, mem-
brane samples immersed in 50 mL of 1M NaCl aqueous so-
lution were titrated by means of a Titrette GMBH bottle-top 
digital burette with aqueous 0.02M H2SO4, using methyl red 
reactive as a visual indicator of the end point.  

The ionic conductivity (was measured by means of 
the impedance method (EIS) in a temperature range be-
tween 25ºC and 80ºC, with an Autolab PGSTAT 30N coupled 
to a frequency response analyzer (FRA) and a two-point cell 
composed of two stainless steel plates in contact with both 
sample faces, as it was previously described [5]. 

2.4 Water electrolysis measurements 

The performances of the membranes in a laboratory 
scale alkaline water electrolyzer of zero gap configuration as 
reported elsewhere [5] were evaluated. A 1 M KOH aqueous 
solution was circulated. The current density-potential 
curves were measured in the 1.5-2.0 V range at 50 °C. In 
chronopotentiometric measurements, a current density of 
200 mA·cm-2 was applied for 60 min, at 50 °C. 

3. Results 

BDABCO and TDABCO molar yield was 92% and 97% re-
spectively. In Figure 2 is shown 1H NMR spectrum of 
BDABCO.  It is important to remark that as well as spectra of 
BDACO and TDABCO, the signal at 2.65 ppm of DABCO, as-
signed to CH2 groups adjacent to nitrogen atom, were not 
observed, indicating a succesfull substitutionof DABCO head 
group.  

 
Fig. 2. 1H NMR spectra of alky BDABCO.  

Fig. 3 shows the FTIR spectra of ABPBI and PVBC poly-
mers and crosslinked ABPBI-c-PVBC membrnas, before and 

after quaternization. The 1267 cm-1 signal corresponds to 
the stretching of the -CH2Cl group, where quaternization 
takes place. The 1460 cm-1 signal can be assigned to the 
stretching of the quaternary ammonium group, as a result 
of the quaternization process. 

 

Fig. 3. FTIR spectra of ABPBI-c-PVBC/CG/OH membranes. 

The ionic exchange capacity of ABPBI-c-PVBC/CG/OH 
membranes is shown in Table 1. 

Table 1. IEC of ABPBI-c-PVBC/CG/OH membranes.   

Membrane IEC (mmol∙g-1) 

ABPBI-c-PVBC/DABCO/OH 1.70 ± 0.04 

ABPBI-c-PVBC/BDABCO/OH 2.13 ± 0.02 

ABPBI-c-PVBC/TDABCO/OH 0.82 ±0.04 

 

Fig. 4 shows the anionic specific conductivity of ABPBI-c-

PVBC/CG/OH membranes. Considering the poor performance 
of ABPBI-c-PVBC/TDABCO/OH membrane, according to IEC 
and conductivity results, this membrane was not taken in ac-
count in alkaline water electrolysis measurements, that are-
shown in Fig. 5, current potential and chronopotentiometric 
curves (a) and (b), respectively. 

 

 

 

Fig. 4. Ionic conductivity of ABPBI-c-PVBC/CG/OH membranes. 
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Fig. 5. Water electrolysis of ABPBI-c-PVBC/CG/OH membranes. 

4. Discussion 

By alkyl halide substitution of the quaternizing agent 
DABCO, we studied the effect of varying the alkilic chain 
length, while incorporating an extra cationic group. IEC re-
sults show the trend: IECBDABCO > IECDABCO > IECTDABCO, indicat-
ing that the extra CG increases the CG density in BDABCO 
compared with DABCO membranes, but some factors possi-
ble related with the lengh of the alquidic chain in TDABCO 
decreases the CG density compared with DABCO, thus can-
celling the advantage of adding an extra CG. 

The same tendency is observed in conductivity measure-

ments, being BDABCO >  DABCO >  TDABCO. Regarding alkaline 
water electrolyzer measurements, BDABCO membranes 
show the best performance in current potential curves, with 
430 mA∙cm-2 vs 370 mA∙cm-2 of DABCO at 1.98 V; and also in 
chronopotentiometric curves, with 1.93 V vs 2.05 V of 
DABCO at a fixed current density of 200 mA·cm-2. 

5. Conclusions 

BDABCO and TDABCO were synthsized with yields 
higher than 90%, without secondary products or impurities, 
as demonstrated by 1H NMR measurements. The quaterni-
zation of ABPBI-c-PVBC membranes with BDABCO and 
TDABCO was successfully done, as demonstrated by FTIR 
spectra. The incorporation of an extra CG resulted in higher 
IEC, conductivity and WE performance of membranes 
quaternized with BDABCO compared with that quaternized 
with DABCO. AEMs quaternized with TDABCO showed lower 
IEC and conductivity than that of AEMs quaternized with 

DABCO, possible caused by the excessive length of the 
alquidic chain, that decreases the CG density, cancelling the 
advantage of adding an extra CG. The simplicity of DABCO 
modification would allow to study other routes, varyng the 
alquidic chain length or adding functional groups in order to 
obtain optimized properties in the resulting AEMs. 
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1. Introduction

Hydrogen is a convenient way of storing the intermit-
tent nature of renewable energy surplus generation in such 
a way that it can be released at a later place or time in a 
controlled manner, which is the definition of an energy vec-
tor [1]. In particular, hydrogen can be used in transporta-
tion, given its relatively high volume energy density at high 
pressures. 

The first retail hydrogen refueling station was opened in 
Torrance, California, in 2011, and it is still in service [2]. Ten 
years later, 685 hydrogen refueling stations were in opera-
tion worldwide and 252 additional ones were planned [3]. 
One of them is going to be located in Zaragoza, Spain, and 
as the one at Torrance, it will generate hydrogen from re-
newable sources in situ. 

In order to manage this kind of stations, a control sys-
tem is needed, to optimize energy transfer and ultimately 
maximize the economic output of the facility. This is a prob-
lem open to a variety of options [4,5]. In the present case, 
various electric supply, storage and consuming systems 
need to be controlled as well. The control being designed is 
based on a state machine that rules the operation of the dif-
ferent devices of the installation, providing satisfactory re-
sults for various scenarios. 

There is a general lack of work in the literature describ-
ing the operation strategies of an on-site green production 
refueling hydrogen station. This work presents a flexible 
control oriented model that is used to develop a controller 
for H2 distribution as well as a day-ahead predictive deter-
ministic algorithm for grid connected production. Results 
have been validated through simulation. 

2. System description and model

2.1 System description 

The studied green hydrogen production and service sta-
tion is shown in Fig. 1, where the blue arrows represent hy-
drogen flows. It is designed to supply hydrogen to Heavy 
Duty fuel cell Vehicles (HDV) and Light Duty fuel cell Vehicles 
(LDV). 

H2 source is based on small electrolyzers incorporated in-
side solar panels, which have two working modes logically 
exclusive: irradiance mode and grid mode. In irradiance 
mode, we can assume a linear relationship between the di-
rect beam irradiance input and the produced hydrogen flow 
rate output. Grid mode permits to bypass the solar energy 

source to electricity coming from the utility grid, but can 
only give discrete hydrogen production levels. 

The hydrogen station consists of a total of 7 tanks at 4 
different pressure levels: low (2 barg), mid (45 barg), high 1 
(500 barg) and high 2 (1000 barg). Hydrogen flow rate is con-
trolled by 3 compressors and 5 hydrogen flow rate valves. 
Compressors are shown as grey triangles and flow valves as 
⋈. Their reference signals are shown in red in Fig. 1 (Ci_EN 
for enable signal of compressor Ci and FV_ii for hydrogen 
flow rate reference of the valves). S1 and S2 are controlled 
selectors. Demand is considered a disturbance which indi-
cates that a vehicle has arrived and needs to be served. The 
signals used for demand are D_HDV and D_LDV, respec-
tively. 

H2 is supplied to LDV and HDV with 700 barg and 350 
barg target pressures, respectively. H2 can also be stored in 
Multiple Element Gas Containers (MEGCs) to be sold to the 
end-user. 

2.2 System model 

A model of the system has been developed in Matlab 
Simulink with Ode23s as time-variable step solver. The main 
model assumptions are: 

 H2 is considered as an ideal gas with compression
factor correction implemented using a 2-D lookup
table.

 Temperature is considered constant at 298 K.
 Heat, pressure or H2 losses are not considered.
 Gas compression is thermally stable (ideal H2 cool-

ers are implicitly considered)
 Output compressors flow rate is linearly dependent

on input pressure, only ON/OFF control logic is pos-
sible.

 Direct expansion flow rate (i.e. tank to vehicle or
tank to MEGCs) is considered constant at 180 kg/h.

 MEGCs are considered as an infinite volume tank.
 Vehicles H2 demmand is fixed. Every day 2 HDV and

1 LDV need to be served. HDV arrive every 12h
starting at 08:00h and LDV arrive at 14:00h. All ve-
hicles come with empty tanks.

 The linear relationship between input direct beam
irradiance and H2 flow rate (𝜔) is 10.11
(kgH2/h)/(1000 W/m2).

 The only discrete continuous level in grid mode
considered is 3.74 kg/h.
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3. State machine and predictive algorithm 

3.1 State Machine for H2 distribution strategy 

Strategy for H2 distribution along the different pressure 
buffer tanks has been developed with a finite state-machine 
using the Stateflow toolbox of Matlab Simulink. The strategy 
purpose is to guarantee fast direct expansion service as 
much as possible (service from T3_i or T4). For that, ordered 
emptying/filling processes become relevant since tank’s ca-
pacity is a system constraint. Notice that in direct expansion, 
flow rate is larger than 0 only if a pressure drop between 
tanks exists. For this reason, in T3_i, the implemented strat-
egy prioritizes filling first the tank with highest pressure and 
emptying first the tank with lowest pressure. 

The strategy for H2 distribution is described in the deci-
sion tree of Fig. 2. This strategy will define at each time every 
control decision variable except for S1. 
 
3.2 Predictive algorithm 

A day-ahead deterministic algorithm has been devel-
oped to guarantee demmand supply, which has been imple-
mented in Stateflow environment, too. The algorithm will 
determine at each time step the S1 state (0 for irradiance 
mode and 1 for grid mode) based on the predicted irradi-
ance and price profiles. 

In order to determine S1, the algorithm will compute 
each day at 00:00h the difference between the potential 
day-ahead production in irradiance mode (considering only 
irradiance hours above IRTH) and the target daily H2 produc-
tion. If the result is negative, the difference will be covered 
with FV_FG along the minimum energy cheapest hours with 
irradiance below IRTH. 

 
Fig. 2: Decision tree for H2 distribution strategy 

4. Results 

A complete year has been simulated with the described 
model. An averaged year direct beam irradiance profile is 
obtained from meaned hourly data from 2007 to 2016 at Za-
ragoza, Spain. The energy price timeseries are hourly values 
of 2021 in Spain. Simulation parameters are the following: 

 Irradiance threshold (IRTH): 370 W/m2. 
 Minimum daily target service: 67 kg/day of H2. 
 Omega and Beta values are set at 15 barg.  

Simulations have been run in a HP Z2 Tower G5 Work-
station (i7-10700 CPU and 16 GB of RAM). Complete simula-
tion elapsed time in rapid accelerator mode: 18 minutes. 

 
4.1 Complete year simulation 

In Fig. 3 and Fig. 4, results for the averaged year 
simulation are presented. Pressure values of all tanks 
are shown as well as vehicles tank pressure. A service 
will be checked as completed if its maximum pressure 
is 350 barg for HDV and 700 barg for LDV, which corre-
sponds to 30 kg and 7 kg supplied H2, respectively. 

As it can be seen in Fig. 3.5, the output of our dis-
tribution strategy and our predictive strategy has cor-
rectly supplied all HDV along the complete year simula-
tion, which is the first purpose of our distribution strat-
egy, since T3_i are always prioritized in the filling pro-
cess. Also important to notice is the trend of T2 (Fig. 3.3) 
to stay in low pressure levels, almost never above 50% 
capacity. In Fig. 3.6 we can appreciate that T4 has never 
been used for HDV service. In Fig. 3.8, we see the switch 
S1 state, directly related with the system inlet H2 flow 
rate in Fig. 3.1. 

 

Fig. 1: System topology diagram 
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Fig. 3: All year simulation results 

 
Fig. 4: May section with LDV detail results 

Fig. 4 show a zoomed view of the results around May in 
which LDV demmand has not been completed. As it can be 
seen in Fig. 4.3, some services have been abandoned below 
700 barg. The reason is the low T4 pressure level, even un-
der 700 barg, at some service start times (note that T4 is the 
only tank that can end the service from 500 barg to 700 
barg). This is because our predictive algorithm does not take 
in to account the state of charge of the different tanks, only 
the total daily input H2 mass to the system. 
 

 
Fig. 5: A day of May results 

In Fig. 5, a day of May is shown, where the sequence of 
filling and emptying T3_i tanks can be appreciated, together 
with all diferent equilibrium points. Moreover, the S1 grid 
mode effect with its associated constant input flow rates are 
shown in Fig. 5.1. 

5. Conclusions and future work 

In this work a flexible and fast simulation model of a hy-
drogen station has been developed, based on a real  system 
with many control variables. An algorithm for H2 distribution 
has been designed and implemented into a finite state ma-
chine. Moreover, a predictive algorithm has been created. 
Both algorithms have been validated through simulation 
showing promising results. The distribution state machine 
implemented has achieved to correctly follow the decision 
tree of Fig. 2, respecting equilibrium points in direct tank ex-
pansion cases and filling/emptying priority order. This 
model serves as a quick and flexible simulation testbench for 
component dimensioning (tanks and compressors) and con-
trol strategy testing. The preliminar predictive algorithm 
presented has correctly served all HDV along a year data and 
almost all LDV. 

Model improvements could be implemented such as 
compressor electric variable consumption and other para-
site comsumptions, pressure drops, thermal inestability in 
compression, variable service flow rate, minimum input 
pressure for compressors, etc. Also a photovoltaic and bat-
tery on-grid system and some grid power constraints could 
be added. The presented preliminar predictive algorithm 
could be improved in the following ways: consideration of 
information about the state of the system (not only daily 
production fulfillment but also service fulfillment in account 
of expected vehicle arrival time), FV_FG and IRTH values 
could be variable and decided by the algorithm, a forecasted 
data uncertainty treatment  could be done and finally, the 
algorithm could also exploit, to decrease cost, some of the 
above model mentioned changes. 
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1. Introduction

Different indicators ranging from political actions, low 
carbon hydrogen production and growing projects around 

the world, reflect a remarkably accelerated progress in the 
Hydrogen Technologies development targeted to a 
zero greenhouse gas emissions scenario [1–3]. Clean hydro-

gen adoption towards such scenario stil l finds bottlenecks 
either in the infrastructure development, clean hydrogen 
production costs and the use of hydrogen in new applica-
tions.  

Efficient hydrogen storage is among the technical issues 
that need to be solved to drive such adoption of clean hy-
drogen. In that sense, reversible reaction of hydride-forming 
materials (HFM) with hydrogen made these materials good 

candidates for hydrogen storage as well as  for hydrogen 
compression, separation and purification technologies [4–
7]. This is due to the high volumetric hydrogen capacity, the 

wide range of temperature and pressures at which these 
materials can be operated and the possibility of tuning their 
properties regarding the application requirements  [5].  Alt-
hough these materials are widely investigated, there are 

some gaps between technical targets –e.g for onboard Hy-
drogen Storage- and their achieved operational conditions, 
that have limited the expansion of its use on a larger com-
mercial scale [8,9]. 

When used for hydrogen storage, these materials are 
presented either in pellets or in powder form and placed in 
metallic vessels. The considerable change in cell  volume of 

these materials during the reaction with hydrogen (from 
10% up to 35%) can exert significant mechanical stress upon 
the container vessel walls. This mechanical effect consti-
tutes a key factor in both the performance and safety of 

these reservoirs.  
 Even when some standard tests and recommended 

practices have been stated, and the investigations aimed at 

the comprehension of this behavior have been slightly in-
creased, the phenomenom stil l  has been scarcely reviewed 
[10–12] and further systematic research is needed to facili-
tate vessel design and optimization. Because most HFM de-

crepitate with cycling, changing particle size, porosity and 
effective density, the study of morphological changes , pow-
der flowability and stress induced on the container walls de-
pends on initial material properties and geometrical charac-

teristics of the reservoir: slenderness, wall thickness, filling 
level, among others. 

Neutron radiography is a useful technique for direct ob-
servation of HFM volume change with hydrogen reaction 
and morphological changes with cycling. Fig 1 is a neutron 

radiography of a vessel containing HFM after hydride de-
composition [13]. While in the hydride state the HFM occu-
pied the volume up to the wall, after decomposition its vol-

ume reduction is observable, both in the gap between the 
material and the walls and in the vertical crack near the cen-
ter of the bed. 

We have been studying the phenomenon by using LaNi5 

as hydride-forming material and complementary techniques 
to understand the effects of the material. The advantage of 
this AB5 type HFM is that they allow hydrogen to be stored 
and re-obtained under low pressure conditions and at room 

temperature. 
The aim of this work is to measure the strain induced on 

vessels containing HFM due to hydrogen absorption and to 

observe HFM compactation by cycling with the complemen-
tary use of neutron radiography technique. 

Fig. 1. Volume reduction after HFM dehydriding observed by 

neutron radiography. 

2. Experimental

The method of strain gauges was selected to record the
strain on different locations along the walls of two-cylinder 
vessels (Fig. 2).  The reactors were designed to be slender 

(height to inner diameter ratio >10) and thick to support sig-
nificant stress produced due to the expansion of the hydride 
forming material. 

Both pressure composition isotherms (PCI) and kinetics 
curves were obtained with samples of 17g of LaNi 5, while  
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tangential and axial strain were monitored. The measure-
ment chain consists of 8-strain gauges-signal conditioner 
modules-DAQ-PC. A standard Wheatstone bridge is included 

in the electronics and each strain gauge completes its 
bridge. By means of a calibration with inert gas and a con-
ventional cantilever beam method for calibration, it is pos-
sible to convert the voltage signal in the corresponding 

strain exerted by the powder samples. Several hydriding/de-
hydriding cycles were performed on each reactor. 

 Furthermore, neutron imaging was performed before 

and after the cycling of the samples to observe the changes 
in the fi l l ing level of the vessels. We have used the neutron 
radiography facility of RA-6 experimental nuclear reactor at 
Centro Atómico Bariloche, Argentina. 

 

 
Fig. 2. (left) reactors dimensions, (right) identification of the lo-

cation of the strain gauges in the wall and botton of the reac-

tors . 

3. Results 

Fig. 3 displays some representative strain masurements 
obtained in different experiments from the beginning till  
the end of the hydrogen sorption cycling. A thermal bath 

was used to avoid temperature effects.     
Only 30 cycles were performed using the reactor RC1 

because no appreciable strain could be identified. In the 
case of RC2, 100 cycles were performed and both tangential 

an axial strain could be measured. The strain behavior ex-
hibited a dependence with the hydrogen content, direction, 
hydriding or dehydriding reaction and number of cycles. 

Figure 4 displays in a comparative way the fi l l ing level of 
the material inside RC2 before and after the hydriding/de-
hydriding cycles. 

4. Discussion 

 For the thinnest reactor the strains could be appreciated 
from the beginning of the cycles , in contrast to the thickest 

one which showed more stiffness to the expansion of the 
material  and an smaller number of cycles were performed 
on it. This was attributed to the thick walls of RC1.  The main 

characteristics observed are: 1) the material decrepitate to-
wards the bottom of the vessels and this effect is more pro-
nounced increasing the number of cycles 2) this effect oc-
curs at the first few cycles and the powder must be shaken 

in order to recover the storage properties 3) there is a de-
pendence between the hydriding process and the strain on 
the walls 4) there is a dependence between the magnitude 

   

  

Fig. 3. Stra in gauges s ignals (sg0, sg1, sg2, sg3, expressed in mi livolt) 

and the calculated strains ε (expressed in microstrain units, 1µs=10-

6m/m). They were obtained from the calibration that links the voltage 

change ∆𝑉 𝐻𝐹𝑀 in the strain gauge sensors and the mechanical strain 

𝜀𝐻𝐹𝑀 exerted by the HFM on the walls of RC2.  The strain evolves with  

hydrogen concentration, which is related to the volume occupied by 

the material and therfore to the mechanical s tress. Furthermore, the 

magnitude and evolution of strains depends on cycl ing and wall loca-

tion (a and b). Pressure inside the reactor (Preactor) and flux (F) were 

measured simultaneously with the voltage signals. The figure corre-

sponds to the PCI (a and d) and kinetics absorption/desorption (b and 

c) experiments performed with the thinnest reactor. 

  

Fig. 4. Images obtained with neutron imaging: RC2 before (left) 

and after (right) cycl ing. The compaction of the MFH after sev-

era l  cycles is evident from the decrease of the filling level of the 

powder, as indicated with the arrow. Furthermore,  i t could be 

estimated quantitatively by ca lculating  the effective porosity 

∅ of the material that gives the void fraction inside the effective 

volume occupied by the material. It resulted that ∅ decreased 

around 20% due to the compaction, which varies as 1-∅. 
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of the strains and the height of the vessel 5) the magnitude 
of a equivalent pressure applied due to the mechanical ef-
fect of the material reaches at least 10 MPa, leading to the 
cracking of the vessel during the 100th cycle. 

5. Conclusions 

Measurements of strain exerted on the walls of thick cyl-
inder reactors were performed during hydriding/dehydrid-
ing cycles of an AB5 type alloy. Though the thickness of both 

reactors is comparatively thick regarding the works focused 
on this topic, significant strain and stress were identified. 
The way in which the powder moves and exerts forces on 

the walls while contraction/expansion occurs does not re-
spond to a strict l inear behavior with the hydrogen content. 
Both the strain gradient towards the bottom vessel and the 
appreciable decrease of the powder fi l l ing level reflect the 

decrepitation process responsible of the significant stress 
and the cracking of the vessel. Measured mechanical effects 
combined with a strategic tuning of wall elastic properties 

could lead to the use of the phenomenom in order to get 
information on the state of charge. 
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1. Introduction and theoretical description

In this work we analyse the interaction of (atomic and
molecular) hydrogen with tungsten. This material is a firm 
candidate to form the divertor wall of tokamak-type nucle-
ar fusion reactors, such as the International Thermonuclear 
Experimental Reactor (ITER) [1]. Since hydrogen has a very 
sensitive (desired and unwanted) interaction with tung-
sten, we study its effects and electronic state densities, to 
analyse the adsorption energy Eads of the system. 

 In this work, we calculate the adsorption of H and H2 
on tungsten surfaces on the three sites of the cell: top, 
hollow and bridge. We use a program simulation based on 
the DFT (density functional theory) implemented in the 
Open-Source Code Quantum Espresso [2]. 

The Kohn-Sham equations were solved with the gradi-
ent approximation (GGA), using the Perdew-Burke-
Ernzerhof (PBE) functional [3], and ultrasoft pseudopoten-
tials of Vanderbilt. Kohn's orbitals were expanded into 
plane waves and a cut-off value was taken for the energy 
of 650 eV. We employed a 14 × 14 × 1 k-point grid for inte-
gration in the Brillouin zone. Optimization geometry was 
performed using the Broyden-Fletcher-Goldfarb-Shanno 
algorithm (BFGS). 

Considering Eads as the parameter to be stabilized, we 
took a slab of 10 atomic layers in the direction (001) with a 
lattice of 74 atoms. The same size was taken in the per-
pendicular directions (010), and (100), as shown in Figure 
1. In each of these three crystallographic directions of
tungsten, we studied different sites and angular depend-
ences. The three characteristic sites that the molecule or
atom would find when interacting with the surface are:

 Top: the molecule or atom directly interacting with an 
atom of the surface. 

 Hollow: the molecule or atom arranged in such a way 
that it interacts with four surface atoms. 

 Bridge: The molecule or atom interacting with two at-
oms on the surface. 

We focused to determine the process of adsorption to 
explain the existence of different impurities in the divertor 
of the fusion reactor. This development began with the 
simulation of ion implantation experiments, validated 
against existing laboratory experimental results [4].  

Figure 1: Scheme of the considered system W-atom: (1) top, (2) 

bridge, (3) hollow interaction sites. 

The absorption energy is defined as: 

E ads= -(E molecule/Sup- E Sup – E molecule), (1) 

where Emolecule/Sup
 is the energy of the surface-molecule (or 

atom) system, Esup is the energy of the surface system and 
Emolecule is the energy of the isolated molecule (or atom). 
Note: The adsorption energy is defined with the opposite 
sign with respect to the usual definition, for calculation 
reasons. 

2. Results and Conclusions

We analyzed the adsorption energy for atomic H and H2 
molecules. This energy is a surface phenomenon, and each 
phase (atom or molecule) remains separated. 

We obtained a crystallographic network parameter, 
a=3.162 Å, which diverges from the reference value a= 
3.164 Å [6] in less than 0.1%. 

Table 1 shows the adsorption energy of the hydrogen 
atoms. We see that this energy varies appreciably accord-
ing to the interaction site.  

Table 1: Adsorption energy of hydrogen atoms, in eV, in the three 
different sites of the W crystallographic lattice 

 Sites  Top  Hollow  Bridge 

 Eads [eV]  2.96  3.335  3.767 
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Table 2: Adsorption energy, in eV, of hydrogen molecule in the 
three different sites of the W crystallographic latticce, for differ-
entes angles of orientation of the molecule, with respect to the W 
surface. 

Site 0° 45° 90° 

Top 0.507 0.508 0.009 

Hollow 0.006 0.008 0.010 

Bridge 0.507 0.514 0.011 

From Table 2, it can be seen that the hydrogen mole-
cule is preferentially adsorbed on the Top and Bridge sites, 
and parallel to the surface (θ= 0°); at θ= 45° the adsorption 
is almost the same (slightly more favorable for the Bridge 
site). 

For the molecules we found a dependence of the ad-
sorption energy that does not depend much on the chosen 
crystal orientation, but on the orientation of the molecule. 
For atoms it is more sensitive.  

From our calculation, we must mention that at elevated 
temperatures there is no significant adsorption probability 
as hydrogen atoms impinge on the surface. 

Finally, we want to highlight the importance of analyz-
ing the adsorption of atomic and molecular hydrogen in 
tungsten, under the existing conditions in a nuclear fusion 
reactor such as ITER. In this context, the collisions between 
hydrogen atoms as well as hydrogen molecules with tung-
sten surfaces are of great interest, since more than 300 m2 
of the inner surface of the chamber where nuclear fusion 
will take place is expected to be made of tungsten, as well 
as the divertor. The studies of probabilities of reflection, 
absorption, and adsorption of atomic and molecular hy-
drogen when they strike on a tungsten surface with differ-
ent crystallographic direction are under way, as well as the 
findings and challenges of developing a 3-D predictive ca-
pability for particle transport in a Tungsten divertor wall.  
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1. Introduction

The need for energy is greatly increased by population
growth and technologies in development. In the current sce-
nario, using fossil fuels to supply this demand is insufficient, 
resulting in pollution, global warming, climate change, and 
natural disasters. As consequence more restrict global emis-
sions legislation are being implemented in several markets 
requiring further complex developments on the engine de-
sign to attend the CO2 emissions limits. 

Align with emissions legislations, several countries are 
adopting incentive programs to drive further automotive in-
dustry development with focus on the Greenhouse gases 
emissions reduction. With the same target Brazillian govern-
ment has released the program ROTA 2030, as an evolution 
of INOVAR AUTO program (Brazilian automotive regime 
12.996 Art. 41-B).  

Aiming to support on this program was verified that cur-
rently in Brazil around 61% of the passenger cars sold in the 
market are equipped with flex fuel engine and even the gas-
oline fuel has 27% of ethanol in its composition, although 
the efficiency gap between ethanol and gasoline is around 
30%, where any reduction on this gap would reflect directly 
in the air quality and envirolment quality. Then the strategy 
of this project is to reduce fuel economy gap between gaso-
line and ethanol under same engine operating conditions, 
improving ethanol operation according to INOVAR AUTO.  

It is known that about one-third of fuel energy intro-
duced to an ICE is wasted with engine exhaust gases. Even 
its partial utilization can lead to a significant improvement 
of the ICE energy efficiency. One of the ways to recover an 
engine's wasted heat is by using exhaust gases energy to 
promote fuel endothermic reactions that produce hydro-
gen-rich reformate. The basic concept involves the use of 
the engine's exhaust heat to promote on board reforming of 
ethanol into a mixture of hydrogen and carbon monoxide 
with some amounts of carbon dioxide, methane, water va-
por and some small portion of Aldehydes. The resulted fuel 
has greater heating value than primary liquid fuel and may 
be more efficiently burned in the engine in comparison to 
the original fuel. The efficiency can be improved by utilizing 
lean burning or a high diluted mixture (due to wide flamma-
bility limits of a hydrogen-rich reformate) that leads to re-
duction of heat transfer energy loses and a possibility of in-
creasing the engine compression ratio (CR).  

The engine hardware used as starting point was the 1.0L 
TGDI DVVT (Turbo Gasoline Direct Injection / Doble Variable 
Valve Timing) which was under development aiming to be 
best-in-class in friction, thermodynamic and fluid dynamics. 

The main work will focus on improving combustion, 
looking at the potential specific benefits coming from the 
ethanol fuel, in particular at part load where the real-world 
driving fuel economy is more important in the final cus-
tomer perspective. Full load performance will be main-
tained. 

There are some keys areas that need to be investigated 
as lean operation mode which allow pumping loss reduction 
due to de-throttling and heat transfer losses reduction with 
lower in-cylinder temperature. Thermal efficiency increases 
with higher compression ratio, cold phase fuel consumption 
optimization and fuel characteristics improvements. 

And there are challenges to be solved as combustion 
control and stability extending significantly lean operation 
limits, higher geometrical compression ratios controlling the 
effective compression and expansion, emissions control 
(NOx, soot) and thermal management to improve engine 
warm-up phase. 

The objective is identifying technological contents that 
enable stable lean operation or diluted mixture operating at 
part-load, minimizing pumping and heat transfer losses and 
so improving fuel conversion efficiency, while still managing 
transition to full load demands. 

2. Experimental

Due to the complexity of the project, it was divided into
5 phases in order to managing all steps as following: 

2.1 1st phase 

The first phase was essentially the concept definition. 
Several 1D simulations are conducted during the first phase, 
starting with the correlation of engine test bed (ETB) results 
from a base engine and progressing to the implementation 
of internal combustion technologies such as the Miller cycle, 
high compression ratio, and a modeled ethanol steam re-
former to simulate the fuel reforming process. 

Other important activities performed were combustion 
tests in a transparent single cylinder engine to simulate the 
synthetic gas based on the modeled reformatted fuel, CFD 
simulation and a cylinder head flow bench optimization for 
better charging motion 

2.2 2nd phase 

Both base engine configuration was studied 1.0L TGDI 
DVVT (Turbo Gasoline Direct Injection / Doble Variable Valve 
Timing) and 1.3L TGDI VVL (Turbo Gasoline Direct Injection / 
Variable Valve Lift) and modifications in design (CAD) were 
performed. A new compression ratio of 14:1 was selected in 
order to in future, use this engine as flex-fuel. 
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2.3 3rd phase 

The objective of 3rd phase was to execute the prototype 
engine development on the 1.3L TGDI VVL based on the 
technical definitions from 1st and 2nd phases 

The main target is the BSFC optimization on engine test 
bench of the reference operating points on E100 fuel which 
are representative for the FTP-75 and HWFET driving cycle. 

 
2.4 4th phase 

In the 4th phase, it was applied some correction in the 
EGR path and tested the reformer in the engine test bed. 

 

Figure 1 - Structure of the reformer unit in the engine configuration 

 
During this phase, some important points were ob-

served: 
1. EtOH Reformer: The first element in the complex 

hybrid EGR path is the reformer unit - located right next to 
EGR pickup, hence, retaining most of the available heat 
power from EGR stream 

2. EGR Cooler: Hot reformed EGR gas must be cooled 
down to temperatures within EGR valve safe levels. Moreo-
ver, cooled EGR enhances compressor efficiency (in Low 
Pressure EGR) and reduces knock for both EGR layouts 

3. High Pressure EGR: Provides the benefit of elevated 
pressure ratio in N/A operation are due to controlled intake 
manifold pressure at ~90% of atmospheric pressure. There-
fore, high EGR rates are supported, and the added pressure 
drop from the reformer unit has no impact on BSFC benefit 

4. Low Pressure EGR: Provides the benefit of maxim-
ized pressure ratio in turbocompressor operation area due 
to the low atmospheric pressure at compressor inlet com-
pared to intake manifold boost pressure levels. However, a 
liquid condensation trap must be considered to avoid com-
pressor wheel damage from droplets collision 

 
2.5 5th phase 

In this phase, it was performed the simulation of differ-
ent concepts of ethanol reformer. The process of reforming 
is not simple and requires a specific condition to provide any 
benefit in fuel consumption.  

In this sense and using the experience aggregate during 
the previous phases, which some devices of ethanol re-
former were tested, it can be concluded that there is more 
than one possibility to deliver fuel consumption reduction 
using the wasted heat from the internal combustion engine. 
For many months, it was discussed with some companies to 

define the optimum device capable to improve the lower 
heat value of the ethanol converting it into hydrogen. 

3. Results 

The important result from this study is mainly focused on 
the 4th and 5th phase. The 4th phase, as mentioned previ-
ously, in correct some path on the internal combustion en-
gine and the tests of the ethanol reformer coupled on the 
ICE.  

During the tests in the engine test bench, could be ob-
served that, the BSFC benefit was measured in the operation 
point 3000rpm/6 bar, which provide adequate conditions to 
the reforming process. It is presented the additional re-
former evaluation focused on the determination of its char-
acteristics. The operating point selected was 5000rpm, 
which shows optimal environment condition for testing due 
to high temperature and reduced back flow. 

The following strategy was applied to characterize re-
former’s behavior: 

1. Baseline BSFC measurement 
2. Steady state reforming measurement → The meas-

urement starts only when all parameters are already stabi-
lized 

3. Transient state reforming measurement → Use the 
maximum temperature available for reforming process  

 

Figure 2 - Measurement over time in transient condition for 

5000rpm and 4 bar of BMEP 

 

The concept of Ethanol Reforming as waste heat recov-
ery device has been proven as a potential technology to en-
hance global ICE efficiency, therefore reducing fuel con-
sumption. 

The efficiency of the reformers proposed were simu-
lated in 0D and 1D and the configuration of each propose 
are presented below: 

• C1 – Catalyst brick only: Simple brick coated with 
ethanol steam reformer technology 

• C2 – Catalyst brick coupled with an ethanol vapor-
izer 

• C3 – Catalyst brick coupled with an electric heater 
(e-cat) 
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• C4 – Heat exchanger: Single stage reformer recov-
ering the heat after the TWC catalyst to improve the re-
former process 

• C5 – 2 stages heat exchanger: 1st stage reforming 
the ethanol using the heat in the EGR gas and 2nd stage re-
covering heat from the TWC catalyst installed in the oppo-
site face of the reformer 

 

Figure 3 - Results of simulation between different types of reform-

ers. Y-axis is referred to the reduction in BSFC 

4. Conclusions 

The growing demand for fuel consumption reduction 
and more efficient engines requires more complex power-
trains. Several discussions are turning around electrification, 
nevertheless, due to the high cost of production, complex-
ity, customer acceptance and non-sufficiently energy mix, 
the internal combustion engine will remain for some year. 

 However, the more restricted emissions legislation will 
require more efficient internal combustion engines. There 
are several ways to reduce fuel consumption in an internal 
combustion engine and in flex-fuel engines usually the mod-
ification reflects in fuel saving for both fuels.  

It was proved that using reformed-exhaust gas recircu-
lation (R-EGR) and recovering the wasted heat available in 
the exhaust gas to improve the reforming process, it is pos-
sible to reduce the fuel consumption. Of course, in order to 
provide the values of fuel consumption benefits is required 
some tests and some methodologies to produce the heat ex-
changer. 

The improvement in fuel consumption observed using 
standard technology in a base engine during the research 
given in this study, is on average 6,5%, however, at a sweet 
spot, the advantage can reach 8,5% of fuel consumption re-
duction. If the conditions for wasted heat recovery are met, 
the benefit of standard technologies combined with the eth-
anol heat exchanger reformer can reach a 9% to 12% range 
of reduction in fuel consumption running on ethanol (FTP & 
HW combined cycles). 

Acronyms  

Acronyms Meaning 

EGR Exhaust Gas Recirculation 

FTP-75 Federal Test Procedure - Number 75 

ICE Internal Combustion engine 

LHV Lower Heat Value 

CR Compression Ratio 

HEX Heat Exchanger 

s Second 

THC Total Hydrocarbons 

BSFC Break Specific Fuel Consumption 

R-EGR reformed-exhaust gas recirculation 

TGDI Turbo Gasoline Direct Injection 

DVVT Doble Variable Valve Timing 

VVL Variable Valve Lift 

CTB  Component Test Bed 

ETB Engine Test Bed 

BMEP Break Mean Effective Pressure 

IMEP Indicated Mean Effective Pressure 

HWFET Highway fuel economy test procedure 

VTG Variable Turbine Geometry  

MFB Mass Fraction Burned 

ATDC After Top Dead Center 

ETOH Ethanol 

H2 Hydrogen 

MJ Mega Joules 

IVO Intake Valve Opening 

IVC Intake Valve Closing 

HER Heat Exchanger Reactor 

CFD Computer Fluid Dynamics 

NA Naturally Aspirated 

TC Turbocompressor 

TWC Three Way Catalyst 
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1. Introduction

The search for non-contaminant energy sources is
among the main challenges humanity is facing nowadays 
[1-2]. Sustainable energy sources, such as photovoltaic and 
eolic, require storing and transport the energy generated 
[3]. Among the main choices is the production of hydrogen 
with clean energy [4]. 

Since Fujishima and Honda, in 1972, showed the possi-
bility to produce hydrogen by illuminating a TiO2 sample, 
the photo-electrolysis of water emerged as an option to 
the conventional electrolysis [5]. Since then, the study of 
photoactive materials in photo-electrochemical cells (PEC) 
has been investigated as an interesting way to directly 
transform the solar energy into hydrogen and oxygen [6]. 
The PEC is composed by a photo-anode and/or a photo-
cathode capable of absorbing light and generating a poten-
tial difference capable of driving the reaction forward. 

Studies of catalytic material properties are of vital im-
portance for advancing in their development. One key pa-
rameter in the material characterization is to verify and 
quantify the electrode product [6]. The use of photocur-
rents to directly quantify the studied reaction is complex as 
a portion may dissipate as heat. Generally, gas chromatog-
raphy or mass spectrometers are used for the determina-
tion and quantification of the reaction products. This 
means that a sealed PCE has to be used for the products of 
the reaction to be stored and measured (figure 1.A). 

In the present work, we develop a set up for the direct 
determination of H2 without the use of an external equip-
ment. A PEC that allows the placement of a rotating ring 
disk electrode (RRDE) was designed. The detection of small 
amounts of hydrogen in the counter electrode (CE) is pos-
sible through the measurement of currents in the order of 
µA (figure 1.B). It was confirmed that what is being regis-
tered is hydrogen with the use of a differential electro-
chemical mass spectrometer (DEMS) accumulating the 
produced gas for 1 h. 

Fig. 1. Cell schematic. A) Typical PEC configuration. B) 4 
electrode PEC configuration utilizing the rotating ring-disc 
electrode. WE, W1, W2 are working electrodes, RE is the 
reference electrode, CE is the counter electrode. 

2. Experimental

2.1 Photo-electrochemical cell Design 

The photo-electrochemical cell was made of polypro-
pylene and acrylic, using a CNC machine. The cell included 
a quartz window for the illumination of the samples. A 
rotating ring disc electrode was employed as the counter 
electrode. Moreover, the design contemplated the absence 
of separated compartments or the need of a membrane to 
avoid the mixing between the electrode products (figure 
1.B).

A 

B 
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2.2 Preparation of TiO2 nanotube 

The preparation of TiO2 nanotubes (NT) over Ti foils 
(grade 2) were made by electrochemical anodization. An in 
house vertical electrochemical cell, made from Teflon, was 
used for exposing a delimited area of the Ti foil. A Pt spring 
was used as a counter electrode. Either, a potential of 30 V 
or 100 V was applied between the Ti foil (anode) and the Pt 
spring (cathode) with a power supply. Before anodization, 
the Ti foil was cleaned with acetone, methanol and Mili-Q 
water in an ultrasonic bath for 15 min each, respectively. 

A two-step anodization was used. The first one was car-
ried out for 1 hs in a 1 M H2O and 0.1 M NH4F solution in 
ethylene glycol. Afterwards, the nanotubes were removed 
with scotch tape, followed by a second anodization for 2 h. 
After the anodization steps, the nanotubes were washed 
with ethanol and calcined in an oven at 450 ºC for 2:30 h. 

 
2.3 Electrochemical measurements 

The electrochemical and photo-electrochemical meas-
urements were carried out in the designed cell using 0.1 M 
Na2SO4 as electrolyte. A four electrodes configuration was 
used for the experiments with an Ag/AgCl as a reference 
electrode (RE). For the photo-electrochemical measure-
ments, the photo-anode (NT) was set as the working elec-
trode 1 (W1), the ring electrode (Pt) as the working elec-
trode 2 (W2), and the disc electrode (Pt) as the counter 
electrode (CE) (Figure 1.B). Prior to the photo measure-
ments, a calibration of the rotating ring-disc electrode was 
carried out, where the disc electrode was set as W1, the 
ring electrode as W2, and a Pt wire as the CE. For the photo 
measurements, a Xenon lamp calibrated for AM 1.5 was 
used.  

 

2.3.1 Counter electrode product identification 
In order to employ the W2 current for the quantifica-

tion of the H2 produced, a mass spectrometer was used to 
identify the gaseous product. A sealed cell filled with N2 

with an exit port connected to a differential electrochemi-
cal mass spectrometer (DEMS) was employed. A chrono-
amperometry at 0.5 V vs Ag/AgCl with the photo anode of 
NT being illuminated was carried out for the period of 1 h. 
As the amount of gas produces is considerably small, a long 
accumulation time was used to assure the detection by the 
DEMS. 

3. Results 

3.1 Determination of the rotating electrode speed 

Chronoamperometries at 0.5 V vs Ag/AgCl with and 
without illumination at the NT are shown at figure 2.A. The 
current of the rotating ring electrode at a fixed potential of 
0.4 V vs Ag/AgCl at different RPM is shown in figure 2.B. 

 

 
Fig. 2.A. Upper, chronoamperometry of the W1 (TiO2) at 0.5 V vs 

Ag/AgCl in 0.1 M Na2SO4, with and without illumination. B. Lower, 

chronoamperometry of the W2 (ring) at 0.4 V vs Ag/AgCl at dif-

ferent rotation speeds. 

3.2 Collection efficiency (N) for the H2 evolution 

The relationship of the ring and disk current was ana-
lyzed. Chronopotentiometry measurements were carried 
out in the disk from 10 µA to 100 µA and the current at the 
ring was measured at a fixed potential of 0.4 vs Ag/AgCl. 

In figure 3 the current of the disk vs the current of the 
ring employed to determine the collection efficiency from 
the slope is shown. 

 
Fig. 3. Ring current vs disk current for a chronoamperometry at 

0.4V vs Ag/AgCl, at the ring, at 200 RPM. 

3.3 Mass spectrometer determination 

The chronoamperometry at 0.5 V vs Ag/AgCl under il-
lumination to accumulate H2 for the mass spectrometer 
analysis is shown in figure 4.A. Figure 4.B shows the signal 
obtained for the gas sample injected in the mass spec-
trometer corresponding to the m/z 2 (H2). 

 

 
Fig. 4. A. Chronoamperometry of a NT at 0.5 V vs Ag/AgCl under 
illumination. B. Response of the mass spectrometer for the m/z 2 
after accumulating for 1 h. 
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3.4 Photo-electrochemical measurements utilizing the N 

A chronoamperometry with and without illumination 
was used to validate the value of N and compare the cur-
rents of the NT with the current of the ring Pt electrode 
(figure 5). 

 

 
Fig. 5. Upper, chronoamperometry of the W1 (TiO2) at 0.5 V vs 

Ag/AgCl in 0.1 M Na2SO4, with and without illumination. Lower, 

chronoamperometry of the W2 (ring) at 0.4 V vs Ag/AgCl at 200 

RPM applying the N obtained. 

4. Discussion 

For this work, a non-typical 4 electrodes arrangement 
was used to quantify the photo electrolysis product at the 
cathode.  

 The experimental conditions, namely applied po-
tential and RPM, for the rotating ring electrode were de-
termined. For the potential selection, cyclic voltammetry 
was carried out and a potential more positive than the H+ 

generation peak was chosen to ensure all H2 that reach the 
ring was oxidized. The potential selected was 0.4 V vs 
Ag/AgCl. For the RPM selection, chronoamperometry with 
and without illumination was carried out at different rota-
tion speeds (figure 2). The RPM was chosen so that the 
measurement in the ring electrode corresponds to the 
reaction occurring at the NT. 

The mass spectrometer showed that the generated gas 
in the CE (disk) was only H2 (Figure 4). This indicated that 
there is no mixing between the electrode products or the 
presence of any other possible side reaction. 

 The N of the rotating ring-disc electrode for the 
evolution of H2 was calculated. The collection efficiency 
was obtained from the relationship between the ring and 
disk currents (equation 1). 

𝑵 =
−𝑰𝑹

𝑰𝑫

    (1) 

 Figure 3 shows the measurements carried out for 
the N value calculation from the rotating ring-disc elec-
trode for the H2 reaction. The N value obtained was 0.007. 
The fact that N is so low ensure that current flowing at the 
CE is, predominantly, produced by the W1. 

Photo-electrochemical experiments were carried out 
for several NT samples. With the use of the set up and the 
designed PEC, the sensing of the electrode currents al-
lowed us to follow, in real-time, the evolution of H2 (figure 
5). The current value calculated for the CE (disk), where the 

H2 is formed, by using the W2 current is in agreement with 
the current measured for W1. This result confirms that the 
current measured in W2 can be directly related to the H2 
produced at the CE. 

5. Conclusions 

A 4 electrodes photo-electrochemical cell was de-
signed for the measurement of H2 in real-time. The genera-
tion of H2 in the CE was corroborated with a mass spec-
trometer. Furthermore, the current of the CE was verified 
to correlate with the current for the W1 arising from the 
generation of O2. Illumination of a NT sample at 0.5 V vs 
Ag/AgCl produced 2.3 x 10-10 moles/sec of H2 correspond-
ing to a current of 45 µA. 
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1. Introduction

Currently, the electrochemical reduction of CO2 is con-
sidered as an attractive way for obtaining fuels. The meth-
od could produce different compounds to be used directly 
as fuels such as methane (CH4) and methanol (CH3OH), or 
as raw materials for industrial uses such as formic acid 
(HCOOH) and formaldehyde (CH2O) [1]. Great efforts have 
been devoted to the development of homogeneous and 
heterogeneous catalysts for this purpose. The main chal-
lenge so far is the design of catalysts with high selectivity, 
stability and efficiency at low potential. While, at the same 
time they are composed of cheap and abundant materials 
making the process economically feasible [2]. The electro-
catalyst are typically composed of transition metals. For 
example, Cu and Cu based compounds produces hydrocar-
bon products, mainly methane, ethylene and ethanol, with 
economically useful efficiencies [3]. Co based compounds 
such as cobalt oxides and porphyrins have seen to promote 
a selective electroreduction of CO2 to CO with a faradaic 
efficiency of 75% [4]. Additionally, studies of Ni as a cata-
lyst showed high efficiency to generate CO from CO2, 
reaching a maximum efficiency of 97% [5]. In this work, we 
report the use of Co/Ni nanoparticles supported on meso-
porous carbon (CM Co/Ni) and carbon nanotubes (NTC 
Co/Ni), as catalysts for the reduction of CO2 in aqueous 
medium and the respective identification and quantifica-
tion of the possible products. 

2. Experimental

2.1 Nanoparticles Synthesis 

Co/Ni nanoparticles were synthesized on mesoporous 
carbon and carbon nanotubes. 

Co/Ni nanoparticles supported on carbon nanotubes 
were synthetized by using sodium dodecyl sulfate (SDS) as 
a stabilizer. NiCl 2 .6H 2 O and CoCl 2 .6H 2 O were used as 
precursor salts. The metal to carbon mass ratio was 20 % 
w/w while the Ni:Co:SDS  ratio was 1:1:0.05 molar, respec-
tively.  The synthesis was carried out in basic medium, us-
ing hydrazine as reducing agent at 80ºC. Finally, the prod-
uct was washed and dried for 24 hours at 80°C. 

Co/Ni nanoparticles supported on mesoporous carbon 
were obtained using NaBH4 as reducing agent without ad-

justing the media pH. NaBH4 was added in a molar ratio of 
5:1 (NaBH4 to metal salt) to a suspension of the carbon 
support containing NiSO4.6H2O and Co(NO3)2.6H2O precur-
sors at 0 °C. The reaction flask was stirred while the tem-
perature was manteined at 0 °C for 6 hours. The powder 
obtained was washed with milli-Q water in a Soxhlet appa-
ratus and dried in a vacuum oven at 80 C for 24 h. The 
metal to mesoporous carbon ratio was also 20%.  

The supported catalysts were characterized by powder 
X-ray diffraction (PXRD), transmission electron microscopy
(TEM), and energy-dispersive X-ray spectroscopy (EDS). To
determine the distribution and size of the nanoparticles.

2.2 Electrochemical characterization 

Electrochemical measurements were performed using a 
60-mL glass cell and a rotating disc-ring electrode. The
electrode consisted on a carbon disk with an area of 0.196
cm

2
 and a platinum ring of 0.110 cm

2
. The reference elec-

trode was Ag/AgCl (KCl sat.), while the counter electrode
was a platinum wire 10 cm in lengh and 1 mm of diameter.
A catalyst ink was prepared by weighing 5 mg of the cata-
lyst, 15 mg of 5% PVDF dissolved in N-methylpyrrolidone
(NMP) as adhesive and 30 mg NMP as solvent, uniformly
mixed for 15 minutes in an ultrasonic bath. Subsequently, a
10 µl drop wass deposited on the carbon disc and dried at
80 °C. The electrochemical characterization of the catalyst
was carried out at 25 °C. Linear voltammetry was carried
out between 0.4 to -1.3 V vs SHE with a sweep rate of 10
mV/s in 0.1 M KHCO3 as electrolyte saturated with N2 and
CO2. In order to determine and quantify the possible prod-
ucts of CO2 reduction, ion chromatography (IC) was per-
formed for liquid products, while the gaseous products
were determined by RRDE.

Chronoamperometry were carried out for 900 seconds 
at discrete potentials between -0.8 to -1.3 V vs SHE with 
intervals of 0.1 V in a previsouly saturated solution with 
CO2. Liquid samples were obtained for IC analysis. More 
volatile products were determined by RRDE experiments in 
the same set up with the electrode rotating atat 900 rpm. 
The products generated on the disk can be detected by 
applying the corresponding oxidation potential in -the ring 
electrode. While the disk was subjected to fixed potentials 
between -0.8 and 1.3 V vs SHE, cyclic voltametries were 
carried out in the ring electrode between 0.0 and 1.0 V vs 
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SHE at 10 mV/s. After identification of the products, quan-
tification was performed by a linear voltammetry between 
0.2 and -1.3 V vs SHE at 10 mV/s on the disk while the ring 
was fixed at 0.6 V vs SHE at a rotation of 900 rpm. The rela-
tion of currents between the disk and the ring allows to 
obtain the faradaic conversion efficiency. 

3. Results 

Figure 1 shows the linear voltammetry obtained for 
Co/Ni nanoparticles supported on mesoporous carbon (fig 
1a) and carbon nanotubes (fig 1b).  The linear voltammetry 
in the presence of CO2 shows a shift to higer potentials, 
indicative of a facile reduction process for both catalysts. 
Figure 2 presents the cyclic voltametries carried out on the 
ring at different disk potentials.  

 

 

Fig. 1. Linear sweep voltammetry in 0.1 M KHCO3 saturated with 

N2 and CO2 at a sweep rate of 10 mV/s. a) CM Co/Ni, b) 

NTC Co/Ni. Inset: TEM images of the corresponding mate-

rial. 

 

 

Fig. 2. Cyclic voltammetry of the ring electrode between 0.0 V 

and 1.0 V vs SHE at 900 rpm and a sweeping rate of 10 

mV/s at different disk electrode potentials. a) CM Co/Ni, b) 

NTC Co/Ni. 

 
 Figure 3 shows the disk and ring currents as a function 

of the disk sweep potential while the ring potential is fixed 
at 0.6 V vs SHE. The current ratio allows to calculate the 
faradaic conversion efficiency 
 

 

 

 

Fig. 3. RRDE LSV carried out at the disk electrode at 10 mV/s and 

900 rpm between -0.2 V to -1.3 V vs SHE with the potential 

ring applied at 0.6 V vs SHE. a) CM Co/Ni, b) NTC Co/Ni. 

4. Discussion 

      The TEM images inserted in figure 1 show the distribu-
tion and size of the nanoparticles. In the CM Co/Ni system 
can be see a homogeneous distribution of the nanoparti-
cles on the support, with an average size of 4.4 nm and a 
circular morphology. In NTC Co/Ni carbon tubes of various 
thicknesses are observed, with particles of an average size 
of 10.7 nm, with elongated and circular shapes. 
 

The curves in figure 1 show an increase in current den-
sity at potentials close to –0.9 V in both systems. Being 3.0 
mA/cm

2
 for CM Co/Ni and 3.5 mA/cm

2
 for NTC Co/Ni when 

the solution is saturated with CO2. This indicates the exist-
ence of additional reduction processes that do not occur in 
a solution rich in N2, where the current density is 2.0 
mA/cm

2
 in CM Co/Ni and 2.7 mA/cm

2
 in NTC Co/Ni. These 

is indicative on the ability of the catalysts to electrochemi-
cally reduce CO2. To identify the products obtained at each 
potential, cyclic voltammetry on the ring electrode was 
performed while the disk potential remained fixed.The 
results are presented in Figure 2. For potentials of -0.8 V 
and -0.9 V vs SHE, no definite characteristics are observed 
in the voltammogram in neither of the two systems. As we 
increase the potential on the disk, we observe the appear-
ance of a peak around 0.55 V vs SHE with an increasing 
peak current as the potential becomes more negative. The 
peak in both systems corresponds to the oxidation of CO, 
as reported in the literature [6]. This CO is the product of 
the CO2 reduction process occurring on the disk.  

 
After identifying the product resulting from the reduc-

tion of CO2, we proceed to quantify and determine the 
faradaic conversion efficiency (f) by applying equation 1 
[7]. 

 

                                               
  

|  | 
                                   

Where iR is the ring current, iD the disk current and N is 
the collection efficiency of the rotating electrode. N de-
pends on each system and was calculated independently 
for each catalyst. An N= 0.14 was obtained for CM Co/ Ni 
and N= 0.16 for CM Co/Ni. Using equation 1, we found a 
maximum conversion efficiency to CO of 19% at -1.0 V vs 
SHE in the CM Co/Ni system and 34.5% at -1.25 V vs SHE in 
the NTC Co/Ni system. In addition, with the measurements 
made by IC, a maximum HCOOH percentage of 33% at -0.9 
V vs SHE in CM Co/Ni and 39% at -1.1 V vs SHE in NTC Co/Ni 
was determined. 

5. Conclusions 

Electrochemical studies of catalysts based on Co/Ni na-
noparticles supported on CM and NTC show catalytic activi-
ty towards the CO2 reduction reaction. CO and HCOOH 
were generated in considerable amounts. The quantifica-
tion of the soluble products by IC and the RRDE experi-
ments indicate a maximum conversion efficiency to HCOOH 
of 33% and to CO of 19% in the CM Co/Ni catalyst, and in 
NTC Co/Ni 39% to HCOOH and 34.5% to CO. 
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1. Introduction

Energy decarbonization is critically needed to mitigate cli-
mate change and contribute to economic growth and techno-
logical progress. H2 has emerged as a potential energy vector 
for a clean energy transition  [1]. However, an inexpensive in-
frastructure for storing and transporting hydrogen is yet to 
emerge [2]. Therefore, in-situ H2 production from renewable 
fuels (e.g. alcohols) is a promising pathway to overcome the 
aforementioned challenges. Among other alcohols, methanol 
can be considered the most advantageous H2 carrier with the 
highest H/C ratio besides being liquid under room conditions 
[3]. Apart from the conventional methanol steam-reforming 
(MSR) [4], methanol aqueous phase reforming (APR) is an 
emerging competitive pathway for H2 production [5]. Meth-
anol APR provides multiple advantages, namely elimination 
of the feed methanol aqueous solution evaporation and 
eliminates the carbon monoxide evolution. APR can produce 
H2 and CO2 at temperatures in the range of 200 °C - 250 °C 
and 1.5 MPa - 5.0 MPa [6].  

Reforming and WGS reactions are kinetically favored by 
higher temperatures. Additionally, pressure plays a vital role 
in APR performance since APR is a multi-phase system with 
reaction kinetics often controlled by the diffusion of prod-
ucts through an aqueous phase. Therefore, it becomes nec-
essary to evaluate the effects of operating conditions on 
methanol APR for optimal performance.  

The purpose of this study is to explore methanol APR ki-
netic characteristics to propel much-needed research on 
novel catalysts and reactor design. In this work, we report 
the performance of a Pt/Al2O3 catalyst under various oper-
ating temperatures, operating pressures, residence times, 
and feedstock concentrations in methanol APR. 

2. Experimental

An in-house designed set-up was used to evaluate the per-
formance of APR catalysts under different operating condi-
tions. A 700 mg of commercial Pt/Al2O3 (5 wt. % Pt) catalyst 
supplied by Sigma-Aldrich was placed in the mid-section of a 
fixed-bed reactor mixed with equal mass amounts of glass 
beads. The reactor was placed vertically in a temperature-
controlled oven. The catalyst was reduced in-situ at 300 °C 
for 2 h in a flowing H2/N2 (1:1) atmosphere. Afterward, the 

reactor was purged with N2 gas (30 mL·min-1) for 30 min to 
remove the adsorbed H2. Aqueous methanol solutions, with 
concentrations of 5 wt. % and 55 wt. % of methanol was fed 
to the reactor in an upward direction using an HPLC pump 
at a flow rate corresponding to a weight hourly space veloc-
ity (WHSV) between 0.1 h-1 and 21.2 h-1. All these experi-
ments were performed with N2 co-feeding of 30 mL·min-1. 
The outlet stream was cooled down in a condenser at ca. 
0 °C to separate liquid-phase components and gaseous 
products. The formed gaseous products were measured 
with online gas chromatography. A back pressure regulator 
was used to regulate the operating pressure of the reform-
ing reaction. The catalytic performance of the methanol APR 
under various operating conditions was evaluated in terms 
of H2 production rate (PR) (µmol·min-1·gcatalyst

-1) as shown in 
Eq. (1); herein, n denotes the number of moles, and mcatalyst 
is the mass of catalyst in grams. 

H2 production rate (PR) (µmol·min-1·gcatalyst
-1) = n (H2) / (60 X 

mcatalyst)              (1) 

3. Results & Discussion

3.1 Effect of temperature 

Fig.1 shows the H2 production rate as a function of 
WHSV at 190 °C, 210 °C, and 230 °C, and 3.2 MPa for meth-
anol feed concentration of 5 wt. %;  and 6.0 Mpa for meth-
anol feed concentration of 55 wt. %. These conditions war-
ranty liquid phase reaction for methanol and water. 

Fig. 1. H2 production rate (PR) vs residence time in APR with 5 wt. % 
Pt/Al2O3 at operating temperatures of 190 °C, 210 °C, and 230 °C. 
(a) 5 wt. % methanol aqueous solution and 3.2 MPa of operating
pressure; (b) 55 wt. % methanol aqueous solution 6.0 MPa.

Fig. 1 shows an increase in H2 production rate as a function 
of the temperature and WHSV. However, the H2 production 

(a) (b) 
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rate did not increase significantly when using high methanol 
concentration (55 wt. % of methanol). At higher methanol 
concentration, the contact time between reactants and cat-
alyst decreases, which adversely affects the H2 production 
rate [7]. For lower operating temperatures, the reforming 
reactions are inhibited and catalyst deactivation due to car-
bon deposition becomes possible [8]. 

3.2 Effect of pressure 

Fig. 2. H2 production rate (PR) vs residence time in APR with 5 wt. % 
Pt/Al2O3 at operating temperatures of 230 °C. (a) 5 wt. % methanol 
aqueous solution and operating pressure of 3.2 MPa, 4.0 MPa, and 
5.2 MPa; (b) 55 wt. % methanol aqueous solution and operating 
pressure of 5.2 MPa, 5.5 MPa, and 6.0 MPa 
 

 
Fig.2 shows the effect of the operating pressure on the H2 
production rate at 230 °C. For 5 wt. % methanol feed con-
centration, at 4.0 MPa and 5.2 MPa of operating pressure, 
the catalyst activity is almost constant with WHSV. This was 
assigned to the high partial pressures of the products and 
unavailability of actives sites (caused by high H2 concentra-
tion on the catalyst surface) [6,9]. The catalyst is more sen-
sitive to changes in the pressure near the bubble point pres-
sure of the aqueous feed, as the H2 production stays nearly 
constant beyond 4.0 MPa, even for high WHSV. This indi-
cates that APR may suffer from mass transfer limitations as 
operating pressure is increased. Additionally, N2 has a criti-
cal pressure of 3.4 MPa. Therefore, it loses its function as a 
sweep gas in operating pressures beyond 3.4 MPa.  
For 55 wt. % methanol feed concentration, H2 production 
rate increase as the operating pressure is increased. The rea-
son for this could be decreased mass transfer limitation, due 
to the formation of smaller gas bubbles with increasing pres-
sure. H2 production also increased with WHSV. As the feed 
flow rate increases, more gaseous products are dragged out 
of the reactor, which eventually accelerates the H2 produc-
tion rate.  

4. Conclusions 

Kinetic characterizations were performed for methanol 
APR over Pt/Al2O3 catalyst using two different feedstock 
concentrations at various temperatures, pressures, and res-
idence times. H2 production increased with the temperature 
and decreased with the operating pressure for methanol 
feed concentration of 5 wt. %. However, the effects of pres-
sures were less pronounced for feed concentration of 
55 wt. %.  

Using various dopant and novel supports for catalyst de-
velopment can yield a higher H2 production rate since the 
current APR catalysts suffer from poor performance. Mass 

transfer limitation also presents a huge hurdle that limits 
APR performance. Hence, various reactor designs should be 
studied that allows higher mass transfer rates for increased 
H2 production. 
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1. Introduction

In gas storage on porous solids, gas is adsorbed on the
material’s surface. Research in this area arose as an 
alternative to other methods, such as compression and 
liquefaction require large amounts of energy and present 
some safety issues due to the high pressure involved to 
contain H2.  

Several solids, among metal-organic frameworks 
(MOFs) were studied for that purpose. MOFs are 
coordination polymers composed of organic ligands and 
metal or metal clusters. MOFs can be designed and 
synthesized according to specific needs. 

The MOF known as HKUST-11 has demonstrated great 
adsorption capacities of H2. This compound also has 
chemical and thermal stability and is relatively simple to 
obtain in both lab and large scale. These characteristics 
make this MOF a promising material for hydrogen storage. 

HKUST-1 is composed of Cu (II) dimers equatorially 
coordinated by the carboxylates from benzene-1,3,5-
tricarboxylic acid (BTC) and two open axial positions. The 
dimers form cubic 3D structures with two types of pores: 
‘channels’ of 1 nm diameter and ‘pockets’ of 0.5 nm (Fig.1). 

Adsorption energy depends on both non-specific (i.e. 
attraction-repulsion potential gas-solid) and specific 
interactions where molecule is adsorbed on the surface of 
an ionic or polar solid2. 

In this work, we modified the composition of HKUST-1 
by replacing part of its ligand (BTC) with benzene-1,3-
dicarboxylic acid (iBDC) in order to release a Cu coordination 
position and increase the specific interaction with the H2.   

2. Experimental

2.1 Synthesis 

Five solids were prepared: HKUST-1 and a series named: 

Figure

Fig. 1. Coordinate Cu dimer (left) and HKUST-1 structure (right). 
Light blue and green circles indicate channel and pocket pores. Cu 
orange, O red, C grey. 

HKUST-1 and a series named SSC-1-XX, where XX is the 
molar fraction of BTC (XBTC) in the MOF (see Table 1). In the 
synthesis procedure3, copper nitrate (II) trihydrate, 5.0 g, 
20.7 mmol, was dissolved in 125 ml of a mixture of N, N-
dimethylformamide (DMF): ethanol: water 1:1:1 in a 250 ml 
capped glass bottle. Different amounts of BTC and iBDC 
were added to the solution and heated in an oven at 80°C 
for 20 h. Crystals were rinsed with DMF and treated with 
methanol for solvent exchange; the latter procedure was 
performed overnight and repeated thrice with fresh solvent. 

2.2 Characterization 

Nuclear magnetic resonance (NMR) spectra were 
obtained in a Magneto Bruker UltraShield 14.1 Tesla, 1H 
600.13 MHz. Samples were dissolved in TFA.  

H2 isotherms were obtained at 77 K and up to 8 bar in a 
Micromeritics ASAP 2050 equipment. Argon isotherm data 
were collected at 87 K in an Autosorb IQ with He cryocooler. 
The textural properties were evaluated from the argon 
adsorption data; micropore volume (VµP) was calculated 
with Dubinin Radushkevich equation, and the total pore 
volume (VTP) was obtained with Gurvich rule at p/po = 0.98. 
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Before the adsorption experiments, the samples were 
outgassed at 5.10-3 mmHg and 323 K for 12 h; then the 
temperature rose up to 453 K at 1 Kmin-1 and held 3 h.  

3. Results

Areas of peaks of BTC and iBDC in NMR spectra were
used to calculate the XBTC in samples (Table 1).. 

From Ar isotherms (Fig.2) it can be seen that the highest 
gas uptake corresponds to HKUST-1, and the less is XBTC, the 
less is the Ar adsorption. As for H2 isotherms (Fig.3) it was 
observed that SSC-1-91 shows the highest uptake of the 
studied MOFs series. 

Table 1. Molar composition of MOFs obtained from NMR spectra; 
micropore and total pore volume derived from Ar isotherms 

Sample XBTC  VµP VTP 

HKUST-1 1.00 0.77 0.77 

SSC-1-91 0.91 0.74 0.74 

SSC-1-87 0.87 0.71 0.74 

SSC-1-82 0.82 0.65 0.69 

SSC-1-67 0.67 0.62 0.68 

Fig. 2. Argon adsorption (solid marker) - desorption (empty marker) 
isotherms at 87 K for HKUST-1 and SSC-1 series.  

Fig. 3.H2 adsorption isotherms at 77 K for HKUST-1 and SSC-1 
series. 

4. Discussion

Ar adsorption isotherms (solid marker in Fig.2)
correspond to Type I isotherms according to IUPAC, which 

means that the solids are mainly microporous (i.e. pores  
2nm width). These pores are filled at low relative pressures 
due to their high interaction potential The specific surface 
areas of these materials were between 1600 and 2005m2/g 
while micropore volume reaches the highest value in 
HKUST-1 (Table 1), and decreases as XBTC becomes smaller in 
SSC-1-91/87/82/67 samples.  

HKUST-1 and SSC-1-91 exhibit a reversible behavior 
(adsorption-desorption branches overlapped - Fig.2), while 
the rest of the samples show a hysteresis loop, which is an 
indicator of the presence of mesopores (i.e., pores between 
2-50 nm width).

H2 adsorption isotherms show a different trend: SSC-1-
91 has the highest uptake. This can be explained as follows: 
the modification in the organic ligands releases a 
coordination position in Cu dimer since iBDC has a carboxylic 
group less than BTC; which increases the polarity of the 
surface. This improves the specific interactions with H2 due 
to its quadrupole moment. This behavior is not observed in 
Ar isotherms because this gas is not a polar molecule. 

The improvement in specific interactions in SSC-1-
87/82/67 is compensated by mesopores in which the 
interaction potential is minor than in micropores. In 
addition, it was observed that the less XBTC, the less total 
pore volume; these two reasons explain the reduction in H2 
adsorption in those materials. 

5. Conclusions

A series of MOFs was successfully synthesized by
replacing a part of the HKUST-1 original ligand. This led to an 
improvement in the adsorption due to a stronger specific 
interaction between H2 and the surface of the SSC-1-91 
solid. 
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1. Introduction

Low-temperature water electrolysis (WE) technology is
one of the most promising methods to obtain high-purity 
green hydrogen to use it as a new energy vector. However, 
the implementation of this model has several drawbacks 
(e.g., high economic cost of electrolyzers technology). This 
issue arises from the current necessity of platinum-based 
catalysts to get high efficiencies in the production of this gas. 
Therefore, researching of new non-noble materials with 
high catalytic activity towards hydrogen evolution reaction 
(HER) appears as a promising way to reduce the cost of WE. 

In this sense, transition metal carbides (TMCs) are inter-
esting due to their similarities with the platinum electronic 
structure close to the Fermi level. Then, similar catalytic per-
formances are expected from these compounds towards 
HER [1]. However, some issues are still needed to be over-
come to improve the activity of TMCs. This imply under-
standing the role of the particle size of the carbide as well as 
the existence of the respective transition metal oxides 
(TMOs) onto the surface of the TMCs materials [2]. 

On the other hand, ionic liquids (ILs) have also been 
studied as interesting compounds for many applications. In 
the case of electrocatalysis, the properties that make ionic 
liquids interesting for HER catalysis are good electrical con-
ductivity and hydrophobic character. The latter is important 
for the integrity of an IL-based catalyst to face an electro-
chemical reaction in aqueous solution [2]. 

An important characteristic of HER is related to the ki-
netics of the reaction. There is a widely accepted mechanism 
for hydrogen electrogeneration that involves three possible 
steps for the entire process to take place. These steps are 
outlined below in basic media: 

(1) H2O + e- ⇌ Had + OH-

(2) Had + H2O + e- ⇌ H2 + OH-

(3) Had + Had ⇌ H2

The reaction (1) is known as the Volmer step, and it in-
volves the electroreduction of water producing an adsorbed 
hydrogen atom and a hydroxide anion. In the Heyrovsky 
step (2), another electrochemical reduction of a water mol-
ecule occurs near the previous adsorbed hydrogen to gen-
erate H2. Finally, the mechanism can evolve by process (3), 
also known as the Tafel step. Here, two adsorbed hydrogen 
atoms chemically react to produce the hydrogen molecule 

[1,2]. Tafel slopes are usually employed to determine the 
rate-determining step (RDS) of the process. Thus, Tafel slope 
values of 120, 40, and 30 mV·dec−1 indicate that the RDS is 
the Volmer step, the Heyrovsky step, or the Tafel step, re-
spectively. 

The target of the current work is to synthesize new W2C-
ILs composites with high catalytic activity towards HER. 
Thus, W2C materials have been prepared by a modification 
of the urea-glass route [3]. Then, composite materials have 
been achieved by a simple physical mixing of the W2C phase 
and the IL [1,2]. The formation of composite materials has 
been corroborated by several physicochemical techniques 
and their activity towards HER has been characterized by 
spectroelectrochemical methods (differential electrochemi-
cal mass spectroscopy; DEMS). Moreover, DEMS has also 
been used to obtained reliable information on the kinetics 
of HER. 

2. Experimental

2.1 Catalysts obtention 

W2C material has been prepared by a slightly modifica-
tion of the urea-glass route [3]. Briefly, the appropriate 
amounts of WCl4, EtOH and urea were mixed under argon 
atmosphere during 3 h to generate the urea-glass precursor. 
Then, it was heated up to 800 oC under argon flux in the tub-
ular furnace. The resulting material is tagged as WC1. To ob-
tain the composite material an IL (octylpyridinium hex-
afluorophosphate; OPy) was used [2]. The obtention of the 
composite material (WC1-OPy) has been achieved by an ul-
trasound-assisted physical mixing of the carbide with a 5 % 
w/w of OPy using isopropanol to obtain the catalytic ink.  

2.2 Physicochemical characterization 

X-ray diffraction (XRD) patterns were obtained using a
diffractometer PANanalytical X’Pert Pro operating with Cu 
Kα radiation. Crystallite size was obtained from the Scherrer 
approximation and crystalline phase proportion was 
calculated by Rietveld refinement. Moreover, X-ray 
photoelectron spectroscopy (XPS; MultiLab 2000 equipped 
with a monochromatic Al Kα X-ray source) has been used to 
study the surface of the catalysts. Raman experiments were 
performed for the composite materials using an SPELEC 
RAMAN instrument equipped with a 532 nm laser. 
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2.3 Scpectroelectrochemical characterization 

DEMS measurements were carried out in a three-electrode 
half-cell at room temperature controlled by an AutoLab 
(Metrohm Autolab) potentiostat. A hydrophobic PTFE mem-
brane (Cobetter) was placed at the interface between the 
cell and the mass spectrometer chamber (Hiden Analytics). 
A graphite rod was used as a counter electrode, while the 
reference electrode was Ag/AgCl. 0.1 M NaOH was used as 
supporting electrolyte. All potentials in this work are re-
ferred to reversible hydrogen electrode (RHE). The working 
electrode consisted of 10 μL of the catalyst ink deposited as 
a thin layer onto a glassy carbon disc. Then, the working 
electrode was introduced into the cell at a controlled poten-
tial of 0.1 V and the potential was sweep towards cathodic 
potential at a scan rate of 1 mV·s-1 (LSV) while the spectrom-
eter was set to detect the m/z = 2 (MSLSV). 

3. Results 

3.1 Physicochemical characterization 

XRD difractograms and XPS spectra of the materials 
show the obtention of several phases for the synthesized 
materials identify as a mix of crystalline W2C and W0, but 
also amorphous WO3 onto the surface. Rietveld refinement 
has revealed a W2C/W0 ratio of 45/55 % for WC1 and a crys-
tallite size of 19 nm was obtained from Scherrer’s approxi-
mation. Raman spectra presents the W-O bending (δ) and 
stretching (ν) vibration modes for the surface oxides. Thus, 
the addition of OPy to the composite materials is affecting 
these vibrations. This is revealed by a shifting of the δ(W-O) 
and νa(W-O) modes towards higher Raman shift. These sig-
nals also change in the width of the peaks (decreasing of the 
full width at half maximum of the peak; FWHM). 

3.2 Spectroelectrochemical characterization 

DEMS voltammograms (depicted in Figure 1) display the 
faradaic currents (top panel) and the ionic currents (m/z = 2) 
detected in the mass spectrometer during the potential 
sweep at the bottom panel. Thus, it is possible to avoid the 
contribution of the oxide reduction currents to allow an ac-
curate onset determination for the HER. Indeed, WC1 has an 
overpotential of 120 mV while the addition of OPy to the 
WC1 downshift the overpotential to 65 mV. Moreover, Tafel 
slopes values have been obtained from MSLSVs. A slope val-
ues of 67 mV·dec-1 has been determined for WC1 changing 
to 38 mV·dec-1 for the composite material.  

4. Discussion 

The proposed modification of the urea-glass route allows 
the obtention of W2C nanopowders (crystallite size = 19 
nm). A close inspection of XPS spectra reveals an important 
quantity of WO3 generated onto the surface of the material, 
probably produced by the exposure of the phase to the at-
mosphere. Thus, the oxide may hide the carbide surface, 
which is the site of interest for the HER. Nevertheless, the 
oxide is modified when the ionic liquid is added to the ma-
terial. So, the mentioned change in the FWHM is related to 
an increase of the metal atoms exposure, and the upshifting 
of the peaks is related to changes in the length of the oxide 

vibration modes. Therefore, the addition of OPy affects the 
WO3, changing the nature of the surface. These changes lead 
to the obtention of smaller particle size [2], but also to an 
increase of the catalytic activity of the composite material. 
Indeed, DEMS measurements reveal a difference of 55 mV 
of overpotential from WC1 to WC1-OPy. The presence of IL 
is also conditioning the kinetics of the reaction. Thus, Tafel 
slope values for the reaction (obtained from MSLSVs to 
avoid the oxide contributions that might exist in the LSVs) 
present a clear change in the RDS from a mix of Volmer/Hey-
rovski steps for the WC1 to a pure Heyrovski step for the 
composite material. 

 

Fig. 1. LSVs (top panel) and MSLSVs (bottom panel) recorded for 

the studied materials in 0.1 NaOH solution at a scan rate of 

1 mV·s-1. 

5. Conclusions 

The route proposed to generate W2C-IL composite ma-
terials is proposed to be acceptable for the obtention of 
electrocatalyst with high catalytic activities towards HER. 
Thus, the addition of OPy to the carbide boosts the catalytic 
activity and change the RDS of the HER. This is probably 
caused by an interaction of the IL with the surface oxides of 
the material, producing a different reaction surface which is 
more active than the starting material towards HER.  
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1. Introduction

Humanity is facing a very urgent problem in the present
time that can be regarded as the most important in history1. 
Our future way of life, and maybe even survival, depends on 
its outcome. The problem is climate change and its conse-
quences. The burst of the human population in the second 
half of the XX century was accompanied by a growth in hu-
man activities and an increase in the demands of food, en-
ergy, and physical space. This brought increased amounts of 
gas emissions to the atmosphere, pollutants in water 
courses and oceans, and reduction of natural environments 
to make place for crops and cities2. The nature of present-
day economy has reached a limit as to the amount of harm 
that the Earth can absorbe and neutralize. This linear econ-
omy in which everything is exploited, produced, used, and 
discarded is exerting an irreversible damage to the ecosys-
tem, directly affecting our lives. It is also causing an increase 
in the Earth’s mean temperature with consequences that 
are difficult to predict, since it is something that has never 
happened before3. We are realizing that our lives need to 
become more sustainable, in tune with the planet’s capacity 
of recycling elements and residues. Our economy needs to 
become circular, where products and materials can be re-
used and recycled, or absorbed by the ecosystem if thrown 
away4.  

Fossil fuels are seen in the XXI century as a source of 
contamination rather than progress, as it was in the XX cen-
tury. Efforts are being made worldwide to lower its exten-
sive use as the main source of energy and progressively re-
place them with renewable energy sources. Solar and wind 
energy have seen, in the past 10 years, a very important ex-
pansion, with many parks and farms built in most coutries5.  

In this sense, hydrogen (H2) is seen as the fuel of the fu-
ture, due to its high energy yield and lack of contaminating 
emissions. The downside of H2 is its difficulty in production 
and storage. Hydrogen technologies are also witnessing an 
increased interest, with much research getting done on 
means of production, new materials, and safety6.  

In line with the hydrogen circular economy, this work is 
focuses on the production of H2 using natural bacterial com-
munities and renewable resources. The bioprocess by which 
H2 producing bacteria work is called dark fermentation and 
it can be carried out in rather simple fermentation tanks. 

This process has the potential of working with direct carbon 
sources such as glucose (C₆H₁₂O₆) or sucrose (C12H22O11), but 
also degrading second generation biomass, such as lignocel-
lulosic litter from crops or animal residues from livestock, 
among others. Hydrogen producing bacteria can be col-
lected from several natural sources, and selected to seed 
the tank. The conditions inside the tank must be optimized 
to promote bacterial growth, since H2 is a byproduct of their 
metabolism, along with carbon dioxide (CO2), and is simply 
released into the tank’s headspace7. Dark fermentation is a 
stage in the natural degradation of organic material, which 
ends up in methane (CH4) and CO2, which are greenhouse 
gases. However, if the residues are pretreated before the 
dark fermentation, the only gases produced are H2 and CO2. 
The total amount of gas is less than the one obtained if CH4 
is produced. The rest of the carbon (that would either end 
up in more CO2 or in CH4) are part of short chain acids in the 
effluent, mostly acetic and butiryc acids. 

This work centers on the optimizacion of conditions re-
quired to maximize H2 production in a stirred tank, by means 
of design of experiments (DOE) methodology. 

2. Experimental

2.1 H2 Evolution Process 

For the H2 production process, a water sample was taken 
from a water treatment plant installed inside a ship that be-
longs to the Argentine Navy, the ARA Almirante Irízar. It was 
stored at room temperature until needed.  

Firstly, a modified plate count agar medium8 was pre-
pared (PCA), replacing casein with meat peptone, and with-
out the agar in order to keep it liquid. This modified PCA was 
nicknamed “growth medium”. It was sterilized. Secondly, 
the bacterial consortium was pre-treated for 50 minutes at 
75ºC, and centrifuged for a spin (1 minute, 2800 rpm). 
Thirdly, the growth medium was inoculated with 1 mL of 
consortium each 10 mL of modified PCA. The flasks were 
purged with nitrogen (N2) to achieve anaerobic headspace 
and stored at 37ºC over the weekend (approximatly 65 
hours). 

After this long incubation, Kitasatos flasks were prepared 
in the following manner: 200 mL as a final volume was added 
to each flask containing the final concentration of micronu-
trients, ammonia, sucrose and bacterial biomass (inoculum) 
determined by the Design of Experiments chart (Table 1). In 
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addition, sodium acetate (CH3COONa) was added to all the 
flasks to a final concentration of 0.5 M. The micronutrients 
solution corresponded to a modified Logan medium studied 
in García et al.9 

 
2.2 Design of Experiments layout 

The Excell macro “Essential Experimental Design”, 
Version 2.216, by R.P. Yeater, D.D. Steppan and J. Werner 
was used to design an optimization Box-Behnken strategy 
with four (4) factors. The factors to optimize were 
micronutrient concentration (x), varying from 20 to 200 
mg/L, amonia concentration (y), in the form of ammonium 
bicarbonate  (NH4HCO3), varying from 0.5 to 4 g/L, sucrose 
(z), in the range of 5 to 25 g/L, and a quantitative biomass 
reference value (h) calculated as an optical density 
magnitude per each 100 mL (see next section for protocol). 
The design resulted in 28 conditions, 4 of which were 
centerpoints (Table 1).  

 
Table 1. Four factor, four centerpoint Box-Behnken design. 

 

The centerpoints are the checkpoints of the design and 
validate the experiments, since they are the only 4 same 
reactors with all 4 factors at their center value (110 mg/L of 
micronutrients solution, 2.25 g/L of ammonia, 15 g/L of 
sucrose and 12.5 DO/100 mL).  

 
2.3 Stock solutions and biomass estimation 

A concentrated micronutrients solution was prepared to 
use as stock for all experiments. Contents were monopotas-
sium phosphate (KH2PO4), magnesium sulfate heptahydrate 
(MgSO₄.7H2O), sodium molybdate dihydrate 
(Na2MoO4.2H2O), calcium chloride dehydrate (CaCl2.2H2O), 
manganese sulfate heptahydrate (MnSO₄.7H2O) and ferrous 
sulfate heptahydrate (FeSO4.7H2O)2. An allicuot of this 

solution was added to each reactor according to Table 1 de-
fined final concentration. The same was done for ammo-
nium with a concentrated solution of ammonium bicar-
bonate. Solid sucrose was added directly in the reactor ac-
cording to Table 1.  

As for biomass, as mentioned in section 2.1, the natural 
bacterial consortium was obtained from the treatment plant 
of an army ship, which makes this source rather “dirty”. Im-
purities were discarded by an initial centrifuge spin, per-
formed after temperature selection, this supernatant was 
cultured in a modified liquid anaerobic PCA medium, and af-
ter 72 hours a sample was taken and read at 600 nm in a 
spectrophotometer. Growth medium with no inoculum was 
taken as blank. If required, dilutions were made until ab-
sorbance fits the readable scale. When the amount of bio-
mass was enough to perform experiments, all bacterial mass 
in the growth medium was concentrated by centrifuging 15 
minutes at 5000 rpm. Then, it was resuspended with dis-
tilled water and immediately used. The optical density (DO) 
was determined again after cells were resuspended in the 
water, and the allicuots with the DOE value of initial biomass 
were introduced as seed in the reactors. This procedure was 
followed to ensure that all the reactors seeding allicuots 
came from the same mother solution. 

3. Results 

3.1 Significant Factors and Interactions 

The volume of H2 produced for each condition has been 
included in Table 1. The ANOVA analysis of this data is listed 
in Table 2.  

 
                                  Table 2. ANOVA 

 
P value of less than 0.05 indicates a significant factor or 

interaction. In this analysis the significant linear factors are 
micronutrients and sucrose concentration. These two (2) 
factors along with ammonium concentration are significant 
in quadratic form, and there is a significant positive interac-
tion of micronutrients with sucrose (Table 2). 
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The complete regression equation to calculate the vol-
ume of H2 produced is expressed by: 

 

𝑯𝟐 𝒕𝒐𝒕(𝒎𝑳) = −𝟐𝟗𝟗 + 𝟏. 𝟔𝟐𝒙 + 𝟏𝟔𝟕𝒚 + 𝟐𝟒. 𝟕𝒛 + 𝟏𝟏. 𝟔𝒉

− 𝟎. 𝟎𝟏𝟓𝟐𝟔𝒙𝟐 − 𝟕𝟐. 𝟑𝒚𝟐 − 𝟏. 𝟑𝟒𝟗𝒛𝟐

− 𝟏. 𝟖𝟔𝒉𝟐 + 𝟎. 𝟑𝟒𝟖𝒙 ∗ 𝒚 + 𝟎. 𝟏𝟖𝟏𝟑𝒙 ∗ 𝒛

+ 𝟎. 𝟎𝟑𝟓𝒙 ∗ 𝒉 − 𝟏. 𝟏𝟒𝒚 ∗ 𝒛 + 𝟗. 𝟐𝟕𝒚 ∗ 𝒉

+ 𝟏. 𝟐𝟐𝟏𝒛 ∗ 𝒉 
 
Where the R2 value is 84.79%. 

3.2 Optimized parameters 

The plots for the optimized parameters, obtained from 
the model by maximizing the amount of H2 produced, can 
be seen in Figure 1. 

 
Fig. 1. Optimized concentrations according to the model: x= 

200 mg/L, y= 2.73 g/L, z= 25 g/L, h= 20 DO/100 mL. Maximum 

amount of H2 predicted= 869.5 mL 

 
Optimal concentrations of micronutrients, sucrose and 

biomass are the maximum values within the range explored, 
indicating no inhibition of these factors. In contrast, the op-
timal ammonium concentration is 2.73 g/L, larger values 
lead to a negative effect on hydrogen generation.  

4. Discussion 

4.1 Hydrogen production process  

The process for biohydrogen production in a fermenta-
tion tank is complex and comprises many variables. It is de-
sirable to be able to predict the outcome of a certain setup, 
and to know the optimal concentrations in order to predict 
the best setup.  

Four factors were chosen, being important for this pro-
cess: micronutrients, ammonium ion and sucrose concen-
tration, and also the amount of initial bacterial biomass nec-
essary to obtain the most efficient growth. With the design 
of experiments protocol presented here, it is possible to ob-
tain a mathematical model that approximates the outcome 
very well, with a fit of over 84%.  

Design of experiments also enables obtaining the most 
optimal concentration of the selected factors to achieve the 
best desired result. For this process, the best result is the 
greatest volume of H2. 

5. Conclusions 

Following a DOE protocol, an equation for biological hy-
drogen production using an anaerobic local bacterial con-
sortium was determined. This model predicts hydrogen pro-
duction with an 84% fit. It was used to estimate the optimal 
concentration of micronutrients, ammonium ion and 

sucrose in the production medium, and the amount of bio-
mass necessary to seed a reactor. 
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1. Introduction

Hydrogen, as a clean energy carrier, is presented as one
of the main candidates to replace fossil fuels, mitigating 
greenhouse gases and their implications for climate change. 
It can, in turn, be one of the tools to achieve the sustainable 
development goal 7 of the United Nations, which proposes 
"ensure access to affordable, reliable, sustainable and mod-
ern energy". It could be said that it is a vital component to 
achieve zero emission economies, attaining the sustainable 
development of the residential and industrial sectors. 

A wide variety of processes are available for the produc-
tion of hydrogen, which depending on the raw material 
used, can be divided into two main categories: fossil fuels 
and biomass or water. Among the methods that use only 
water as raw material, are electrolysis, thermolysis and pho-
toelectrolysis. Electrolysis, however, is a very efficient tech-
nique for splitting the water molecule as a well-established 
and well-known method. The main types of water electro-
lyzers are: alkaline, proton exchange membrane and solid 
oxide, they differ mainly in terms of the type of electrolyte 
used in the electrolytic cells. 

Currently, research and development activities are fo-
cused on increasing the operating current density as well as 
improving efficiency of electrolyzers. Alkaline water elec-
trolysis remains a promising option for commercial applica-
tions and further development. Research is currently being 
carried out on electrodes, electrolytes, ionic transport, for-
mation and detachment of bubbles. 

Since it is in the interest of industry to lower the produc-
tion costs of these equipments, researchers are studying the 
behavior of other materials. Along that line are the works 
mentioned below. 

Olivarez – Ramirez et al., studied the hydrogen evolu-
tion reaction (HER) on stainless steels 304, 316 and 430 look-
ing for a more economic material with nickel in its chemical 
composition.  Based on the results obtained, it is concluded 
that stainless steel 316 is the best material due to its high 
nickel content of 12%. [1] 

In order to find the optimal operating conditions for hy-
drogen production, Nassar et al., evaluated electrodes of 
stainless steels 316, 409, 410 and 430 at working tempera-
tures between 60 and 90ºC and its corrosion rate. Stainless 
steel 410, due to its high nickel content of 25%, presented a 
better performance in hydrogen generation rate and corro-
sion resistance, throughout the range of tested 

temperatures.  The increase in temperature favors the hy-
drogen production in all types of stainless steel analyzed. [2] 

D'Arc de Fatima Palhares et al., evaluated a cylindrical 
electrolytic cell to produce green hydrogen, which was con-
nected to a photovoltaic panel of 20 W.  The electrodes 
were of 304 stainless steel and the electrolyte was sodium 
hydroxide.  Certain voltajes (2; 2.7 and 3.4) and electrolyte 
concentrations (2; 3.5 and 5 [mol/L]) were studied.  It was 
observed that at the highest values, both variables increased 
the flow of hydrogen production.  The content of air in the 
sample of hydrogen obtained, under the operating condi-
tions of 3.4 V and NaOH 5 [M] is 0.85%. [3] 

This work proposes studying two different geometries 
that involve corrugated channels. It is based on two differ-
ent manufacturing methods and the behavior of both elec-
trodes at three different distances is analyzed with the ulti-
mate goal of being able to compare them and determine 
which one has the best performance for hydrogen produc-
tion. 

2. Experimental

2.1 Methods used for the manufacture of electrodes 

2.1.1 Electrode A: 
It was formed starting from a one-millimeter-thick 

AISI 316L stainless steel sheet, placing a 130 x 110-millime-
ter cutout resting on a support that houses two 4-mm-diam-
eter brass rods ten millimeters apart (see Fig. 1 a).  

Fig. 1. a) Construction devise for electrode A anb b) electrode A. 

Placing a rod of the same diameter on the plate and 
between the two lower rods and pressing the assembly, the 
deformation of the plate is produced, generating a gutter. 
This procedure is repeated producing an electrode with 
eight channels wtih flat areas in the middle and at both 
sides. With subsequent machining, the pair of electrodes 
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reached dimensions of 109 x 110 x 1 [mm], which show an 
increase in the exposed area of the order of 9.2% compared 
to a flat electrode. Fig. 1.b, shows the finished electrode. 

 

2.1.2 Electrode B: 

In order to increase the rigidity, another pair of elec-
trodes was made of a metal sheet of the same material but 
with a thickness equal to 2 [mm]. For the purpose of the gut-
ters to be better finished and parallel to each other, it was 
decided to build a device (see Fig. 2.a) made up of two 
pieces, one with four lower slots and another upper one 
with three slots that couple with the lower one, leaving a 
gap of 2 [mm].  

 
Fig. 2. a) Matrix for machining electrodes and b) electrode B. 
 

To facilitate the machining of the sheet metal, some 
perforations were made at the beginning of each channel. 
By placing the sheet metal cutout between the two pieces 
and pressing them, three gutters are formed at the same 
time. By moving it, an additional channel can be formed by 
pressing. For pressing, a Carver Laboratory brand press with 
a maximum capacity of 20 tons was used. Fig. 2.b, shows 
electrode B. The pair of electrodes were left with dimen-
sions of 106 x 110 x 2 [mm], which show an increase in the 
exposed area of the order of 21% compared to flat elec-
trodes. 

2.2 Performance evaluation at different distances between 
electrodes 

The analysis of electrodes for alkaline electrolysis of wa-
ter was carried out in a cristal acrylic electrolytic container, 
which allows the distance, to be established, by means of 
gages. The device consists of a cubic contanier, in the center 
of which, there is a channel for the parallel positioning of the 
separator. In the upper part and in solidarity with the elec-
trolytic container, the pair of gages and the guide brackets 
are placed. The gages, built in pairs and of different sizes, 
allow establishing the positioning of the electrodes sup-
ported from the guide brackets. The guide brackets had the 
specific function of holding the electrodes in a vertical posi-
tion, perfectly parallel to each other and to the separator as 
well. The position of these two pieces: gages and guide 
brackets are fixed with another that receives the name of 
mobile lock. The distance between electrodes then depends 
on the pair of gages used and the geometry of the elec-
trodes. The material used as separator is Zirfon Perl UTP 
500, which is composed of an open mesh polyphenylene sul-
fide fabric coated with a mixture of particules of zirconium 
oxide and a mixture of a polymer, giving the properties to 
act as a gas separation diaphragm.  

Experiments were carried out using an electrolytic solu-
tion of potassium hydroxide (KOH) 30% w/w (Biopack, Pro-
Analysis A.C.S., 85.0%), prepared with distilled water. Once 
the electrolytic solution was incorporated to the cubic con-
tainer, one drop of a colloidal dispersion of Triton X-100 (Bi-
opack) added with the purpose of reducing the superficial 
tension of the solution. Electrical connectors were switched 
to a power source Fullenergy System DC Power Supply 
HY3020. Current measurements were made at a certain po-
tential between 0.0 and 2.7 V, changing the applied voltage 
differences 0.1 V every 30 s. The analysis of each distance 
generated by the gages and the electrodes, is performed at 
least four times. Standard deviation and standard error 
were calculated to obtain the error bars that were included 
in the graphical representations presented in the results sec-
tion. Working conditions were atmospheric pressure and in-
itial temperature of the electrolytic solution at 20 °C. 

3. Results 

3.1 Efect of the distance between electrodes 

3.1.1 Electrode A 

Three pairs of gages were used, obtaining the following 
distances between electrodes: 7.70; 7.00 and 5.65 [mm]. 
Fig. 3 shows the polarization curves obtained for each of 
them, including the standard error. 

 
Fig. 3. Polarization curves at different distances between eletrodes 

A. 
The results show that as the distance decreases (con-

sidering those that were the object of study in this work), 
the performance of the system improves.  

3.1.2 Electrode B 

Three sets of gages were also used to analyze this type 
of electrode, reaching the following distances between 
them: 8.21; 6.97 and 6.16 [mm]. Fig. 4 shows the polariza-
tion curves obtained for each of them, including the stand-
ard error.  

Analyzing the results obtained from electrodes B, it is 
also observed that by reducing the distance between elec-
trodes (for the values studied) the efficiency of the system 
is enhanced. 
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Fig. 4. Polarization curves at different distances between eletrodes 

B. 

4. Discussion 

4.1 Manufacturing methods of the electrodes 

Of the two methods used to manufacture electrodes 
with corrugated channels, it can be said that the one used in 
electrodes B is more precise and reproducible. The manu-
facture of this type of electrodes will depend on the size of 
the piece and the matrix. The first method is more tradi-
tional and requires training and care on the part of the op-
erator. 

 
4.2 Distance between electrodes  

The results presented in the previous section show that 
both types of electrodes improve the performance of the 
system as the distance between them, decreases. This result 
can be justified given that the electrical resistance is directly 
proportional to the resistivity and length of the current and 
inversely proportional to the cross-sectional area; therefore, 
if the space between electrodes is smaller, electrical re-
sistance will be reduced.  

At the distances studied, the resistance of the hydrogen 
and oxygen bubbles that form and detach from the cathode 
and anode, respectively, do not seem to affect the perfor-
mance of the system. 

 
4.3 Comparing performance between of electrodes A and B 

In order to carry out this analysis, the evaluated dis-
tances that are most similar in value were taken from both 
types of electrodes: 7.00 [mm] for electrodes A and 6.97 
[mm] for electrodes B. Given that the electrolytic cell used 
establishes the distance by means of gages and that can be 
modified by the type of electrode’s geometry, the same dis-
tances are not possible for both types of electrodes. 

Fig. 5 shows the polarization curves of both electrodes, 
with electrode B presenting a higher current density than 
electrode A, under the same operating conditions. The aver-
age current density increase is approximately 28%. 

If heat released was calculated as the voltage difference 
applied to the systems by the current density for these elec-
trodes in these operating conditions, it could be observed 
that for an equal amount of generated hydrogen the system 
with lower performance released more heat (Fig. 6). 

 
Fig. 5. Polarization curves of electrode A at 7.00 [mm] and elec-
trode B at 6.97 [mm]. 
 

 
Fig. 6. Energy released in the production of hydrogen and oxygen 
at the same current density for electrode A and B. 

5. Conclusions 

 The performance of two types of electrodes with corru-
gated channels at different distances between electrodes 
has been evaluated. Electrode A presented a higher current 
density at 5.65 [mm] and electrode B at 6.16 [mm], caused 
by a decrease in electrical resistance. At the distances stud-
ied no effects caused by the formation of bubbles were evi-
denced, an analysis should be carried out at smaller dis-
tances. Electrode B presented higher efficiency than A 
(28%), which may be due to the shape of the channel that 
favors the detachment of bubbles. Of the two methods used 
for the construction of the electrodes, the method that uses 
the matrix is more precise and reproducible. 
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1. Introduction

Solar energy conversion and storage using photoelectro-
chemical systems based on organic materials is one of the 
most attractive strategies in the development of versatile, 
efficient and cost- effective devices. This is mainly due to the 
synthetic versatility of the organic compounds, and the con-
sequent tunability of the electronic and optical properties of 
the new materials. However, the development and applica-
tion of organic materials in optoelectronic devices is often a 
challenging task, because they must form thin films with 
suitable solid properties, satisfactory stability, efficient light 
absorption, adequate hole/electron transport capability, ap-
propriate work function, and must also be cost competitive 
with the established technology. An alternative technique to 
produce promising conducting polymer films is the electro-
polymerization, with the adoption of electroactive mono-
mers. The polymerization through electrochemical deposi-
tion techniques allows synthesizing the polymeric film in 
one step with fine control over the thickness; moreover, a 
mold in the working electrode allows an excellent and sim-
ple pattern of the film [1]. On the other hand, tetrapyrrolic-
based molecules and polymers are very important com-
pounds due to their fundamental roles as light absorbers 
and redox centers in biologic systems, and also because of 
their numerous applications as components in practical de-
vices, such as sensors, medical imaging, antibacterial sys-
tems, etc.[2] Corroles are interesting chromophores belong-
ing to a class of tetrapyrrolic macrocycles with three meso-
carbons and one direct pyrrole–pyrrole bond. 

In this work we show the polymers electrosynthesis, 
spectroelectrochemical and photoelectrochemical charac-
terization of novel substituted TPA- free-base corrol (Cor-
TPA, Fig. 1) conducting polymer films. When the polymer of 
Cor-TPA was used in photoelectrochemical cells, the gener-
ated light-induced charge separated states were able to 
electro- chemically reduce electron acceptors in aqueous 
media. 

2. Experimental

UV–vis absorption spectra were recorded on a diode ar-
ray spectrophotometer in 1 cm cuvettes at room tempera-
ture. Cyclic voltammetry measurements of the monomer 
and films were performed in a potentiostat-galvanostat 
(Electrochemical Instruments), using a one-compartment  

Fig. 1. Structure of cor-TPA 

cell equipped with a Pt or ITO working electrodes, a Pt loop 
as counter electrode and a silver wire quasi-reference elec-
trode. The solutions used for the electrochemical measure-
ments were prepared from Cor-TPA monomer together with 
0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) 
as supporting electrolyte dissolved in dichloroethane (DCE). 
Ferrocene was used as an internal reference.  

Spectroelectrochemical experiments of the polymer-
coated ITO electrodes were carried out in a cell built from a 
commercial quartz UV-visible cuvette. The cell containing 
the DCE-TBAPF6 solvent supporting electrolyte media was 
placed in the optical path of the sample light beam. Photoe-
lectrochemical experiments were conducted in aqueous 
phosphate buffer solutions (0.1 M) with and with- out me-
thyl viologen (MV+ 2 0.05 M) depending on the experiment. 
The photoelectrochemical measurements were performed 
under potentiostatic control (Palm Sens 4). Action spectra 
were obtained by illumination of the photoelectrodes with 
monochromatic light obtained from a 75 W high-pressure Xe 
lamp (Photon Technology Instrument, PTI). 

3. Results and discussion

Electrochemical film formation and characterization 

The electrochemical processes of Cor-TPA were exam-
ined by cyclic voltammetry (CV) using a Pt electrode in DCE 
with TBAPF6 as support electrolyte, and a silver wire qua-
sireference electrode. Free base corrol shows two oxidation 
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processes. In the forward scan a redox couple at 0.85V is de-
tected and the complementary reduction peak is not com-
pletely observed, showing the process to be not reversible. 
The second oxidation (1.15 V) is irreversible. Furthermore, if 
the electrode is cycled between 0V and the first oxidation, a 
continuous increase in the current is observed (Fig 2). When 
the electrode is removed from the corrol solution, washed, 
and placed in a corrol free solution it presents a bell shaped 
reversible oxidation at 0.9 V with a shoulder at 0.75V. This 
confirms that oxidation of Cor-TPA produces an electroac-
tive film which is irreversibly absorbed on the electrode. 
Upon oxidation, and triphenylamine (TPA) moieties undergo 
the well-known radical cation dimerizations producing 
tetraphenylbenzidine (TPB) units, which conduct to corrol 
electropolymer formation. The TPB dimmers have a lower 
oxidation potential than TPA because of its more extended 
π-system. TPB in solution presents two oxidation and reduc-
tion peaks at potentials slightly cathodic to the TPA wave.[3] 

The absorption spectra of the corrol in DCE solution and 
of the films on ITO electrodes showthe typical Soret and Q-
bands, characteristic of a free-base corrol[35]. Also, the cor-
rol in solution show an absorption band in the UV region 
(~300 nm) due TPA substituents. Also, an absorption band 
at around 350nm is detected that could be related to the 
tetraphenylbenzidine groups formed in the electropolymer-
ization process. Spectroelectrochemistry of the films was 
done in order to gain more information about the oxidation 
processes and to clarify the polymerization mechanism. 
When the films are in the neutral state the spectra show the 
characteristic corrol Soret bands and also the Q typical bands 

of free base. These bands are quite similar to those observed-
for the monomer in solution, indicating that the macrocycles 
have not been altered during the polymerization processes, 
although the bands of cor-TPA film. The spectral changes ob-

served upon redox switching between oxidized and reduced forms 

of the films produced different colorations. During these experi-

ments we found strong and reversible electrochromic effects in 

ambient conditions. In the neutral state (0 V) the films are green 

pale, during the p-doping this color starts to change and finally, 

when the films are totally oxidized, a uniform blue-bluish colora-

tion is observed. The electrogenerated colors are homogeneously 

distributed across the electrode surface, and the color changes are 

easily detected by the naked eye. This implies that the electro-de-

posited films have potential for electrochromic devices generation. 

Photoelectrochemical cells in a three electrode configura-
tion, formed by p-corrol-TPA photoelectrodes, were studied 
in aqueous phosphate buffer (pH 7.5) initially containing 
0.05 M of methyl viologen cation (MV + 2) as sacrificial elec-
tron scavenger and in the aqueous electrolyte pH is adjusted 
at lower values (without MV + 2). When the polymer was 
used in photoelectrochemical cells, the generated light-in-
duced charge separated states were able to electro- chemi-
cally reduce electron acceptors in aqueous media. According 
to the observed results and taking into account the energet-
ics of the system and those related to MV + 2 and H + elec-
tron acceptors in aqueous solution, it is pro- posed that after 
light irradiation of the photoelectrodes. Then the holes 
move to the ITO base electrode and the electrons are trans-
ferred to the MV + 2 (pH = 7.5) reducing the organic acceptor, 

or to the protons in the aqueous media (pH = 4.5), allowing 
the photo- electrochemical generation of H2. 

 
Fig. 2. Electropolymerization of cor-TPA  

4. Conclusions 

Films of TPA substituted corrol were electropolymerized 
on Pt and ITO electrodes to give corroles connected by TPB 
in the polymer was confirmed by electro- and spectroelec-
trochemistry. Switching between the polymer neutral and 
oxidized states produced color changes which can be ob-
served by the naked eye. Corrol-film showed to be efficient 
in the generation of photoelectric effects. Photocurrent ac-
tion spectra matched the absorption spectra of the polymer, 
indicating that they were responsible for the observed ef-
fect. The effect of the applied potential on the photocur-
rents allowed characterizing the films as a p-type semicon-
ductor, and the mechanism of photocurrent generation was 
explained. moieties. A possible oxidative polymerization 
mechanism involving dimerization of TPA units was pro-
posed.  
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1. Introduction

Industrially, hydrogen is produced by hydrocarbon re-
forming. In general, the effluent of the reaction is composed 
mainly of hydrogen and carbon monoxide. To reduce the CO 
present at the reactor outlet the mixture pass through the 
water gas shift unit, where the CO reacts with water to pro-
duce more hydrogen, and carbon dioxide. 

One of the catalysts employed in the reaction is a Fe-Cr 
based material. However, recently, many efforts are made 
to replace these materials, due to the high toxicity of the Cr 
cations. In this way, non-noble metal-based catalysts such as 
Ni and Co supported on CeO2 have gained interest, because 
of their good performance in the reaction [1].   

 On the other hand, under the reaction conditions (300-
400°C and atmospheric pressure), methane can also be pro-
duced by methanation of CO and/or CO2; which is an unde-
sired reaction owing to consume of hydrogen. Ni-based cat-
alysts present a high selectivity to methane at temperatures 
lower than 400°C, while Co catalysts show the same prob-
lem, but with a minor effect [2].  

To enhance the catalytic performance of the Co-CeO2 
materials in the water gas shift reaction (WGSR), some stud-
ies have suggested incorporating different metals in the ce-
ria support such as Zr, La, or Mn which can increase the ox-
ygen vacancies of the CeO2 framework, necessary in the 
WGSR mechanism. The modification of the framework is re-
lated to the redox cycle that happens between Ce and the 
metal dopped (Ce4+ + Mn+ ↔ Ce3+ + Mm+) [3]. Nevertheless, 
these metals are expensive and could increase significatively 
the cost of the catalyst on a big scale.  

The use of Ce-Sn mixed oxides was studied in other reac-
tions such as the NOx reduction [4], but not in the WGSR. Sn 
can also participate in the redox cycle and presents a lower 
cost.  In this way, we proposed to study the effect of Sn on 
the catalytic behaviour of Co-CeO2 catalysts in the WGSR.  

Experimental 
1.1 Synthesis of materials 

Supports were synthesized via the co-precipitation 
method. Ce(NO3)3.6H2O (99%) and SnCl2.2H2O, 98% were 
employed as precursors of Ce and Sn, respectively. Sn pre-
cursor was diluted in HCl (37%) before mixing. NH4OH 
(28%v/v) was used as precipitating agent. The solid was 
washed, dried, and calcined at 450°C for 5 h. The content of 

Sn varied between 2.5-30%mol. Samples were called 
CeSn(X%), where X represents the tin loading. Co was incor-
porated on the support by incipient wetness impregnation 
technique using Co(NO3)2.6H2O (98%) as the precursor. The 
charges selected for the Co were 10 and 15%wt.  

1.2 Characterization 

Samples were analyzed by X-ray diffraction (XRD, 
Empyrean Panalytical), Raman spectroscopy (LabRam 
Horiba-Jobi-Yvon), X-ray Fluorescence (XRF, Shimadzu), X-
ray photoelectronic spectroscopy (XPS, Multitécnica Specs) 
and transmission electronic microscopy (TEM, JEM-2100 
Plus).  

1.3 Catalytic test 

The water gas shift reaction was carried out in a fixed 
bed reactor. The catalyst was diluted in quartz sand (70 
mesh). The samples were previously reduced in hydrogen at 
400°C for 2 h. H2O/CO molar ratio was 3. Two operating con-
ditions were selected for the reaction. One set of reactions 
was realized at 400°C with 120 mL/min of 40%CO using Ar 
as the carrier and 50 mg of catalyst. The second set was 
tested at 350°C, the flow was 120 mL/min of 10%CO diluted 
in N2 and 200 mg of catalyst. Reactants and products were 
analyzed in an on-line gas chromatograph. CO conversion 
(XCO) and hydrogen selectivity (SH2) were calculated with the 
following equations:  

XCO = (
ACO,in − ACO,out

ACO,in
)𝑥100 (1) 

𝑆𝐻2 = (
FH2

FH2
+ FCH4

)𝑥100 (2) 

 Where ACO,in and ACO,out correspond to the area under 
the curve of the CO signals in the chromatogram in the inlet 
and outlet, respectively. In the case of the selectivity to H2, 
the FH2 and FCH4 represent the hydrogen and methane flow 
in the reactor effluent.  

2. Results

2.1 Catalytic activity 

Fig 1 shows the CO conversion for samples with differ-
ent loads of Sn. The reference material (15Co/CeO2) pre-
sented a conversion near 95% and ca. 97% of selectivity to 
H2. On the other hand, materials with a tin charge equal to 
or more than 5% present a SH2 of 100%. 
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Fig. 1. Catalytic tests for 15Co/CeSn(X%) and 15Co/CeO2. 

Reaction conditions: T = 400°C, mcat = 50 mg, 120 mL/min of 

40%CO/Ar and H2O/CO = 3. 

 

In order to study the effect of Sn on the inhibition of the 
methanation reaction, the reaction conditions were 
changed to 350°C, 200 mg of catalyst, and 10% of CO instead 
of the used in the test reported in Fig 1. Fig 2 shows the con-
version and selectivity of the catalysts with 10 and 15%wt of 
Co supported on CeO2. For both catalysts, the XCO decreases 
with the reaction time. It is possible to observe that the cat-
alyst 15Co/CeO2 presented an initial CO conversion of 92% 
and decreased to 75%, with a SH2 of around 75%. On the 
other hand, the 10Co /CeO2 catalyst presented a decrease in 
CO conversion from 75% to 40% after 3 h of reaction, while 
the SH2 increased from 80% to 100%. 
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Fig. 2. Catalytic tests for 10Co/CeO2 and 15Co/CeO2 samples.  

WGSR conditions: T = 350°C, mcat = 200 mg, H2O/CO = 3, 120 

mL/min of 10%CO/Ar. Filled symbol: XCO, Empty simbol: SH2 

 

Figure 3 shows the catalytic test of the catalysts sup-
ported over CeSn(5%). In this case, is observed that the CO 
conversion was ca. 70% and 32% for the 15Co/CeSn(5%) and 
10Co/Ce(5%), respectively, remaining constant for 5 hours 
of reaction. Note that both materials presented a 100% of 
selectivity to hydrogen. 
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WGSR conditions: T = 350°C, mcat = 200 mg, 120 mL/min of 

10%CO/Ar and H2O/CO = 3. Filled symbol: XCO, Empty simbol: SH2THE 

REACTION 

2.2 Characterization of samples 

XRD patterns are shown in Fig 4. The three supports pre-
sent the fluorite phase of the ceria. No peaks are observed 
associated with the SnO2. However, with the increase in Sn 
amount, the crystallite size of the CeO2 decreases. At the 
same time, there is a shift to higher angles with the increase 
of Sn in the support.  
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Fig. 4. XRD of the  CeSn(X%) and CeO2 supports.  

 

Table 1 shows the XPS ratio between Sn and Ce species on 
the surface of the materials. The samples present almost the 
same Ce3+/Ce4+ ratio. The Sn2+/Sn4+ ratio decrease while in-
creasing the tin charge. 

Fig 5. shows the H2-TPR results. Three peaks are ob-
served in the thermograms, named α, β and γ, which corre-
spond to the reduction of Co3O4 to Co2+, Co2+ to Co0, and Sn4+ 
to Sn2+, respectively.     

 

Table 1. %Sn and XPS surface ratio of Sn and Ce species.  

Samples a%Sn bSn2+/Sn4+ bCe3+/Ce4+ 

15Co/CeO2 - - 0.72 

15Co/CeSn(5%) n.d. 0.24 0.72 

15Co/CeSn(30%) 27.8 0.07 0.68 

aObtained by XRF, bObtained by XPS, n.d.: No data 
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Fig. 5. H2-TPR of selected catalysts.  

 

To compare the modifications of the catalysts after the 
reaction, the used solids were analyzed by Raman spectros-
copy (Fig 6). Calcined samples had bands corresponding to 
Co3O4 and CeO2 phases. The used 15Co/CeO2 sample pre-
sented the bands D and G, associated with the disordered 
and graphitic carbon species, respectively.  
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Fig. 6. Raman spectra of calcined and used samples.  

3. Discussion 

Synthesized materials were tested in the WGSR under 
different conditions looking to understand the effect of Sn 
doping on the catalytic properties of Co/CeO2 catalysts. At 
400°C the reference material (15Co/CeO2) presented a 
higher CO conversion in comparison with the 
15Co/CeSn(X%) catalysts. However, the material leads to 
carbonaceous species and methane formation during the re-
action.  

When the reaction was carried out in conditions, where 
methanation is thermodynamically favourable (350°C and 
high CO conversion), the 15Co/CeO2 catalyst presented a 

hydrogen selectivity of ca. 70%. The loss of activity in this 
solid would be associated with the deposition of carbon on 
the catalyst. On the other hand, the 15Co/CeSn(5%) catalyst 
presented high stability and selectivity toward H2.  In this 
case, no carbon deposits were detected by Raman spectros-
copy over this sample. 

Characterization of the samples suggests that Sn was dis-
solved on the CeO2 framework, determined by the shift of 
the peaks associated with the CeO2 phase to higher angles 
in XRD. In addition, the increase in the tin content leads to 
an increase in the metal-support interaction suggested by 
the displacement of reduction peaks to higher temperatures 
in the H2-TPR test.  

The lower activity of 15Co/CeSn(X%) catalysts could be 
related to the lower content of Co0 species in reaction con-
ditions. However, when the methanation reaction could be 
more favourable, the Sn doped catalysts were more stable 
and selective to hydrogen.  

 

Conclusions 
15Co/CeSn(X%) catalysts were synthesized and tested 

in the WGSR reaction at different conditions. The results 
showed inhibition of reaction methanation during the water 
gas shift reaction due to the incorporation of Sn. The mate-
rial 15Co/CeSn(5%) presented the best catalytic activity at 
350°C and 400°C, reaching a 70% of CO conversion after 5 h 
of reaction and a 100% of hydrogen selectivity. The decrease 
in the catalytic activity of the reference material could be 
associated with the deposition of carbon during the reac-
tion, the deactivation is more significant at 350°C than at 
400°C.  

These results indicate that 15Co/CeSn(5%) material is 
an interesting alternative for replacing the Fe-Cr catalyst 
employed in the WGSR at temperatures between 350-
400°C.  
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1. Introduction

Large-scale energy production and its excessive use
generate negative impacts on the environment that will
affect the living conditions of future generations, as much
of the global primary energy comes from fossil fuels.

Argentina, since 1983 when the replacement of liquid
fuels was implemented, has become the leading country in
the use of Natural Gas both, for the production of primary
energy and in the transportation sector. Such is the case of
the province of Córdoba, the second-largest in population
in our country, which is representative of the development
of the Compressed Natural Gas (CNG) industry at the
national level [1]. In 2019 the Argentine transport sector
was responsible for the emission of 54.2 million tons of
carbon dioxide equivalent (CO2eq) [2].

To limit global warming to 1.5°C, it is essential to study
the transition from fossil fuels to renewable energies, and
the application of new energy vectors. Along with
electricity and the latest generation of batteries, one of the
most important energy vectors is hydrogen (H2) [3]. In
recent years, it has been globally identified as a key
element of the future clean energy matrix [4], as it is
capable of providing safe, economically competitive energy
that is free of carbon dioxide (CO2) emissions [5].

Given this scenario, it is necessary to guide society
towards safer, more durable and, above all, non-polluting
energy systems. The role of public energy policies is
essential to promote the expansion of renewable energy
development. In the literature, several works highlight the
economic and environmental benefits of hydrogen
production [6-9]. Argentina has great potential for the
exploitation of renewable resources, including solar power
and wind power. This makes the province of Córdoba an
excellent model case for the study of the rapid
incorporation of hydrogen generation, transportation,
distribution and usage of this fuel. Thus, in this work, the
Levelized Cost Of Hydrogen (LCOH) and emissions
associated with the production of hydrogen to replace CNG
in vehicles is analyzed, using two different production
sources, electricity from renewable energy and electricity
from the Argentine electric grid.

2. Metod

Analyzing hydrogen supply chains is of paramount
importance to properly understand Argentina's future
energy systems. Two different scenarios are proposed and
studied for the generation of Hydrogen and its subsequent
use in a mixture with CNG at 20% v/v (HGNC) for the supply
of CNG fueled vehicles in the province of Córdoba. The
replaced volume corresponds to 62.05 million Nm3 or
5575.38 tons of hydrogen per year. The production chain is
shown in Fig. 1.

Fig. 1. Hydrogen production and delivery pathway.

Green H2 production was devised using alkaline water
electrolyzers (AWE) in three renewable energy generation
parks in the province of Córdoba: (i) Achiras wind farm, (ii)
Arroyo del Cabral photovoltaic park,and (iii) Villa María del
Río Seco photovoltaic park. The capacity factor (CF) of the
facilities are 57.40%, 23.00%, and 23.00%, respectively.

Hydrogen exits the electrolyzers at 10 bar and is
compressed to 250 bar in tube trailers with a capacity of
1100 kg [9]. To carry out the substitution of natural gas, the
current locations of the CNG refuelling stations are used,
and eight distribution centers to deliver the hydrogen to
the stations are proposed. The location of the deposits and
the distribution paths were calculated using the Vehicle
Routing Problem (VPR), a library extension of ArcGIS 10
[10], with the aim of minimizing the distance travelled. The
location of the deposits and the distribution paths can be
seen in Fig. 2.

Two scenarios are proposed: (i) production using only
renewable energies, sizing the production facilities
according to their respective CF, (ii) production
supplementing the intermittency of the renewable parks
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using grid energy to feed the electrolyzers at constant rated
power.

To determine the viability of using this new energy
vector in the CNG vehicle sector, the levelized cost of
hydrogen, according to the method described in Ref. [8],
and the emission of carbon dioxide equivalent (CO2eq)
were analyzed. For the levelized cost of hydrogen
calculation, the cost of electrolyzers, their auxiliaries,
trucks, tube trailers, civil works, and the costs of operation
and maintenance were taken into account. For the
emissions calculation, the emissions generated from the
use of energy from the electricity grid and the emissions
generated by trucks in transport and distribution were
taken into account. These values were later compared with
the savings in CO2eq emissions from the volume of CNG
replaced.

Fig. 2. Deposit locations and distribution routes in Córdoba
province.

3. Results

Fig. 3 shows the breakdown of the levelized cost of
hydrogen, for production using only renewable energy. The
LCOH turns out to be 8.68 USD/kg-H2.

Fig. 3. LCOH breakdown for H2 production from renewables.

Fig. 4 shows the different CAPEX of the project, where
the CAPEX of the stack and its auxiliaries represents 67.8%
of the total. This is because by using only renewable
energy, the electrolyzer plant is underutilised.

Fig. 4. CAPEX for H2 production from renewables.

Fig. 5 shows the LCOH breakdown for production using
renewable energy and energy from the electricity grid. The
LCOH turns out to be 8.12 USD/kg-H2.

Fig. 6 shows the different CAPEX of the project, where
the CAPEX of the stack and its auxiliaries in this scenario
represents 60.3% of the total due to the electrolyzer plant
size going from 135 MW to 39MW. Overall, in the second
scenario the CAPEX decreased by 49%, from 311 MUSD to
159 MUSD.

Fig. 5. LCOH breakdown for H2 production from mixed sources.

In scenario (i), 3,053 tons of CO2eq are emitted per
year due to the transportation and distribution of
hydrogen, while in scenario (ii), 79,140 tons of CO2eq are
emitted per year; the difference of 76,087 tons CO2eq is
due to the use of electrical energy. While in scenario (i)
100% of electricity comes from renewable sources, in
scenario (ii) this value falls to 35.68%. Due to the fact that
renewable energy is cheaper than that from the grid, the

191



8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022

cost of electricity is 208 MUSD for scenario (i) and 231
MUSD for scenario (ii).

Fig. 6. CAPEX for H2 production from mixed sources.

The CO2eq emission of the entire fleet of CNG vehicles
in Cordoba amounts to 602725 tons per year. The new
blend of HCNG with 20% v/v of H2, would yield a reduction
of 117,693.93 tons of CO2eq per year for scenario (i) and
41,606.90 tons of CO2eq for scenario (ii). The proposed
substitution would reduce that emission by 19.49% under
scenario (i) and 6.87% under scenario (ii).

Taking the current CNG price in Córdoba 0.63
USD/Nm3, the addition of 20% v/v of H2 to the CNG mixture
would change the price to 0.6626 USD/Nm3 for scenario (i)
and 0.6526 USD/Nm3 for scenario (ii), increasing the price
per unit of volume in 4.64% and 3.05% respectively. The
lower heating value (LHV) per mass of the HCNG turns out
to be 31.44 MJ/kg, lower than that of the regular CNG,
which has a LHV of 36.6 MJ/kg. Taking this into account, the
energy price of the CNG is 17.30 USD/GJ while the HCNG
price turns out to be 21.07 and 20.76 USD/GJ, for scenarios
(i) and (ii) respectively. an increment of 21.81% and 19.97%
per unit of energy.

4. Conclusions

In this paper, the costs and emissions associated with
the generation, transportation and distribution of hydrogen
in the province of Córdoba were calculated using two
production scenarios.

It was possible to verify that in both scenarios there
was a reduction in CO2eq emissions by replacing 20% v/v of
vehicular CNG with Hydrogen produced using (i) renewable
energy or (ii) a mix of grid electricity and renewable energy.

The LCOH found in both scenarios is at the lower end
of the price range found in the literature, showing that the
CNG substitution is favorable from an environmental point
of view, on the other hand, the HNCG price would be
higher yet affordable.

Finally, it is important to mention that this proposal is a
fast technological transition pathway since current
technical-economic data and currently available
technologies in the market were used.
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1. Introduction

The implementation of renewable energy sources con-
stitutes a way to decrease hazardous chemical emissions 
such as CO2, NO and SOx, generated from fossil fuels com-
bustion [1]. In this regard, water electrolysis is an alternative 
to produce hydrogen and oxygen as fuel and comburent, re-
spectively, to feed proton exchange membrane fuel cells 
(PEMFCs), thus providing a possibility to replace fossil fuel-
based energy, bearing in mind that no polluntants are in-
volved in this process [2].  

Traditionally, platinum group metals (PGM)-based ma-
terials are employed as electrodes in both water electrolys-
ers and PEMFCs, since they exhibit high performances. A 
well-known drawback associated to these materials is their 
high cost and scarcity, forcing the designing of novel cata-
lysts with low/zero content of PGMs [3]. Among these ma-
terials, doped/modified-reduced graphene oxides, transi-
tion metal dichalcogenides, atomic quantum clusters and 
MXenes have stood out because of their novelty and low 
cost [4]. 

In particular, and due to their catalytic properties, 2D 
MXenes have rise as an alternative in the last years, to re-
place PGMs from the electrodes utilised in the mentioned 
applications [5]. 2D MXenes are metal (M = Ti, Mo, V, etc.) 
carbides or nitrides compounds consisting of few atoms’ 
thick layers, which form stacks after deposited on different 
substrates [6]. Furthermore, they are transparent, stable, 
and allow rich chemistry, making them suitable for several 
electrocatalytic applications, including hydrogen evolution 
reaction (HER) and oxygen reduction reaction (ORR) [6]. 
MXenes are usually obtained following a top-down strategy, 
which consists of the etching of MAX phases, with M as an 
early transition metal (Ti, V, Cr, Mo, etc.), A as Al, Si, Sn or In 
and X as C or N. It means that A is removed to form the cor-
responding MXenes [7]. 

In this work, Ti3C2, Mo2TiC2 and V4C3 MXenes are synthe-
sised from their commercial MAX phases and physi-
cally/electrochemically characterised to determine their 
suitability as catalysts for the hydrogen evolution reaction 
(HER) and oxygen reduction reaction (ORR). 

2. Experimental

2.1 Synthesis of MXenes 

The preparation of MXenes was addressed by etching of the 
corresponding commercial MAX phases, immersing these 
phases in hydrofluoric acid or LiF/HCl mixture at room tem-
perature. Further washing, filtering, and drying of the 

products were performed to obtain the MXenes Ti3C2, 
Mo2TiC2 and V4C3. 

2.2 Physicochemical characterisation 

A surface and structural characterisation of the obtained 
materials was performed applying X-ray techniques (XRD, 
EDX, XPS), microscopies (SEM, TEM), and spectroscopies 
(infrared, Raman) to determine the composition, 
morphology and crystallinity of the synthesised materials.  

2.3 Electrochemical characterisation 

HER and ORR activities of MXenes were evaluated by polar-
isation curves and rotating disk electrode (RDE), respec-
tively, in 0.5 M H2SO4 as supporting electrolyte. A three-elec-
trodes cell was used, controlled by an Autolab® 
PGSTAT302N potentiostat-galvanostat. A glassy carbon bar 
acted as counter electrode and the reference electrode was 
a reversible hydrogen electrode (RHE) in 0.5 M H2SO4. For 
both reactions, a rotating disk electrode-setup (RDE, Pine 
Research Instrumentation) with a glassy carbon (GC) disk 
supporting the synthesised catalysts acted as working elec-
trode. 

3. Results

3.1 Preparation of MXenes and physicochemical characteri-
sation 

First, Mo2TiC2 was prepared using the LiF/HCl mixture pro-
cedure. The XRD pattern for this material (Figure 1) shows a 
peak located around 7 2θ degrees (orange box) that verifies 
the formation of a laminar 2D structure. However, the peaks 
located between 33 and 46 2θ degrees (pink box) indicate 
the presence of residual MAX phase, suggesting an incom-
plete etching during the synthesis. In order to improve the 
route, HF was used as etching agent and in this case the MAX 
phase was mostly removed (Figure 1). 
The last procedure was used to obtain Ti3C2 and V4C3. Ac-
cording to XRD patterns (Figure 1), the synthesis was opti-
mal for the first one but in the case of the V material some 
residues are still present. 

3.2 Electrochemical characterisation 

HER was evaluated on the MXenes and MAX phases and the 
results are depicted in Figure 2. All the MXenes (dashed 
lines) displayed more positive onset potentials and poten-
tials at 10 mA cm-2 than those developed by their corre-
sponding MAX phases (full lines), indicating that the 2D car-
bides are more active toward HER than the precursors. In 
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particular, Mo2TiC2 presents a high activity. Surprisingly, sim-
ilar results were obtained for this material for both prepara-
tion routes, that is, in the presence of residual MAX phase. 
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Fig. 1. XRD patterns of the synthesised 2D MXenes. 
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Fig. 2. Polarisation curves obtained for the HER reaction 
performed on the synthesised catalysts and MAX phases. 
Supporting electrolyte: 0.5 M H2SO4. Scan rate: 2 mV s-1.  
 
On the other hand, the performance for the ORR is quite low 
both in acid and alkaline media for all catalysts. Hybrid ma-
terials with metal organic frameworks (MOFs), first with the 
ZIF67, were prepared increasing the response.  

4. Discussion 

From the results presented in this work, it is possible to 
suggest that the synthesis routes employed are suitable to 
synthesise 2D MXenes, since the reflections observed in the 
XRD patterns demonstrated the presence of layered struc-
tures, because of the etching step. However, it is necessary 
to improve the procedure used to remove A from the MAX 
phases, bearing in mind that some reflection peaks corre-
sponding to the precursors are still detected in the XRD pat-
terns.  

On the other hand, the polarisation curves for the HER 
performed in acidic media indicated that the remove of A 
produces an increase of the activities in the MXenes with 

respect to the corresponding MAX phases. However, it 
seems that the improvement of the performance is related 
to the 2D structure and the presence of residues of the pre-
cursors, that is, a complete etching is not needed to gener-
ate an active material.  

This good behaviour towards the HER is not obtained for 
the ORR, even in alkaline media that usually present higher 
activity for this reaction. For this reason, hybrid materials 
are prepared. Preliminary results with ZIF67 has shown a no-
torious improvement of the response.  

5. Conclusions 

2D MXenes have been obtained from the chemical etch-
ing of MAX phases containing Mo, Ti and V as transition met-
als. XRD analysis suggests the obtaining of layered structures 
after the etching and removal of A element, especially when 
HF is employed during the etching treatment. Furthermore, 
the MXenes developed higher HER activities in terms of on-
set and 10 mA cm-2-potentials than those of the MAX 
phases. Results for the ORR are not relevant, but the prepa-
ration of hybrid materials with MOFs appears as a possibility 
to be explored.  
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1. Introduction

The successful implementation of hydrogen (H2) as an
alternative energy source to replace fossil fuels will depend 
on developing highly efficient H2 storage technologies. Po-
rous carbons are promising materials for this application; 
when their porous size is between 0.6–0.7 nm in diameter 
[1], H2 can be absorbed on their surface. One crucial point in 
developing ultramicroporous carbon materials for H2 stor-
age as clean energy devices is how green the materials and 
processes involved in their development are. Another point 
to consider is the integrity of these materials, as carbon 
powders can cause problems associated with the need for a 
binder that lowers the efficiency of the material.  

Carbon nanostructures can be obtained from the pyrol-
ysis of polymeric electrospun mats through stabilization and 
carbonization treatments. The most widely used polymer to 
generate carbon nanofibers through pyrolysis is polyacrylo-
nitrile (PAN) because its chemical structure leads to high car-
bon yields. However, this polymer is electrospun from solu-
tions in harmful organic solvents, such as DMF. Other possi-
bility is using polyvinyl alcohol (PVA) which can be easily 
electrospun using water as solvent and, after stabilization 
treatments. Recently, the possibility of obtaining carbon 
nanobifrous mats by previously applying only a heat treat-
ment to pristine PVA fibers was demonstrated, but the ab-
rupt stabilization treatment led to a large number of defects 
on the surface of the carbon fibers [2]. Our group recently 
proposed a slow and stepped heat treatment that allowed 
the production of a new and more stable structure of the 
polyene type, capable of withstand highly concentrated sul-
furic acid exposure, from PVA electrospun mats. 

Herein, we develop a new carbon nanostructure with 
high H2 storage capacity by the pyrolysis of green electro-
spun mats obtained from biodegradable PVA aqueous solu-
tions. Before pyrolysis the mats are exposed to a heat stabi-
lization treatment. The obtained carbon material is self-sup-
porting, can be obtained in large scale (at least several cm2) 
and possess physical integrity, avoiding the problems asso-
ciated with carbon powders. Thanks to electrospinning tech-
nique versatility this work opens a wide range of possibilities 
for the development of new green porous carbon 
nanostructures with enhanced H2 storage capacity. 

2. Experimental

2.1 Carbon nanofibers production 

PVA carbon nanofibrous mats were prepared by elec-
trospinning of a 12% aqueous solution of PVA (Elvanol® T25, 
Dupont, USA, MW=125.000 g/mol) following ref [3]. The as 
spun PVA mat was exposed to a multi-stage temperature 
program below 195 °C to partially dehydrate and transform 
the original PVA chemical structure into one of the polyene 
type following [3]. The heat-treated mats were then pyro-
lyzed in a tube-furnace at 800 °C under argon atmosphere.  

2.2 Materials characterization 

The ATR-FTIR (model 410, Jasco, Japan) spectra were 
recorded in a range from 4000 to 600 cm-1. The 
thermogravimetric analysis (TGA) was performed in a 
SHIMADZU DTG-60 (Japan) under dry nitrogen atmosphere 
in the range of 30 to 800 °C. The Raman Spectra were 
collected with a LabRam HR Evolution Raman 
microspectrometer (Horiba Scientific, USA) equipped with a 
Nd-YAG laser line (532 nm) and a CCD detector. The X-ray 
diffraction (XRD) spectra was recorded by mean of RIGAKU 
X-ray diffratometer (ULTIMA IV, Japan) with a Cu Kα X-ray
source (λ = 1.54056 Å) at 30kV and 20 mA. The textural
characterization was carried out by N2 adsorption–
desorption isotherms at 77 K (N2 with 99.999% purity) and
by CO2 adsorption isotherms at 273 K (CO2 with 99.997%
purity). These experiments were conducted in gas sorption
analyzer (Quantachrome Autosorb-1 and ASAP 2050
Micromeritics). Hydrogen adsorption measurements at 77 K
and pressures up to 10 bar were performed in an
appropriately calibrated manometric system (ASAP 2050
Micromeritics). The equipment used high-purity hydrogen
gas (99.999%) for the adsorption experiments.

3. Results

Figure 1A and 1B shows the FTIR spectra and TGA of pris-
tine and heat treated PVA mats. The multi-stage tempera-
ture program leads to an increase in thermal stability and in 
the coal char obtained at 800 °C (33 ± 2) % for the PVAmat-
HT. Accordingly to these results, the pyrolysis of PVAmat-HT 
showed a carbon yields of (27 ± 3) %.  
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Fig. 1. FTIR spectra (A), TGA (B), Raman spectra (C), DRX diffracto-
gram (D). 

The N2 adsorption of PVA mat-HT-pyro presented a type 
I isotherm (Fig. 2A) and a BET area of 797 m²/g; while the 
pore size distribution obtained from the CO2 adsorption iso-
therms through the HK method for slit pores showed pore 
sizes in the micropore range, mainly with ultramicropores 
around 0.6-0.7 nm (Fig. 2B). The excess H2 adsorption iso-
therm at 77 K presented an abrupt increase in adsorption 
capacity in the studied range (Fig. 2C). 

Fig. 2.  N2 adsorption isotherms (A), CO2 adsorption isotherms (B), 
H2 excess isotherms (C). 

4. Discussion 

4.1 TGA and spectroscopy studies  

The enhanced thermal stability as well as the improve-
ment in carbonaceous residue obtained is a consequence of 
carbon double bonds generated during the multi-stage heat 
treatment (Fig. 1A). The pyrolized material have low degree 
of graphitization as it was observed from the ID/IG ratio of 
1.09 (Figure 1C), and from the broad and poorly defined 
peaks typical of an amorphous structure (Figure 1D). 
4.2 Textural analysis and Hydrogen adsorption 

The type I N2 adsorption isotherm indicates the presence 
of narrow micropores with size less than 1.5 nm (Fig 2A). The 
BET surface area is among the highest reported in the liter-
ature for carbon materials obtained from PVA [2]. Beyond 
surface area, the pore size distribution is extremely im-
portant for H2 storage. It has been reported that pore sizes 
between 0.5 and 0.7 nm are suitable for hydrogen storage, 
since micropores could function as “strong” adsorption sites 
for molecular H2 due to the overlapping of the potential 
fields of the opposite pore walls [4]. 

 Thus, the developed material is promising for hydrogen 
adsorption as it has an important contribution in the range 
of micropores (Figure 2B). This was confirmed in the H2 ad-
sorption isotherm (Fig. 2C). At 10 bar the hydrogen uptake 
is 12.1 mmol/g. In fact, at this pressure, the system already 
adsorbed more than many of the carbon materials reported 
in literature such as carbide-derived carbons, single-walled 
carbon nanotubes, carbon beads and other carbon fibers 
[4,5]. It is also interesting that at this pressure, the isotherm 
has a positive slope indicating that the adsorption capacity 
could be even higher at higher pressures. According to Car-
raro et al., the maximum H2 adsorption occurs at a point 
where the difference between the density of the adsorbed 
phase and the bulk phase is maximal [7]. Evidently, in the 
studied pressure range the maximum H2 excess amount is 
not achieved for this material, indicating that the H2 adsorp-
tion sites are not saturated. 

5. Conclusions 

A hydrogen storage carbon material was successfully de-
veloped by the pyrolysis of green PVA electrospun mat. That 
was possible thanks to a stabilization treatment consisting 
of heating PVA nanofibrous mats up to 195 °C in a slow and 
controlled way. The new molecular structure achieved as a 
consequence of that heat treatment allowed the direct py-
rolysis of the mats at 800°C. Spectroscopic and structural 
characterizations of the pyrolyzed mats presented a poor 
degree of graphitization, and textural characterization 
demonstrated the presence of microporosity. The narrow 
pore distribution centred at 0.6-0.7 nm lead to an important 
hydrogen adsorption capacity, similar to other carbon mate-
rials, with the great advantage of being 2D self-supporting 
structure obtained from green materials through green pro-
cesses. 
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1. Introduction

The development of green energy devices is increasing
over time, boosted for the acceleration of global warming 
and climate change [1]. Polymer Electrolyte Fuel Cell (PEFC) 
is raised as a potential technology that uses hydrogen and 
oxygen to produce clean electrical energy. It is accomplished 
due to the unique products resulting from the energy con-
version process are water and heat [2]. These devices can be 
used on several applications applied to the transportation 
sector, stationary systems, and portable appliances. Hence, 
it presents significant opportunities to decarbonize the 
global energy market [3][4].  

Different carbon materials and Platinum loading on cat-
alyst layers have been tested to determine the better elec-
trode composition: structure, geometry, and catalyzer 
[5][6][7]. On the other side, another crucial operating factor 
that affects the catalyst performance of the PEFC is the tem-
perature. Some studies have shown that the Electrochemi-
cal Surface Area (ECSA) of the cathode catalyst decreases 
drastically as the operating temperature of the cell increases 
[8][9]. However, only a few investigations are presented. 
This work aims to analyze the behavior of the ECSA experi-
mentally as a function of the temperature and compare it 
with other results published in the literature. This manner 
ensures a deep understanding of temperature influence in 
PEFCs.  

2. Experimental

2.1 Hardware and Testing Equipment

A single PEFC with an active area of 25 𝑐𝑚  was used in 
the current study. Nitrogen (𝑁 ) gas was used to feed the 
cathode and hydrogen (𝐻 ) gas was used to feed the anode. 
The membrane electrode assembly (MEA) consists of a 
Nafion® 212 membrane with a thickness of 50.8 microme-
ters, a Pt-based catalyst layer on carbon support with a load-
ing of 0.5 mg /cm  and a woven carbon GDL. A Fuel Test 
System 850e multi-range is used to control the operating pa-
rameters such as inlet pressure of the gases, temperature, 
flow rate, and relative humidity (RH). The reference and 
counter electrodes were assigned to the cell anode. In con-
trast, the working electrode was set to the cell cathode. A 
potentiostat 885e was also used to perform a cyclic voltam-

metry test. The ECSA values are obtained from voltammo-
gram plots. Furthermore, an 850e auto multi-gas unit was 
used to control the gas supply automatically. Finally, the 
data is recorded by a computer with the Fuel Cell software®. 
Figure 1 shows the connection between the systems with 
the single PEFC and the computer. 

Fig. 1. Schematic of the connection between the systems involved 
in the current study 

2.2 Experiment Setup 

The study was carried out by configuring several param-
eters involved to evaluate ECSA as a function of the temper-
ature. The mass flow of inlet gases was fixed at 0.1 L/min to 
quantify the hydrogen adsorption accurately. Gases em-
ployed were set to an inlet pressure of 55 psi. The tempera-
ture was swept from 40 C° to 80 °C keeping an RH of 100%. 
Throughout this study, the potentials were referred to as the 
reversible hydrogen electrode (RHE). The cyclic voltammo-
gram plots of the electrodes were obtained by scanning the 
potential between 0 and 0.8 V vs. RHE for three cycles. This 
scanning period was necessary to get stable and reproduci-
ble data. The cycle voltammogram curves were obtained us-
ing a fixed scan rate of 20 mV/s. The selected parameters 
were established based on the recommendation of the liter-
ature [10][11].  

2.3 Electrochemical Surface Area (ECSA) 

Five cyclic voltammetry tests were carried out with dif-
ferent temperatures for anode/cell/cathode, i.e., 40/40/40; 
50/50/50; 60/60/60; 70/70/70; 80/80/80. Further, it was 
obtained a cyclic voltammogram plot for each test. These 
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plots are required to analyze the influence of the cell tem-
perature over the electrochemical activity on catalyst parti-
cles through the calculation of ECSA. It was computed with 
Equation (1) [10], in which the ECSA has units of m /g  , 
the constant "Γ" related to hydrogen absorption by Pt is 
0.21 mC/cm  [10], the Pt content in the cathode electrode 
is represented by "m" and has a value of 0.0005 
g /cm  and finally, the charge density of hydrogen 
adsorption "q", which has units of C/(cm  ).  

 

𝐄𝐂𝐒𝐀 =
𝟏𝟎 𝟏𝐪

𝚪𝐦
 (1) 

 
Hydrogen charge density was obtained from the hydro-

gen adsorption region of the cyclic voltammogram by the in-
tegration of the recorded values of the current density 𝑖 
from the lower section of the curve in the range of 0.06 V to 
0.4 V, as illustrated as the shaded area of Figure 2.  

 

 
Fig. 2. Schematic for hydrogen charge density extraction from CV 
voltammogram 

 
To perform calculations properly, the charge associated 

with the double-layer charging effect of the electrode was 
neglected. Therefore, from the integration, it was sub-
tracted the area corresponding to the double layer current 
density 𝑖  above the baseline, current density at 0.4 V. Thus, 
Equation (2) is the corresponding expression to compute the 
hydrogen charge density "q",  including the scan rate "v" of 
20 mV/s. For more details, the readers can be referred to 
[10]. 

 

q =  
∫ (i − i )dV

.

.

v
 

 
(2) 

3. Results 

3.1 Cyclic Voltammogram Plots Temperature-Dependent 
The cyclic voltammetry experiment in a PEFC allows re-

cording the current density for different operating temper-
atures, i.e., 40 °C, 50 °C, 60 °C, 70 °C, and 80 °C. The RH of 
the inlet gases is established at 100%, and the results are 
shown in Figure 3. It is observed that the contour of the dia-
gram considerably shrinks as the cell temperature is in-
creased. The cyclic voltammetry diagrams reported in [8] 

share the mentioned particularity, i.e., the 60 °C curve is 
smaller than the 40 °C curve. They noted that the shape of 
the hydrogen adsorption and desorption region is related to 
the platinum crystal structure change. In the literature, this 
effect is also observed in R. W. Lindström et al. [9]. It sug-
gests that this effect is associated with the expansion of the 
gas with increasing temperature in the cell. As a result, the 
actual flow velocity of gases decreases. This event causes a 
variation in the transport of evolved hydrogen through the 
cell and then an overlap of the hydrogen evolution reaction 
with the hydrogen absorption and desorption peaks. Thus, 
high temperatures weaken hydrogen absorption and shift 
the volta-metric peaks to lower potentials, reflected in the 
cyclic voltammetry graph's size [12].   
 

 
Fig. 3. Cyclic voltammogram plots at different PEFC operating 
temperatures.  

3.2 Electrochemical Surface Area Temperature-Dependent 

After data processing, the ECSA was obtained as a func-
tion of temperature, and it is shown in Figure 4. It is noted 
that ECSA values decrease from 59.96 to 51.57 m2 Pt/ g Pt 
when the temperature is varied from 40 °C to 80 °C. This fact 
represents an ECSA reduction of 14%. Also, it corroborates 
the ECSA reduction when the curves of the cyclic voltammo-
gram plots are narrower. Subsequently, the loss of ECSA is 
associated with the issues regarding mechanisms of degra-
dation of the catalyst layer [13]. The temperature influences 
the dissolution and redeposition of Pt ions (also known as 
Ostwald ripening) and the carbon support's corrosion.  

However, in the current work, carbon corrosion is ne-
glected because the potentials in the experiment are below 
0.8 V. The dissolution of small platinum particles and the re-
deposition of platinum ions on larger platinum particles 
causes platinum particle growth. As a result, there is less 
platinum distributed on the surface of the catalyst layer and 
the consequent loss of ECSA. Ting-Chu Jao et al. [13] and Bai 
Qiang et al. [14] performed an accelerated aging experi-
ment. They also suggest that catalyst particle grain growth 
is the primary source of loss of ECSA. Furthermore, research 
on this degradation mechanism indicates that it is signifi-
cantly increased by the temperature rise [15]. 
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Fig. 4. Linear empirical temperature-dependent correlation for 
the ECSA. 

4. Discussion 

Studies conducted by T. R. Garrick et al. (12) obtained a 
reduction of the ECSA from 47.4 m2 to 42.9 m2 Pt/ g Pt for 
the temperature range of 40 °C to 80 °C, respectively. It 
showed a slope of -0.112. On the other side, a study by S. 
Wasterlain et al. [8] shows a drop in the ECSA value of 31% 
with a temperature increase from 40 °C to 60 °C. This high 
percentage drop in ECSA is justified because the relative hu-
midity of their gases was relatively low, enough to induce 
strong proton immovability in the catalyst layer. Hence, the 
results obtained in the current study are close to those 
found in the literature previously mentioned. Thus, the 
study is validated.  

5. Conclusions 

A single PEFC was tested under different temperatures 
applying a cyclic voltammetry test to evaluate the ECSA as a 
function of the temperature. The results show a reduction 
in ECSA of 14% over the temperature range from 40 °C to 80 
°C. The decrease in ECSA is reflected in the cyclic voltammo-
gram by reducing the hydrogen adsorption area of the dia-
gram as the curve shrinks with increasing temperature. It is 
suggested that the decrease of the hydrogen adsorption 
area with the temperature is primarily due to hydrogen re-
action kinetics and Ostwald ripening. Subsequently, it was 
found that the linear function is an adequate model to eval-
uate the ECSA tendency regarding temperature; neverthe-
less, the correlation proposed in this work is limited to the 
parameters of the experiment conducted and the compo-
nents of the MEA.  
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1. Introduction

The persistent use of fossil fuels as the primary source
of energy has produced a massive increase in greenhouse 
gas emissions, exacerbating the problem of climate change. 
It will be necessary to replace fossil fuels with other non-
polluting sources, such as renewable energy sources, in or-
der to make the transition to a sustainable world and ensure 
the survival of future generations [1]. Fuel cells are pro-
posed as one of the key methods for generating renewable 
power from electrochemical processes such as the hydrogen 
oxidation reaction (HOR) and the oxygen reduction reaction 
(ORR). The sluggish kinetics of the ORR is one of the key lim-
itations of these systems. Therefore, to achieve large-scale 
goals, selective, efficient, highly stable, and low-cost electro-
catalysts are required for this reaction [2].  

Noble metal-free materials such as perovskite metal ox-
ides have emerged as a family of active materials for ORR. 
These metal oxides can be synthesized by a wide variety of 
methods [3], ranging from conventional solid-state, com-
bustion, co-precipitation, sol-gel, polymer-assisted, hydro-
thermal, etc. Hydrothermal synthesis has been shown to be 
a greener treatment in recent years because materials are 
produced without the use of high temperatures. The mate-
rials are formed by the pressure generated in the autoclave 
by the application of low temperatures, thus reducing their 
industrial cost. In this work, we will study the influence of 
the hydrothermal treatment in the synthesis of metal oxide 
perovskites and the optimum calcination temperature after 
the hydrothermal stage, where suitable electrocatalytic ac-
tivity is obtained. 

2. Experimental

2.1 Hydrothermal synthesis 

In a first step, the metal precursors (La(NO3)3ꞏ6H2O, 
Mn(NO3)2ꞏ4H2O and Co(NO3)2ꞏ6H2O) are mixed in water in 
stoichiometric ratios (Co is introduced at 30% with respect 
to the Mn quantity), and the surfactant CTAB (cetyltrime-
thylammonium bromide) is added in a 1:50 ratio with re-
spect to the metal content. Then, drops of 6M KOH are 
added until a pH ≈ 14 units is reached, and the solution is 
stirred for 18h. The solution is then transferred to the auto-
clave, which is heated at 180 °C for 48h in an oven.  After-
wards, the autoclave is cooled in an ice bath. Then, the ma-
terial is washed, filtered, and dried at 100 °C. Finally, the 
samples are calcined in the range of 200-900 °C for 6h. The 

as-obtained samples are mixed with Vulcan XC-72R carbon 
black by employing the ball milling method, with milling con-
ditions of 30 min and 350 rpm.  

2.2 Equipments 

Samples were characterized by X-ray diffraction (XRD) 
using a Cu Kα radiation source at a step of 0.05° in the 2θ 
range from 10° to 80° on a Bruker D8-Advance diffractome-
ter (Billerica, USA) with a Goebel mirror (non-planar sam-
ples) and a X-ray generator KRISTALLOFLEX K 760-80F 
(power: 3000 W, voltage: 20–60 kV and current: 5–80 mA) 

Electrochemical measurements were done at 25 °C, con-
trolled by a thermostatic bath, in a three-electrode cell in 
0.1 M KOH solution using an Autolab PGSTAT302 potenti-
ostat (Metrohm, The Netherlands). A rotating ring-disk elec-
trode (RRDE) from Pine Research Instruments (Durham, NC, 
USA) equipped with a glassy carbon (GC) disk (5 mm diame-
ter) and a Pt ring was used as working electrode. A graphite 
bar was the counter electrode, and the reference electrode 
was a reversible hydrogen electrode (RHE) immersed in the 
same electrolyte. 

3. Results

3.1 Physicochemical characterization 

Fig. 1 shows the diffractograms of the samples studied. 
The uncalcined sample (NC) and that calcined at 200 °C show 
some peaks associated to the crystalline phase of lanthanum 
hydroxide (La(OH)3) according to crystallographic databases. 
Almost no peaks corresponding to Mn and/or Co phases can 
be seen, which can be due to a low crystallinity of the 
formed phases.  

With increasing the calcination temperature up to 300 
and 400 °C the samples undergo a crystal structure 
modification. The intense peaks related to the La(OH)3 
phase have almost disappeared and there are no 
predominant phases; some small peaks can be distinguished 
related to La(OH)3, Mn3O4, and mixed species of Mn and Co, 
which seem to correspond to the compound Co2Mn3O8. At 
500 °C, the peaks related to the perovskite phase LaMnO3 
appear. These peaks become more defined when 
calcination is performed at 600 °C and are maintained until 
calcination at 900 °C. 

201

mailto:mario.garcia@ua.es
mailto:morallon@ua.es


 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 

Crystal size (Dc) is considered as one of the key 
parameters to evaluate the catalytic activity; usually, the 
lower the crystal size, the higher the catalytic activity. The 
results show that calcination temperature range from 500 
to 700 °C does not modify Dc, obtaining values close to 41 
nm (Table 1). This value increases up to 52 nm and 86 nm 
for calcination temperatures of 800 and 900 °C, respectively. 
This effect might be caused by sintering of the particles, or 
to the formation of double perovskite crystalline phases, 
which are obtained at high temperatures in the 1000-1200 
°C range [4]. 
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Fig. 1. XRD diffractograms of the uncalcined and calcined samples 

from 200 to 900 °C.  

 

Table 1. Crystallographic data obtained from XRD. 

 

3.2 Electrochemical characterization 

Electrochemical characterization shows that calcination 
temperature has a clear effect on the cyclic voltammograms 
of the samples. The uncalcined sample and the one calcined 
at 200 °C show a higher voltametric charge and the redox 
processes, corresponding to Mn4+/Mn3+ and Co3+/Co2+ redox 
pairs, appear more defined (Fig. 2). At the calcination tem-
perature where no highly crystalline species are formed, i.e., 
300-400 °C, they do not show defined redox peaks. Finally, 
the cyclic voltammograms of the perovskite phases formed 
from 500 °C present the contribution from distinct redox 
processes. It is also observed that a progressive decrease in 
voltametric charge occurs as the calcination temperature in-
creases. 
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Fig. 2. Cyclic voltammograms at 50 mV/s performed in an inert at-

mosphere of N2 and 0.1M KOH of perovskites-carbon sam-

ples. 

 

Fig. 3 shows the linear sweep voltametric curve (LSV) 
performed in RRDE to evaluate the ORR activity. It must be 
highlighted the remarkable value of the reaction onset po-
tential (Eonset) of the samples uncalcined and calcined at 200 
°C (0.86 V at -0.1 mA/cm2). As the calcination temperature 
increases to the region where not well-defined crystalline 
phases are formed (orange and yellow samples), the sam-
ples have lower catalytic activity, with an Eonset of 0.81 V and 
a limiting current density of -4.1 mA/cm2 (at 0 V vs RHE) for 
the material treated at 400 °C. Differences in the limiting 
current density are observed in the samples calcined at 500 
and 600 °C (yellow and light green, respectively); the sample 
calcined at 500 °C shows a limiting current density of -4.26 
mA/cm2 and the sample calcined at 600 °C shows a value of 
-4.82 mA/cm2, thus having a better electrocatalytic activity. 
According to the XRD data, both samples present a perov-
skite-type structure, so the calcination at 600 °C will form a 
purer perovskite structure. Regarding the rest of the perov-
skite phase samples, from the 600 to 900 °C range, all show 
Eonset values close to 0.83 V and limiting current densities to 
values close to -5.0 mA/cm2. Therefore, the sample calcined 
at 600 °C is the optimum one with perovskite structure con-
sidering the catalytic activity and the lower calcination tem-
perature used. 

An additional factor to examine is the number of elec-
trons transferred (Fig. 4), because the best electrocatalyst is 
one that catalyses the process via a four-electron pathway, 
preventing the creation of hydrogen peroxide. In general, 
electrons transfer number close to 4 are obtained, except 
for the samples in the 300-500 °C range, where the electrons 
transfer number is close to 3.2. The sample calcined at 800 
°C must be highlighted because it is the one having a stable 
and average value of 3.74 in the studied potential range. The 
rest of the samples that present the perovskite phase (600-
900 °C) display a high selectivity towards hydroxide for-
mation. 

 

Sample a (Å)  ICDD a (Å) V (Å3) Dc (nm) 

500 

3.88 

3.83 56.2 41 

600 3.83 56.2 41 

700 3.83 56.0 41 

800 3.83 56.4 52 

900 3.84 56.6 86 
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Fig. 3. LSV at 1600 rpm in 0.1M KOH electrolyte at 5 mV/s of per-

ovskites-carbon samples. O2 saturated solution. 
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Fig. 4. Number of electrons transferred at 1600 rpm in 0.1M KOH 

electrolyte of perovskites-carbon samples. 

4. Discussion 

From the results obtained, it can be asserted that the 
hydrothermal method without any calcination treatment, 
produces materials with a high catalytic activity in which 
clear redox processes are observed related to Mn4+/Mn3+ 
and Co3+/Co2+ redox pairs. In addition, hydrothermal treat-
ment  prior to calcination favours the contact and formation 
of phases that will later form metal oxide perovskite-type 
phases in the calcination process. The optimum calcination 
temperature is 600 °C, since above this value, no remarkable 
catalytic activities are obtained and almost similar crystallite 
sizes are detected by XRD, except for the sample calcined at 
900 °C. Below 500 °C, the perovskite phase is not completely 
formed. Therefore, the result of this work provides im-
portant information about the use of low calcination tem-
peratures, which will reduce the cost of synthesis of perov-
skite-type materials. 

5. Conclusions 

In this work, active materials for ORR have been ob-
tained by optimizing the calcination temperature to 600 °C. 
On the other hand, it has also been demonstrated that the 
metal oxide materials obtained after the hydrothermal 

treatment and without any calcination stage have a better 
catalytic performance compared to perovskite-type metal 
oxides. Nevertheless, further studies are necessary to un-
derstand the reasons for this excellent performance. 
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1. Introduction

The interest for the electrodes based on conductive bo-
ron-doped diamond powder (BDDP) is increasing in recent 
years due to their excellent physical, chemical and electro-
chemical stability, the wide potential window in both aque-
ous and non-aqueous electrolytes, the relatively large spe-
cific surface area, and their great versatility [1]. BDDP is a 
boron-doped diamond (BDD) layer deposited on the surface 
of diamond powder (DP), normally obtained by chemical va-
por deposition (CVD) procedure, in which the particle size 
can be carefully controlled depending on the DP used. In ad-
dition, BDDP is a suitable material for the preparation of inks 
or pastes, which facilitates the subsequent application, for 
example as electrodes of different shapes and sizes by print-
ing of painting. Therefore, these materials have been re-
cently studied in numerous electrochemical applications, for 
example as screen-printed diamond electrodes, preparation 
of durable Pt-supported cathode catalysts and aqueous 
electric double layer capacitors, among others [2-4]. 

Regarding their electrocatalytic application in electro-
chemical reactions, the oxygen reduction reaction (ORR) is a 
well-known cathodic reaction that takes place in many elec-
trochemical devices, such as fuel cells or metal-air batteries, 
in which platinum (Pt)-based materials are normally used as 
catalysts due to their high catalytic activity, chemical stabil-
ity and high exchange current density [5]. However, high Pt 
loadings are required to overcome the kinetic limitations of 
the ORR, which entails high costs, together with other im-
portant drawbacks such as the shortage, poisoning deacti-
vation, or dissolution/aggregation under acidic and oxidizing 
conditions [6]. Moreover, commercial catalysts for the ORR 
based on platinum nanoparticles supported on carbon ma-
terials, usually carbon blacks, show important corrosion 
problems of the carbon support that limit the durability of 
fuel cell catalysts.  

BDDP-based materials have been proposed as an alter-
native material for this application due to their great re-
sistance to corrosion when subjected to highly positive po-
tentials, which are usually generated during start-stop oper-
ations in fuel cells, for example, in automobiles. Moreover, 
owing to their wide electrochemical stability range and low 

double layer current, BDDP substrates can be used for fun-
damental electrochemical studies in order to deeply under-
stand the role of specific catalysts on different reactions, 
such as the ORR, as well as to know the influence of the sur-
face chemistry of BDDP samples in the interaction of cata-
lysts and their electrocatalytic performance. Therefore, we 
present the study of three BDDP supports with different par-
ticle sizes and different surface oxygen contents as supports 
of different metal species for ORR. 

2. Experimental

2.1 Preparation of BDDP materials 

BDDP samples were prepared by depositing a BDD layer 
on commercially available DP substrate. The procedure used 
was the microwave-assisted plasma chemical vapor deposi-
tion (MPCVD) [1]. Afterwards, two BDDP supports were sub-
jected to oxidizing conditions (425ºC for 5 hours) to remove 
sp2 carbon impurities and to obtain an oxidized surface (O-
BDDP), whose particle size distribution is centered at 150 
nm (O-BDDP-150) and 650 nm (O-BDDP-650). In addition, a 
third support has been obtained by reduction of O-BDDP-
150 in hydrogen plasma, obtaining a substrate rich in C-H 
terminations (H-BDDP-150). 

2.2 Decorating metal species on BDDP 

O-BDDP and H-BDDP supports were modified with car-
bon nitride (C3N4) or  phthalocyanines as anchor points for 
transition metals. Specifically, iron (Fe) metal has been stud-
ied in this case. For the preparation of the carbon nitride 
modified materials, Fe precursor (Fe(NO3)3) was introduced 
to obtain a nominal metal loading of 1 wt. % during the syn-
thesis, using dicyandiamide as the C3N4 precursor. The sam-
ples were subjected to a 4 h heat treatment at 520ºC with a 
heating rate of 5ºC·min-1 in N2-atmosphere (150 mL·min-1), 
resulting in Fe-C3N4/H-BDDP-150, Fe-C3N4/O-BDDP-150 and 
Fe-C3N4/O-BDDP-650. On the other hand, commercial Fe 
phthalocyanines were supported onto the BDDP substrates 
by using the incipient wetness impregnation method. An ap-
propriate amount of iron complexes dissolved in DMF (0.1 
mg mL-1) was mixed with the BDDPs to obtain a nominal 
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metal loading of 1 wt. %. Afterwards, the solvent was evap-
orated by infrared light at 250 W for about 3 hours, resulting 
in FePc/H-BDDP-150, FePc/O-BDDP-150 and FePc/O-BDDP-
650 samples. 

 
2.3 Physico-chemical, morphological and electrochemical 

characterization 

Different characterization techniques have been utilized 
to study physico-chemical, morphological and electrochem-
ical properties of synthesized materials, including Tempera-
ture Programmed Desorption (TPD) experiments, X-ray pho-
toelectron spectroscopy (XPS), Raman spectroscopy, trans-
mission electron microscopy (TEM), as well as cyclic voltam-
metry (CV). The electrocatalytic performance of the materi-
als towards the ORR was studied in 0.1 M KOH O2-saturated 
electrolyte by linear sweep voltammetry (LSV) using a rotat-
ing ring-disk electrode (RRDE). The amount of catalyst load-
ing on the disk electrode was 0.48 mg cm-2. 

 

3. Results and discussion 

3.1 Physico-chemical, morphological and electrochemical 
characterization of BDDP 

 

 

Fig. 1. TPD profiles of CO and CO2 evolution of H-BDDP-150, O-

BDDP-150 and O-BDDP-650 in He atmosphere at a heating 

rate of 20ºC min-1. 

 
The surface chemical composition was studied by TPD 

experiments. Fig. 1 shows the CO and CO2 evolution profiles 
of the different supports. TPD results evidence that the sur-
face chemistry of all the substrates is significatively differ-
ent, in which O-BDDP-150 shows the highest gas evolution 
up to 950ºC. The total amounts of oxygen functional groups 
(OFGs) of O-BDDP materials as determined from TPD are 
1240 μmol g-1 and 520 μmol g-1 for O-BDDP-150 and O-
BDDP-650, respectively, while H-BDDP-150 presents lower 
amounts of OFGs, about 300 μmol g-1. 

The morphological and structural properties were stud-
ied by TEM and Raman spectroscopy, respectively. Raman 
spectra in Fig. 2 show that structural differences are not so 
large between H-BDDP-150 and O-BDDP-150. The main 
bands observed for these materials appear at 1340 cm-1 and 
at 1600 cm-1 that could be associated to D and G-bands for 
graphite [7]. The spectrum for O-BDDP-650 shows clear dif-
ferences and a clear contribution at 1317 cm-1 appears that 
could be related to diamond Csp3 contribution, while the 

contribution at around 1600 cm-1 is weaker than for the 
other materials. 

 

 

Fig. 2. Raman spectra of H-BDDP-150, O-BDDP-150 and O-BDDP-

650 substrates. Inset: Enlargement of the region of the main 

bands. 

 
Electrochemical behaviour of BDDP samples was ana-

lyzed in N2-saturated alkaline medium (Fig. 3). An increase 
in the electroactive area in observed with O-BDDP samples, 
being the highest for the sample with the lowest particle 
size, in which a wide redox process at around centered at 
0.5 V could be related to OFGs. In the case of the H-BDDP-
150 sample the double layer current is much lower in agree-
ment with the lower oxygen content and poorer wettability. 

 

 

Fig. 3. Cyclic voltammograms of H-BDDP-150, O-BDDP-150 and O-

BDDP-650 in N2-saturated 0.1 M KOH at 50 mV s-1. 

 

3.2 BDDP as catalyst for ORR 

RRDE experiments were done in O2-saturated 0.1 M 
KOH electrolyte to gain further insights into ORR perfor-
mance of the samples. Firstly, H-BDDP and O-BDDP supports 
without further modification were studied towards the ORR. 
Fig. 4 reveals that H-BDDP-150 and O-BDDP-150 shows sim-
ilar onset potential (EONSET), the former with better limiting 
current density, while O-BDDP-650 presents worse EONSET re-
sults. Regarding the selectivity towards the ORR, both O-
BDDP supports seem to largely follow the two-electron 
pathway for the ORR towards the less efficient generation 
of H2O2, where surface OFGs could limit the electron trans-
fer during ORR. Nonetheless, this effect could be interesting 
for other applications, such as the production of H2O2. 
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Fig. 4. A) ORR polarization curves, B) number of electrons trans-

ferred (n) per oxygen molecule derived from the RRDE tests 

during the ORR for Pt/C, H-BDDP-150, O-BDDP-150, O-

BDDP-650, FePc/H-BDDP-150, FePc/O-BDDP-150 and 

FePc/O-BDDP-650 catalysts in O2-saturated 0.1 M KOH so-

lution at electrode rotation rate of 1600 rpm and a scan rate 

of 5 mV s-1. 

 

3.3 BDDP as catalyst support for ORR 

Fig. 4 also shows the electrocatalytic study towards the 
ORR for the FePc supported on BDDP substrates as an exam-
ple of the effect of surface chemistry in the catalytic perfor-
mance of FePc macrocycles. In general, a clear improvement 
of the ORR performance is seen for the samples in presence 
of Fe-related samples in terms of EONSET, n and selectivity to-
wards the most energy efficient four-electron process for 
the ORR in alkaline medium, compared to the BDDP sub-
strates. The observed catalytic differences confirm the great 
influence of the surface chemistry of BDDP supports on the 
catalytic activity of the metallic sites.  

Specifically, FePc anchored to H-BDDP-150 shows the 
best catalytic activity with an onset potential of 0.92 V and 
an extraordinary selectivity towards the 4-electron path-
way, with a catalytic behaviour close to the commercial Pt/C 
catalyst. Therefore, low amount of OFGs in the H-BDDP-150 
support for decorating FePc seems to be important for 
achieving higher activities. 

The materials modified with Fe-C3N4 (data not included) 
show a good selectivity towards the 4-electron pathway, but 
with a higher overpotential and lower half-wave potential 
(E1/2) than when FePc are used. In addition, the difference 
between the supports O-BDDP-150 and H-BDDP-150 is less 
pronounced than in the case of FePc, as a consequence of 
the thermal treatment applied in the synthesis of C3N4 in 

presence in BDDP materials, which causes the decomposi-
tion of less stable OFGs. 
 

4. Conclusions 

BDDP can be a promising alternative as support material 
for ORR electrocatalysis due to its great resistance to corro-
sion. The catalysts prepared in this work are based on non-
precious metals and with a much lower nominal metal load-
ing than commercial platinum-based catalysts. A fundamen-
tal understanding of the role of surface chemistry on BDDP 
substrates can be obtained from the study of different Fe-
catalysts. Hydrogen termination in H-BDDP-150 seems to fa-
vor the electron transfer for efficient ORR in alkaline me-
dium. Interestingly, the environment of the iron metal site 
is decisive on the interaction with the support and the elec-
trocatalytic performance towards the ORR. 
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1. Introduction

Degradation issues limit the technical and economical
viability of polymer electrolyte mebrane fuel cells (PEMFCs) 
[1]. In this context, many studies on PEMFCs systems have 
focused on developing models to optimize and monitor per-
formance indices of the system. Following this line of 
reasearch, a significant obstacle is that PEMFCs dynamics 
are described by highly nonlinear and uncertain equations, 
where multiple parameters may be unknown and of time-
varying nature. For this reason, there is a necessity of ex-
ploiting real-time parameter estimation algorithms to com-
pute online the unknown model parameters from easily 
measurable data [10][11][12].  

Real-time parameter estimation algorithms have been 
deeply studied in the past decades and have been used in a 
wide variety of systems. Commonly, these algorithms gen-
erate a consistent estimation by minimizing the observed er-
ror through a gradient descent algorithm [2], least-squares 
method [3], or neural-network methods [4]. Nonetheless, 
the accuracy and robustness of these estimators is based on 
a persistence of excitation assumption [5]. That is, the inputs 
of the system have to “move” the system dynamics such 
that the effect of the parameters can be noticed from the 
measured signals. It is important to remark that this condi-
tion has to be satisfied persistently, that is, for all time. 
Therefore, if at any moment of the system operation the ex-
citation condition is not satisfied, the parameter estimation 
is immediately degraded and the algorithm provides unreli-
able estimations. This is a critical limitation that prevents the 
practical application of such algorithms in PEMFCs and, to 
the author’s knowledge, has been obviated in the literature. 
Indeed, to minimize degradation issues, PEMFCs systems 
usually require minimal input variations, thus, the excitation 
condition is rarely satisfied in a persistent manner.  

To overcome this issue, this work proposes a novel real-
time parameter estimation algorithm for PEMFCs that can 
operate in scenarios where the excitation condition is not 
satisfied persistently. The algorithm is based on the results 
presented in [6]. The algorithm combines a memory sub-sys-
tem that “stores” the parts of the measured trajectory that 
satisfy the excitation condition and a parameter estimator 
based on the dynamic regressor extension and mixing tech-
nique [7] to improve the transient performance of the algo-
rithm. 

2. Fuel Cell Model and Problem Formulation

Electrochemical models are used to predict PEMFC volt-
age by combining the theoretical maximum cell potential, 
𝐸𝑟 , with the major potential losses. That is, the ohmic losses, 
𝑉𝑜ℎ𝑚, and cathode activation polarization losses, 𝑉𝑎𝑐𝑡,𝑐  [8], 

𝑉 = 𝐸𝑟 − 𝑉𝑜ℎ𝑚 − 𝑉𝑎𝑐𝑡,𝑐 . 

 Ohmic losses are computed from the Ohm’s law 
𝑉𝑜ℎ𝑚 =  𝑅𝑜ℎ𝑚𝐼 

where 𝐼 is the current and  𝑅𝑜ℎ𝑚 is the ohmic resistance. 
Activation losses can be computed as a function of the cur-
rent density 

𝑉𝑎𝑐𝑡,𝑐 =
𝑅𝑇

2𝛼𝑐𝐹
ln (

𝐼

𝐴𝑖0,𝑐

) 

where 𝛼𝑐  is the charge transfer coefficient, 𝐹 is the Fara-
day’s constant, 𝑅 is the ideal gas constant, 𝑇 is the temper-
ature and 𝐴 is the cell active area. The factor  𝑖0,𝑐  depicts the 

reference exchange current, which is related to physical 
properties of the catalyst layer 

𝑖0,𝑐 = 𝛾𝑐√𝑎𝑂2
𝑒−

𝐸𝑐𝑎
𝑅𝑇

(1−
𝑇

293
)

where 𝛾𝑐is the exchange current density at reference condi-
tions, 𝑎𝑂2

 is the oxygen activity in the catalyst layer and 𝐸𝑐𝑎

is the activation energy of the reaction.  

The electrochemical model presents a pair of parameters 
that strongly depend on the operating conditions of the fuel 
cell. First, the ohmic resistance, 𝑅𝑜ℎ𝑚, which varies depend-
ing on the humidity of the membrane. Second, the factor 

𝛾𝑐√𝑎𝑂2
 depends on the concentration of oxygen in the cat-

alyst layer, which not only varies according to the oxygen 
concentration in the inlet, but is modified by the quantity of 
liquid water that blocks its transport through the porous me-
dia. For this reason, there is a necessity of estimating these 
factors through a real-time algorithm. Notice that the elec-
trochemical model can be re-written as a simple linear re-
gression of the form 

𝑌 =  𝛷𝑇𝜃 
where 𝑌 and 𝛷 are signals that can be computed as 

𝑌 = 𝑉 − 𝐸𝑟 −
𝑅𝑇

2𝛼𝑐𝐹
ln (

𝐼

𝐴𝑒
−

𝐸𝑐𝑎
𝑅𝑇 (1−

𝑇
293)

), 

𝛷𝑇 = [−𝐼
𝑅𝑇

2𝛼𝑐𝐹
], 

and  𝜃 are the unkown parameters to be estimated 

𝜃𝑇 = [𝑅𝑜ℎ𝑚 ln(𝛾𝑐√𝑎𝑂2
)].
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The objective is to use the trajectory information of 𝑌 and 𝛷 
to generate a consistent estimation of the unknown param-

eters, �̂� . As the model can be written in a linear regression, 
any of the parameter estimation algorithms presented in 
the Introduction can be used to solve the estimation prob-
lem. Nonetheless, these techniques require the vector 𝜙 to 
satisfy a particular excitation condition for all time 𝑡 [5]. That 
is, there exists a constant 𝑘 > 0 such that 

∫ 𝛷𝛷𝑇𝑑𝜏 > 0.
𝑡+𝑘

𝑡

 

It should be remarked that for the considered PEMFC prob-
lem, such condition implies that the fuel cell current, 𝐼, and 
temperature, 𝑇, have to persistently modify its value, which 
drastically increases the degradation of the system and de-
teriorates the performance. Next section proposes an algo-
rithm that provides consistent parameter estimation when 
the excitation condition is only satisfied for a limited amount 
of time, which is a more reasonable assumption in practice. 

3. Proposed Estimation Algorithm 

 

This work proposes an algorithm based on the results pre-
sented in [6]. The algorithm starts with a set of “memory dy-
namics” that stores the excitation information of the PEMFC 
measured signals. Precisely, the dynamics take the following 
form: 

�̇̂�𝑔 = Φ(𝑌 − Φ𝑇 �̂�𝑔),    �̂�𝑔(0) = [0 0]𝑇 

  Ω̇ = −ΦΦ𝑇Ω,                            Ω(0) = 𝐼2 

where 𝐼2 is the identity matrix of size 2 and �̂�𝑔, Ω are auxil-

iary variables used to store the information. 
 
The values generated by these set of dynamics are used to 
generate another set of signals that maintains excitation 
even if the original signals 𝑌, Φ do not satisfy the excitation 
condition at some time range. Precisely, the following sig-
nals are generated 

Δ = det{𝐼2 − Ω} 

[
𝑦𝑅𝑜ℎ𝑚

𝑦𝑂2
] = 𝑎𝑑𝑗{𝐼2 − Ω}�̂�𝑔.       

where det{·} is the determinant and 𝑎𝑑𝑗{·} is the adjugate. 
  
Finally, the signals Δ and 𝑦𝑅𝑜ℎ𝑚

 are used to estimate the 

ohmic resistance as: 

�̇̂�𝑜ℎ𝑚 = Δ(𝑦𝑅𝑜ℎ𝑚
− Δ �̂�𝑜ℎ𝑚), 

and Δ and 𝑦𝑂2
 are used to estimate the oxygen activity fac-

tor as 

ln(𝛾𝑐√𝑎𝑂2
)̂̇ = Δ (𝑦𝑂2

− Δ ln(𝛾𝑐√𝑎𝑂2
)̂ ). 

A general scheme of the algorithm is depicted in Figure 1. 
 

 

Figure 1: General scheme of the estimation algorithm 

 

4. Preliminary Results 

 

The benefits of the proposed architecture have been vali-

dated through a numerical simulation. In the simulation, the 

fuel cell model presented in [9] is excited by a particular cur-

rent profile in order to generate the signals 𝑌 and 𝛷. Pre-

cisely, the current profile is the one depicted in Figure 2, 

which is a perfectly reasonable profile to implement for real 

fuel cells. It is noticeable that the profile only consists on a 

single current set-point modification. Indeed, during the set-

point change, the excitation condition is satisfied, but, while 

the current is maintained constant, the excitation condition is 

not satisfied. This is an example of a scenario where the ex-

citation condition is temporarily satisfied (during the set-

point change), but is not satisfied in a persistent manner (in 

the whole PEMFC trajectory).  

 

 

Figure 2: Introduced current profile.  The PEMFC system is 

excited during the current set-point change. Nonetheless, the 

excitation is lost as the current is maintained constant. 

 

The aim of the simulation is to compare the performance 

of the proposed approach with a standard gradient descent 

algorithm [2]. Following the discussed theory, as the system 

is not persistently excited, the standard gradient descent can 

not have a consistent estimation. Indeed, this fact can be seen 

in Figure 3. It can be observed that the standard gradient de-

scent estimation oscillates at the time that the system is ex-

cited, but converges to an incorrect value when the system 

loses excitation. This happens because the excitation is lost 

before the parameter estimation has converged to the true 

value. On the other hand, the proposed approach provides a 

consistent estimation of the parameters, as the estimation 

eventually converges to the true value. 
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Figure 3: True value of the parameters, estimation from a 

standard gradient descent (GD) and estimation from the pro-

posed algorithm (PA).   

Moreover, notice that the estimation of the standard gra-

dient descent not only converges to the wrong value, but the 

estimation goes to the wrong direction for some components. 

Indeed, the estimation �̂�𝑜ℎ𝑚 in Figure 3 goes from a value of 

0. 52, before the current modification, to a higher-error value 

of 0. 37 after the modification.  This behaviour appears be-

cause gradient descent algorithms only guarantees a mono-

tonic convergence of the whole parameter vector. That is, 

‖𝜃 − �̂�(𝑡𝑏)‖ ≤ ‖𝜃 − �̂�(𝑡𝑎)‖, ∀ 𝑡𝑏 ≥ 𝑡𝑎. 

Therefore, during the transient, some parameter estimation 

components may temporarily go to the wrong direction if 

other components get closer to the true value. Nonetheless, 

the proposed algorithm guarantees a monotonic convergence 

for each component individually. That is,  

‖𝜃𝑖 − �̂�𝑖(𝑡𝑏)‖ ≤ ‖𝜃𝑖 − �̂�𝑖(𝑡𝑎)‖, ∀ 𝑡𝑏 ≥ 𝑡𝑎, 

where 𝜃1 = 𝑅𝑜ℎ𝑚  and 𝜃2 =  ln(𝛾𝑐√𝑎𝑂2
). 

Consequently, the proposed algorithm presents better transi-

ent performance compared to available algorithms. 

 

This simulation exemplifies in which ways adding 

memory mechanisms may help parameter estimation algo-

rithms in common scenarios where only part of the PEMFC 

signals trajectory (not the whole trajectory) is sufficiently ex-

citing to estimate the unknown parameters. 

5. Conclusions 

 

This work proposes an algorithm to estimate in real-time 

a PEMFC ohmic resistance and catalyst layer oxygen activity 

from easily measurable data. Contrary to more standard ap-

proaches, the proposed algorithm can be implemented in 

cases where the persistence of excitation condition is not sat-

isfied. Consequently, the presented algorithm can be imple-

mented in more reasonable practical scenarios where only 

part of the PEMFC signal trajectory (not the whole trajec-

tory) is exciting enough to estimate the unknwon parameters. 

The benefits of the approach have been validated through a 

numerical simulation. Future works will focus on 

experimentally validating the proposed approach in a real 

fuel cell prototype.  
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1. Introduction

The growing global production of glycerol from biodiesel
manufacture has sparked renewed interest in the develop-
ment of low-temperature fuel cells powered by this alcohol. 
Glycerol is the main by-product (10 % by weight) generated 
during the transesterification process of vegetable oils and 
fats in biodiesel plants. In addition, it is non-toxic, easy to 
handle, store and transport, and possesses high volumetric 
energy density (i.e., 6.26 kW h L-1).  

Among the different types of fuel cells, anion exchange 
membrane fuel cells (AEMFCs) fed with aqueous solutions 
of ethanol or glycerol have emerged as promising power 
sources to supply clean energy for portable, stationary, and 
perhaps even automotive applications because of the fast 
electrode kinetics, the lower corrosion of the cell compo-
nents in an alkaline environment and the possibility of using 
non-noble catalysts in the cathode, when compared to pro-
ton-exchange membrane fuel cells (PEMFCs). However, the 
activity and performance of the anodic catalyst must be en-
hanced, and the platinum-group-metal (PGM) loading in the 
electrode must be reduced to make them a cost-competitive 
alternative technology to batteries. Several strategies have 
been implemented to boost the performance of platinum 
catalysts, including designing particles with controllable 
shape and structure, allowing with non-precious metals or 
combination with metal oxides, and employing different cat-
alyst supports. In this respect, we have paid particular atten-
tion in this work to the addition of metal oxide promoters to 
enhance the catalytic activity and long-term stability of Pt 
and PtCu electrocatalysts for the oxidation of glycerol in al-
kaline medium. A recent investigation showed that the pres-
ence of spinel oxide NiCo2O4 nanoparticles onto a three-di-
mensional hierarchically porous graphene-like carbon 
boosts the catalytic activity of platinum toward glycerol 
electrooxidation [1]. Garcia et al. determined that MnOx acts 
as a source of labile oxygenated species, which facilitate the 
oxidation of glycerol on PtAg/MnOx/C electrocatalysts [2]. 
Whereas, Li and coworkers found that YOx/MoOx decoration 
of ultrathin platinum nanowires enables the brake of the C-
C bonds of ethanol and glycerol and also improves the anti-
CO poisoning ability of the catalytic sites [3]. Velázquez-Her-
nández et al. found that the presence of Ni(OH)2 in a plati-
num catalyst favors the electrooxidation of glycerol to gly-
colate and mesoxalate via the bifunctional mechanism [4]. 

Herein, we synthesized Pt and Pt0.7Cu0.3 catalysts sup-
ported on hybrid CuO/C materials with different CuO con-
tents. The as-prepared electrocatalysts were characterized 
by XRD, HR-TEM, EDX, ICP-OES, and XPS. The experiments 
showed that the presence of CuO boosts the activity and sta-
bility of Pt and PtCu particles in the electrooxidation of glyc-
erol in alkaline environment. The current density of the 
most active catalyst was found to be 1.73 A mgPt

-1, which is 
ca. 3 times higher than that of Pt/C.        

2. Experimental

2.1 Carbon support treatment and CuO synthesis

The carbon support Vulcan XC-72R was obtained from 
Cabot Corporation. The pristine carbon black powder was 
treated under mild conditions (3 M HNO3 solution at 60 °C 
for 3 h) to introduce oxygenated functional groups (mainly 
carbonyl and quinone moieties) on the surface of the parti-
cles. The oxidized carbonaceous material (O-Vulcan XC-72R) 
exhibited a specific BET surface area of 92 m2 g-1, an electri-
cal conductivity of 0.343 S cm-1, and a relative atomic con-
tent of oxygen of 4.2 %. CuO nanoparticles were prepared 
via a precipitation method. First, 30.0 g of Cu(NO3)2∙3H2O 
was dissolved in 25 mL of tridistilled water. Then, the pH of 
the blue solution was adjusted to 12 by adding 9.0 M NaOH 
solution under vigorous stirring for 60 min. The resulting 
black precipitate was filtered under vacuum and dried in an 
oven at 100 °C overnight. Afterward, the solid was ground in 
an agate mortar, poured into a ceramic crucible and calcined 
in a tubular oven at 350 °C for 3 hours.        

2.2 Catalysts preparation 

The carbon-supported Pt-based electrocatalysts were 
synthesized via the fast and cost-effective pulsed 
microwave-assisted polyol method. 100.0 mg of O-Vulcan 
XC-72R carbon black and the as-prepared CuO nanoparticles 
(5.0, 10 and and 15 wt %. on carbon) were dispersed in 50 
mL of ethylene glycol by sonication for one hour. The pH 
value of the slurry was adjusted to 10 by adding 3 mL of 0.5 
M KOH-EG solution, followed by sonication for 15 min. The 
deposition of Pt and Pt0.7Cu0.3 particles on the hybrid 
support was carried out by heating the black suspension in 
a microwave oven under intermittent irradiation. The 
synthesis was carried out for 16 cycles with 30 s-on and 30 
s-off heating modes. Afterward, the slurry was filtered
under vacuum, thoroughly washed with tridistilled water
and ethanol, and dried at 80 °C for 8 h. Catalyst inks were
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prepared by dispersing 5.0 mg of catalysts with 3.98 mL 
tridistilled water, 1.00 mL isopropyl alcohol, and 20.0 μL of 
Nafion® solution under sonication for 30 min. The as 
prepared samples were named as: Pt-CuO(x)/C and 
Pt0.7Cu0.3-CuO(x)/C, with x = 5, 10 or 15 wt. %. 

 
2.3 Physicochemical and electrochemical characterizations 

The metals contents on the carbonaceous support were 
determined by ICP-OES on a Shimadzu 1000 model III equip-
ment. The relative composition of the samples was also es-
timated with an EDX probe attached to a SEM microscope. 
The carbon-supported catalysts were analyzed with a HR-
TEM JEOL model JEM-2100 plus microscope. The structure 
of the as-prepared materials was investigated with a Rigaku 
Dmax III C diffractometer and the surface state and compo-
sition were determined with an XPS PHI 548 spectrometer. 
The electrochemical measurements were carried out with a 
Princeton Applied Research VersaSTAT 3 potentiostat/gal-
vanostat. Conventional three-electrodes glass cells were 
used for the experiments. The reference electrode was a 
saturated calomel electrode (SCE, +0.241 vs. NHE). The aux-
iliary electrode was a platinum wire. The working electrodes 
were prepared as follows: 10 μL of a catalyst ink was pipet-
ted onto the surface of a glassy carbon rod (GC, 0.07 cm2) 
and dried at room temperature for 4 hours. The electrocat-
alytic performance of the as-prepared catalysts was evalu-
ated by cyclic voltammetry (CV) and chronoamperometry 
(CA) in N2-saturated 0.1 M NaOH + 0.1 M HOCH2-CHOH-
CH2OH solution. CV experiments were run from -0.8 to 0.2 V 
vs. SCE at a sweep rate of 50 mV s-1 for 50 cycles. Chrono-
amperometry tests were conducted at an applied potential 
of -0.2 V vs. SCE for 3600 s. The current densities reported 
in this work were normalized to the mass of platinum. The 
electroactive surface area of the as-prepared electrocata-
lysts was estimated from the CO stripping charge in 0.1 M 
NaOH electrolyte solution. 

3. Results and discussion 

3.1 Physicochemical characterization  

The diffraction pattern (not shown) of CuO sample dis-
played the presence of of six peaks located at 2θ angles of 
ca. 31.9, 35.5, 38.9, 48.5, 66.3, and 68.0 °, ascribed to the 
(110), (002), (111), (-202), (-311), and (220) reflections of the 
monoclinic tenorite CuO phase (JCPDS card no. 089-2529). 
TEM images of the oxide showed the presence of nanopar-
ticles with sizes in the range of 4-6 nm.  

Figure 1a exhibits the diffraction patterns of the as-pre-
pared electrocatalysts. All diffractograms show the pres-
ence of five diffraction peaks located at Bragg angles of 
around 24.7, 39.9, 46.5, 68.7, and 82.3 °. The first peak is 
associated with the graphite-like structure of the carbon 
support, while the others are ascribed to the face-centered 
cubic (fcc) crystalline structure of platinum (JCPDS card no. 
01-1194). In addition, there are no reflection peaks from 
tenorite CuO phase in the XRD patterns. The crystallite size 
(i.e., domains) was calculated from the broadening of the Pt 
(111) and (220) reflections using the Scherrer equation, and 
the values are reported in Table 1. It is also evident from Fig-

ure 1a that the diffraction peaks of the Pt-CuO(x)/C catal-
lysts are slightly shifted to higher Bragg angles than those of 
Pt/C, owing to the lattice contraction of Pt induced by the 
presence of the oxides onto the carbon support. While the 
peaks of te Pt0.7Cu0.3-CuO(x)/C samples are shifted at higher 
angles compared to Pt-CuO(x)/C, indicating that the parti-
cles are composed of a PtCu alloy. 

 
Fig. 1. (a) X-ray diffraction patterns of the as-prepared electrocata-
lysts. (b) EDX spectrum of the Pt0.7Cu0.3-CuO(10)/C catalyst. (c and 
d) HR-TEM images of Pt0.7Cu0.3-CuO(10)/C catalyst.  

 
The chemical composition of the electrocatalysts was 

determined by ICP-OES and EDX techniques. Figure 1b 
shows the EDX spectrum of Pt0.7Cu0.3-CuO(10)/C sample. The 
results are summarized in Table 1. The morphology, struc-
ture, particle diameter, and size distribution were evaluated 
HR-TEM analyses (Figures 1c and 1d). The average particle 
size of all catalysts is summarized in Table 1. The average 
particle size values determined from TEM analysis are in 
good accordance with those calculated from XRD data. The 
smaller particle size and the better particle distribution in 
the bimetallic and trimetallic catalysts can be explained in 
terms of the higher efficiency of the hybrid support to pro-
mote the nucleation rate of Pt and PtCu particles under the 
microwave-assisted reduction process [8]. 

Table 1. Characteristic parameters of the as-prepared catalysts. 

Catalyst 
dp  
nm 

Pt 
 at. % 

Cu 
 at. % 

afcc 
Å 

dc 
nm 

Pt/C 4.2 100 - 3.942 4.3 

Pt-CuO(5)/C 3.2 85 15 3.920 3.1 

Pt-CuO(10)/C 2.8 75 25 3.909 3.0 

Pt-CuO(15)/C 2.6 62 38 3.908 2.8 

Pt0.7Cu0.3-CuO(5)/C 2.3 80 20 3.912 2.3 

Pt0.7Cu0.3-CuO(10)/C 2.8 68 32 3.906 3.0 

Pt0.7Cu0.3-CuO(15)/C 2.6 56 44 3.859 2.4 
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XPS analysis was conducted to obtain information about 
the surface composition and chemical state of the as-syn-
thesized electrocatalysts. The high-resolution Pt 4f core-
level spectra of the catalysts can be deconvoluted into a 
doublet at binding energies of ca. 71.7 and 75.0 eV ascribed 
to Pt0 (not shwon). The Cu 2p spectra of catalysts can be de-
convoluted into four peaks (not shown). The most intense 
peaks centered at binding energies of 932.3 and 952.2 eV 
are assigned to Cu 2p3/2 and Cu 2p1/2 signals of Cu0, while 
the two less intense peaks at around 934.4 and 954.2 eV are 
related to the presence of Cu(OH)2 on the surface of the na-
noparticles.  

3.2 Electrochemical characterization  

The electrocatalytic performance of the as-prepared ma-
terials for the electrooxidation of glycerol in alkaline me-
dium was evaluated by cyclic voltammetry at room temper-
ature. Figures 2a and 2b show the stabilized response of the 
electrodes after 50 cycles. The potentiodynamic experi-
ments demonstrate that the electrocatalytic properties of 
the as-prepared materials depend on the CuO content and 
the presence of the Cu atoms in the bimetallic alloy. 
Pt0.7Cu0.3-CuO(10)/C catalyst exhibited the best perfor-
mance for the glycerol oxidation reaction (GOR) (i.e., the 
lower onset potential and the highest mass activity). The 
maximum current density developed for the GOR on 
Pt0.7Cu0.3-CuO(10)/C was 1733 mA mgPt

-1, which is 1.36, 1.39, 
1.65, 1.90, 2.0, and 3 times higher than those of Pt-
CuO(10)/C, Pt0.7Cu0.3-CuO(15)/C, Pt-CuO(15)/C, Pt0.7Cu0.3-
CuO(5)/C, Pt-CuO(5)/C, and Pt/C, respectively.  

 

 
Fig. 2.  Stabilized CV response of the as-prepared electrodes in N2-
saturated 0.1 M glycerol/0.1 M NaOH solution at a scan rate of 50 
mV s-1. The arrows indicate the scan direction. 

 
The experiments also depicted that the onset potential 

of Pt-CuO(x)/C and Pt0.7Cu0.3-CuO(x)/C catalysts is shifted 
negatively by about 100 to 200 mV relative to Pt/C, indicat-
ing enhanced kinetics for the GOR process on the available 
Pt sites. The electrocatalytic performance of the electrodes 
under potentiostatic conditions (CA) resembles that ob-
tained in the CV experiments. However, there is a more sig-
nificant difference in the electrochemical behavior between 
the most active electrode material, Pt0.7Cu0.3-CuO(10)/C and 
the monometallic ones. That is, Pt0.7Cu0.3-CuO(10)/C (270 
mA mgPt

-1) developed a catalytic activity 5.4 times higher 
than that of Pt/C (50 mA mgPt

-1).  
The better performance of Pt-CuO(x)/C and Pt0.7Cu0.3-

CuO(x)/C catalysts compared to Pt/C can be ascribed to their 
higher number of electroactive platinum sites (i.e., higher 

ECSA values) and the synergistic effect between platinum 
and the co-catalysts. CuO nanoparticles can provide ad-
sorbed -OH species, coming from water dissociation, to oxi-
dize the adsorbed intermediates at lower overpotentials via 
the so-called bifunctional mechanism [5]. On the other 
hand, the enhanced activity of the Pt0.7Cu0.3-CuO(x)/C elec-
trodes relative to Pt-CuO(x)/C catalysts can be ascribed to 
the positive effect induced by Cu atoms in the bimetallic al-
loy. The copper atoms induced compressive strain in the 
platinum lattice, which causes the down-shift in the noble 
metal d-band center, thereby decreasing the adsorption 
strength of poisoning intermediates [6]. This assumption is 
in good agreement with the previously discussed XRD re-
sults.   

4. Conclusions 

Herein, we synthesized Pt and PtCu nanoparticles sup-
ported on CuO/C hybrid supports via a fast and cost-effec-
tive pulsed microwave-assisted polyol method using eth-
ylene glycol as a reducing agent. The electrochemical meas-
urements showed that Pt0.7Cu0.3-CuO(10)/C exhibits the 
highest activity for the GOR. CuO particles facilitated the ox-
idation of glycerol intermediates through the bifunctional 
mechanism, while Cu atoms in the alloy induced compres-
sive strain and electronic effects and thus weaken the ad-
sorption strength of the intermediates on Pt. 
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1. Introduction

The cost barriers ascribed to Pt-based catalysts used in
Polymer Electrolyte Membrane Fuel Cell (PEMFC) are an im-
portant obstacle mainly for automotive applications. An al-
ternative approach includes the development of Platinum 
group metal-free (PGM-free) catalysts. Despite the great 
challenge on replacing Pt, especially at the cathode, Fe-
based materials have shown great promise since iron offers 
advantages due to its abundance and economic competi-
tiveness. In fact, N-coordinated Fe moieties (Fe-Nx) embed-
ded in a carbon matrix have been often suggested as active 
sites for oxygen reduction reaction (ORR) [1]. Despite the 
significant progress done in terms of ORR activity over the 
past decades, the use of FeNC catalysts in fuel cell systems 
is still hindered by several aspects, but the most important 
is their poor electrocatalytic stability/durability due to the 
leaching of the non-precious metal [2]. Up to now, most of 
the reported FeNC catalysts are synthesized using typical 
carbon blacks [3], carbon nanotubes [4], graphene [5], or 
complex and expensive metal-organic framework (MOF) 
materials, which have emerged as a class of high-perfor-
mance carbon-precursors for PGM-free catalysts [6]. An-
other perspective includes the valorization of carbon-en-
riched materials that are rejected every day in industrial pro-
cesses for producing low-cost and eco-friendly new cata-
lysts. For instance, owing to its low cost, high availability, 
and high carbon content, the valorization of phenolic resin-
enriched wastages as a carbon source to produce FeNC cat-
alysts is an extremely interesting approach for practicing 
good economic and environmental methodologies. Several 
authors have used phenolic resin-based materials for so-
dium-ion and potassium-ion batteries [7], adsorbents for 
gas separation [8], and wastewater treatments [9]. How-
ever, the use of activated phenolic resin-derived carbons in 
FeNC for PEMFC applications has not been reported up to 
now. In this work, phosphoric acid (H3PO4) was used as an 
activation agent during phenolic resin-based wastages car-
bonization to tailor carbon properties. The obtained FeNC 
were applied as ORR catalysts in acidic media, which is more 
challenging given the poor stability of carbon and iron under 
acidic electrolytes. An accelerated stress test was used to 
promote carbon support corrosion and thus, determine the 
most stable electrocatalyst. In detail, 3000 cycles in an ar-
gon-saturated acidic electrolyte between 1.0-1.5 V (vs RHE) 
were applied to the best performing electrocatalysts. The 
results have shown that the heteroatom content present in 

the phenolic resin-derived carbon supports might have a 
strong impact on increasing FeNC electrochemical stability. 

2. Experimental

2.1 Catalyst’s preparation 

The carbon support was prepared by mixing (mass ratio 
50/50 wt.%) a phenolic resin-enriched waste from an indus-
trial process and melamine (Alfa Aeser), which was used as 
an N-containing precursor. A 25 wt.% phosphoric acid 
(H3PO4) solution was added to the carbon precursor and the 
mixture was stirred overnight at room temperature. The 
mass ratio between acid and support precursor was kept ca. 
3 [8]. Subsequently, the carbonization step was carried out 
in an alumina tube (Termolab TH furnace) under N2 at 1000 
°C during 60 min. Thereafter, 1 g of melamine was dissolved 
in 20 mL of MilliQ-water under constant stirring at 80 °C and 
distinct loadings of iron precursor - 10, 18, 25 mg of 
FeCl3·6H2O (Sigma Aldrich) - were added to the reaction. Fi-
nally, 100 mg of the pretreated carbon support were added 
to the iron-based solution and the mixture was continuously 
stirred at 120 °C until all solvent was completely evaporated. 
The resulting powder was finally treated in argon using two 
steps: firstly, the catalyst was heated up to 550 °C for 3 h 
and subsequently maintained at 750 °C for 1 h to produce 
nitrogen-doped carbon supports[10]. For comparison, a Fe-
based catalyst using a commercially available carbon black 
(Ketjenblack EC-600J; Tanaka) as support was synthesized, 
as well as a catalyst using carbonized phenolic resin without 
the activation step. All the procedures were repeated to en-
sure reliability in the results. The prepared catalysts were 
named according to the amount of iron precursor used dur-
ing synthesis. 

2.2 Electrochemical characterization 

Electrocatalytic performance was evaluated in a Rotating 
Disk Electrode (RDE) from Pine Research Instrumentation, 
assembled with a Gamry jacketed Eurocell. A carbon rod was 
used as a counter electrode and a saturated Ag/AgCl in 3 M 
KCl(aq) as the reference electrode. Subsequently, the catalyst 
suspension was prepared by dispersing FeNC powder in 125 
µl of isopropanol (VWR) and 560 µL of ultra-pure water con-
taining 76 µL of Nafion ionomer (Quintech, 5 wt.%). The cat-
alyst suspension was then deposited onto the glassy carbon 
(GCE, 0.196 cm2) and dried at 700 rpm and 25 °C, and the 
catalyst loading was set to 400 µg∙cm-2. Electrochemical im-

pedance spectroscopy (EIS) was performed at 0.4 V vs RHE 
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using a small amplitude perturbation of 5 mV in the fre-
quency range of 1 kHz to 980 Hz to measure the ohmic re-
sistance of the electrolyte. Cyclic voltammograms (CVs) 
were obtained by immersing the working electrode, under 
an inert atmosphere (argon; 100 mL∙min-1), in an acidic me-

dium – 0.1 M HClO4(aq) (70 % conc. Sigma Aldrich) – at 25 °C 
using a scan rate of 20 mV∙s-1. Linear Sweep Voltammograms 
(LSVs) in O2-saturated (100 mL∙min-1) 0.1 M HClO4(aq) electro-

lyte at 25 °C. LSVs were obtained by scanning the potential 
of the working electrode from 0.05 to 1 V vs RHE at a scan 
rate of 20 mV∙s-1 and 1600 rpm. The accelerated stress test 
consisted of 3000 cycles in an argon-saturated acidic elec-
trolyte between 1.0-1.5 V (vs RHE). 

 
2.3 Physicochemical evaluation 

The textural characterization of the samples was per-
formed using nitrogen adsorption/desorption isotherms at 
77 K (Quantachrome Autosorb-1 Instruments). Before the 
analysis, the samples were outgassed using vacuum at 200 
°C overnight. The specific surface area was determined using 
the Brunauer-Emmett-Teller (BET) equation.  

The metal-support interactions were studied using X-ray 
photoelectron spectroscopy (XPS). XPS spectra were ac-
quired using an ESCALAB 250Xi (Thermo Fisher Scientific) 
with base pressure below 5x10-10 mbar. The system is 
equipped with a hemispherical electron energy analyzer 
with energy resolution 0.1 eV. The spectra were recorded at 
the pass energies 100 eV and 40 eV for the survey spectra 
and individual elements, respectively. The resultant XPS 
spectra were analyzed by using CasaXPS software. 

3. Discussion 

Catalyst’s optimization largely depends on finding the 
appropriate microstructure of the supports to achieve a 
well-defined dispersion of active sites. Therefore, the func-
tionalization process with H3PO4 was used as a catalyst to 
adjust the properties of the phenolic resin-based support. 
According to XPS results, the presence of oxygenated groups 
is particularly noticeable over the surface of phenolic resin-
based catalysts prepared without applying the H3PO4 treat-
ment, Fig. 1, revealing the amorphous nature of such sup-
ports. Indeed, amorphous carbons usually reveal lower con-
ductivity, which in turn results in higher capacitive behavior 
and higher mass-transport overpotentials. Contrarily, the 
H3PO4-activation process allowed a higher graphitization of 
the phenolic resin-derived support. 

 

 

Fig. 1 Element atomic concentration of sample 1) 18FeNC using 
H3PO4-activated phenolic resin, 2) H3PO4-activated phenolic resin 

after carbonization, 3) 18FeNC supported on Ketjenblack, and 
sample 4) phenolic resin carbonized without activation step. 

Moreover, the surface area increased dramatically after 
H3PO4-activation, Table 1. Typically, H3PO4 interacts with 
phenolic and carbonyl groups, which further promote the 
development of pores, and so the surface area gradually in-
creases [12].  

Table 1 Specific surface area from BET. 

Sample Surface Area  
m²∙g-1 

(1) 18FeNC (H3PO4 treated support) 814 

(2) Support treated with H3PO4 869 

(3) 18FeNC (Ketjenblack) 612 

(4) Support without H3PO4 treatment 419 

The relative content of each nitrogen functionality is pre-
sented in Fig. 2. The peaks in N1s spectra were deconvoluted 
and divided into crucial regions: pyridinic-N, which can coor-
dinate with iron in the form of Fe−Nx, pyrrolic-N, quater-
nary-N, and oxidized-N, which in turn do not significantly 
contribute to the ORR due to its poor stability under PEMFCs 
operation [3]. In fact, the H3PO4-activated phenolic resin-
supported catalyst (sample 1) showed a higher content of 
pyridinic-N which might have a strong influence on its stabil-
ity and selectivity towards ORR.  
 

 

Fig. 2 N composition of sample 1) 18FeNC using H3PO4-activated 
phenolic resin as support, 2) H3PO4-activated phenolic resin 
without iron, 3) 18FeNC supported on Ketjenblack, and sample 4) 
phenolic resin-derived carbon without H3PO4 treatment. 

From the linear voltammograms, the prepared Fe-based 
catalysts showed different performances depending on the 
synthesis steps and on the Fe loading, especially in the dif-
fusion-limited region (< 0.5 V vs RHE), Fig. 3.  

 

 

Fig. 3 a) LSVs of 18FeNC catalysts produced using phenolic resin 
with and without activation step; b) Fe-based catalysts supported 
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on H3PO4-activated phenolic resin, using distinct loadings of iron. 
LSVs in O2-purged 0.1 M HClO4. Scan rate of 20 mV∙s−1. 

The optimization of PGM-free catalysts by simply in-
creasing Fe concentration is not an effective approach, be-
cause of the strong aggregation of iron atoms that generates 
inactive clusters towards ORR. Nonetheless, the best per-
forming H3PO4-activated phenolic resin-supported catalyst 
(18FeNC, produced with 18 mg of Fe-precursor) showed the 
same onset potential (0.83 V vs RHE) and mass-activity at 
0.75 V vs RHE (2.3 A∙g-1), that the catalyst produced with Ket-
jenblack. These values are highly comparable to the results 
reported in the literature for FeNC tested under acidic elec-
trolytes [13].   

Concerning the degradation protocol, 3000 cycles be-
tween 1 and 1.5 V (vs RHE) were applied in Ar-saturated 0.1 
M HClO4 electrolyte to the most promising catalysts, Fig. 4. 
H3PO4-activated phenolic resin-derived carbon supports re-
vealed better performance upon degradation, showing 
lower losses than Ketjenblack-supported catalysts, particu-
larly in the ohmic and diffusion-limited regions.  

 

 

Fig. 4 LSVs recorded (before and after potential cycling between 
1.0-1.5 V at 500 mV∙s-1 during 3000 cycles) under O2-saturated 
electrolyte and 1600 rpm. Scan rate 20 mV∙s-1. 

Interestingly, the deconvolution of P2p, Fig. 5, reveals three 
peaks with binding energies of 133.5 eV, 134.4 eV, and 129.5 
eV corresponding to C–P, C–O–P, and Fe3P interactions, re-
spectively. The presence of P-species on the activated sup-
port matrix might have a stabilizing effect on its structure, 
hindering carbon corrosion and iron leaching under acidic 
media [14]. 
 

 
 
Fig. 5 P2p XPS spectrum of 18FeNC using H3PO4-activated phenolic 
resin as carbon support. 

4. Conclusions 

H3PO4-activated phenolic resin-derived carbons re-
vealed higher stability, upon degradation between 1 – 1.5 
(vs RHE), than the commercial Ketjenblack. The heteroatom 
presence, particularly P-content, might play a key role in in-
creasing the overall performance of phenolic resin waste-
based supports. Moreover, the H3PO4-activation process is 
essential for optimizing the graphitization level and surface 
area of the produced catalysts. These results strongly 
demonstrate the tremendous potential of introducing circu-
lar economy methodologies in the design of new materials 
to be applied in PEM fuel cells.  
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1. Introduction

Attending to the worldwide rush to curb the alarming 
atmospheric carbon concentrations, many strategies have 
emerged to couple efficient technologies to renewable 
energy sources. Thanks to the major breakthroughs in the 
development of conductive and stable anion exchange 
membranes (AEM), ionomers and precious group metal 
(PGM)-free catalysts for oxygen involving reactions, the 
unitized regenerative AEM fuel cells (UR-AEMFC) have 
gained considerable attention in the recent years. The 
possibility for having a dual-function operation in both 
galvanic and electrolytic modes in the same stack, i.e., as an 
energy conversion system, (fuel cell mode, FC) or energy 
storage system (water electrolyzer, WE), respectively, poses 
numerous advantages compared to conventional energy 
storage devices. 
Even though PEM-based UR-FCs are nowadays a well-
established and more mature technology, the round-trip 
(RT) efficiencies are still rather low and the penetration of 
the technology in the market is hampered due to the high 
costs associated with the materials used; namely, noble 
metal catalysts to beat the sluggish kinetics of oxygen 
evolution and reduction reactions (OER/ORR) and expensive 
non-biodegradable perfluorosulfonic based membranes to 
boost ion exchange capacity (i.e: Nafion). However, due to 
the compact configuration, high specific energy density (400 
to 1000 Wh·g-1 ) and light-overall weight, it suits the needs 
of mobile applications in remote islands, for the military 
operation, aircraft, on-site energy generation systems, 
space applications and mainly as a suitable power supply in 
buildings when coupled to renewable energies [1]. In fact, 
solely an overall maximum round-trip efficiency of 60 % is 
achieved in acidic media at moderate current densities of  
0.4 A·cm-2 while employing prohibitive loadings of PGM 
catalysts (Pt, Ru, Ir), 1-7 mgPGM·cm-2 [2]. The main reasons for 
these limitations concern the poor water and gas 
management at the porous transport media and catalyst 
layer level, when switching from galvanic (FC) to electrolytic 
mode (WE), which results in steep mass transport 
overpotentials. Nonetheless, achieving high round-trip 
efficiencies is of utmost importance to seize the advantages 
of having a unitized device. In that regard, much progress 
had been made toward the development of novel bi-
functional catalysts with low or completely PGM-free 
loadings. PGM-free catalysts are foreseen as the new 

generation of materials to feature low cost alongside with 
high reversibility, activity and stability towards efficient 
evolution and reduction reactions of oxygen (OER/ORR), in 
detriment of common Ir-Pt mixtures [3]. Moreover, since 
ORR and OER are surface-sensitive, innovative engineering 
strategies are utterly important for boosting the intrinsic 
activity of PGM-free catalysts. 

Thereupon, doping high surface and conductive materi-
als, such as carbon, with earth-abundant elements, namely 
Ni, Fe or even Co emerges as promising alternative to PGM 
layers to ensure higher OER/ORR catalytic activities. 
Amongst recent discoveries, nitrogen coordinated Fe atoms 
dispersed over carbon-based supports (Fe-N–C), have 
spiked special attention. Fe-Nx-based species hold an ideal 
synergy effect between the highly ordered graphitic carbon 
structures, the nitrogen and the Fe atoms, which has been 
assigned to boost the electro-activity towards ORR/OER in 
both acidic and alkaline media [4]. In the latter, the electro 
conductivity is increased due to the enhanced 𝜋-𝜋 conju-
gated electron transfer from donating and withdrawing na-
ture of basal plane carbon and N atoms [5]. Continuous ef-
forts are driven in the direction of maximizing the utilization 
of such active species in the overall catalyst while boosting 
the active surface area. 
The deployment of recent highly conductive yet cheaper an-
ion membranes for operation in low KOH concentration 
or/and in ultrapure water, namely quaternized ammo-
nium/pyrrolidine functionalized polystyrene/butylene co-
polymer membranes, has allowed reaching unprecedented 
power densities of ca. 2 W·m2 in AEM fuel cells. Similar pol-
ymeric formulations had been tested in AEM water electro-
lysers as both membrane or catalyst binder, allowing to at-
tain nearly 3.5 A·cm-2 at 1.8 V and 60 °C [6], thus ruling out 
pivotal directions towards the design of novel Unitized re-
generative fuel cells.  
The mentioned breakthroughs rule the motivation of this 
work which consists on the development of hybrid by-func-
tional structures of metal (Fe, Ni) nucleated on nitrogen 
doped carbon, from waste phenolic resins for the OER/ORR 
and its further testing in a UR-AEMFC. PGM-free based elec-
trodes, consisting of synthesized bi-metallic FeNiNC yielded 
great current densities both in galvanic mode and electro-
lytic mode, and thus larger round-trip efficiencies in compar-
ison to commercial Pt/C, thereafter, paving the way for the 
implementation of sustainable routes in the production of 
bi-functional MEAs.  

216

mailto:evasousa@fe.up.pt
mailto:mendes@fe.up.pt


 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 

2. Experimental 

2.1 Preparation of bi-metallic FeNiNC catalysts  

Phenolic-resin wastes were carbonized at 1000 ˚C under 
N2, and then used for producing bi-metallic FeNi-based cat-
alysts supported on nitrogen-doped carbon.  A ratio of 1:1 
of the precursors Fe(NO3)3·9H2O (Alfa Aesar) and 
Ni(NO₃)₂.6H₂O (Sigma Aldrich) was dispersed in 20 mL of ul-
tra-pure water solution containing melamine. A sample of 
100 mg of carbonized phenolic resin waste was added to the 
former solution and continuously stirred. The obtained pow-
der was calcined under argon flow at 550 ˚C for 3 h followed 

by 1 h at 750 ˚C. For a fair assessment of the bi-functionality 
OER/ORR of the produced catalyst, its electrocatalytic activ-
ity was compared with that of commercial 40% Pt/C (Preme-
tek), IrO2 (Premetek), and synthetized Fe using commercial 
Ketjenblack EC-600J as support (Tanaka).  

 
2.2 Electrochemical characterization  

A rotating disk electrode (RDE, PineResearch) was used for 
carrying out the electrochemical evaluation of the prepared 
catalysts. A carbon rod and a saturated Ag/AgCl in 3 M 
KCl(aq) were used as counter and reference electrodes, re-
spectively, assuming a three-electrode configuration cell. 
After sonication, a droplet of catalyst suspension was dried 
onto the working electrode at 700 rpm and 25 °C. The load-
ing of the catalysts was set to 400 µg∙cm-2. The ohmic re-
sistance ascribed to the 0.1 M KOH electrolyte was deter-
mined by performing electrochemical impedance spectros-
copy (EIS) at 0.4 V using an amplitude perturbation of 5 mV. 
Cyclic voltammograms (CVs) were obtained by sweeping the 
potential of the working electrode, under argon-saturated 
0.1 M KOH(aq) at 20 mV∙s-1. ORR activity was evaluated by 
performing Linear Sweep Voltammograms (LSVs). The po-
tential of the working electrode (glassy carbon of 0.196 cm2) 
was scanned from 0.05 to 1 V at 1600 rpm in O2-saturated 
electrolyte. Background currents were subtracted from the 
ORR results, by performing LSVs under Ar-saturated electro-
lyte. Regarding OER measurements, a gold tip was used as 
the working electrode and OER activity was evaluated by 
scanning the potential between 1.2 V and 1.9 V (vs RHE) un-
der N2-saturated 0.1 M KOH (aq) at 1600 rpm.  

2.3 Membrane Electrode Assembly (MEA) preparation 

An anion exchange membrane – EURODIA AMX-fg – was 
stored overnight in 0.5 M KOH to be converted into the hy-
droxide form. Afterward, the oxygen synthetised electrocat-
alysts (FeNiNC) and benchmark catalysts were used to pre-
pare a catalytic ink which was further dispersed onto the 
membrane via automatic spray for ensuring a strong inter-
facial contact between the electrode-electrolyte pair. The 
ratio between Fumion ionomer (Fumatech, 10 wt.% solu-
tion) and the total amount of solid nanoparticles was ad-
justed from 25 to 50 wt.% and its impact on the performance 
was analysed. FeNiNC catalyst loading was set to 3 mgPt∙cm-

2 using an active area of 6.25 cm2. Porous titanium sheet was 
used as a backing layer porous transport layer. The hydrogen 
electrode consisted of a commercial gas diffusion electrode 

(GDE; Fumatech) consisting of 40 % Pt/C with 0.3 mgPt⸱cm-2. 
The MEA was assembled in a Ti-based cell electrolyzer (Fuel 
Cell Store). The gas flows of H2 and O2 were governed by sat-
urating 1 L·min-1 and 900 mL·min-1, respectively in a 0.1 M 
KOH circulating electrolyte (aq). The cell temperature was 
kept at 50 ˚C.  

3. Results 

Fig. 1a) and b) show that FeNi-based catalysts supported 
on nitrogen-doped carbon supports are an interesting alter-
native to the benchmark PGM OER/ORR catalysts (IrO2 and 
Pt/C, respectively) due to their highly increased electroactiv-
ity towards oxygen reactions. PGM-free FeNC catalysts al-
ready display competitive electro-activities compared to no-
ble metals, as per the similar activation overpotential ob-
served at ca. 0.9 V vs. RHE (ORR) and 1.5 V vs. RHE (OER), 
respectively; nonetheless the addition of Ni to the structure 
clearly boosts the performance and appears to improve liq-
uid-gas diffusion as per the increased limiting current densi-
ties attained, even though the carbon support was entirely 
recycled from waste phenolic resin. In fact, FeNi catalysts 
largely surpassed the 3 mA∙cm−2 threshold, usually consid-
ered for oxygen bifunctionality, revealing a diffusion-limited 
current density of 5 mA∙cm−2 at 0.4 V [1]. 

The synergy between Fe and Ni, with heteroatoms (N) 
over the carbon matrix impacts particularly the catalytic 
conductivity of the produced non-noble catalysts. Bimetallic 
FeNi-based catalysts displayed lower ohmic drop towards 
ORR and OER and thus, slightly lower capacitive behavior, 
compared to the relative FeNC, Fig. 1c). 

 
Fig. 1 a)  LSVs under O2-purged 0.1 M KOH electrolyte at 1600 rpm 
for ORR. b) LSVs under N2-purged 0.1 M KOH electrolyte at 1600 
rpm for OER c) CVs obtained under Ar-saturated 0.1 M KOH elec-
trolyte. Catalyst loading of 400 µg∙cm-2. Scan rate of 20 mV∙s−1. 

 
Another crucial parameter determined was the Tafel 

slope. A commercial 40 % Pt/C demonstrates a Tafel slope 
of 82 mV∙dec-1 in 0.1 M KOH. The incorporation of Fe and Ni 
leads to a decrease of 73 mV∙dec-1, which indicates a faster 
kinetics towards ORR.  
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A deeper understanding of the structure of the FeNiNC MEA 
was obtained by performing a systematic investigation on 
the influence of ionomer content (Fumion) throughout the 
catalyst layer (Ionomer to catalyst, I/C). The concentration 
of ionomer in the catalyst layer was adjusted from 25 to 50 
%. Scanning electron microscopy (SEM; Phenom-World) sur-
face-images reveal that excessive ionomer content will re-
duce the porosity of the catalyst layer and block the reac-
tants/products transport pathways. In fact, for percentages 
of ionomer > 30 %, the catalyst layer demonstrated a plastic-
like handling of highly hydrophobic behaviour. In contrast, 
25 % ionomer concentration does not guarantee fair adhe-
sion of the nanoparticles to the surface of the membrane, 
delivering instead an insufficient network of triple-phase 
boundaries (TPB). The coating immediately laminated from 
the surface of the membrane when in contact with caustic 
solution, perhaps mainly due to the different water uptake 
properties of the solid electrolytes employed and insuffi-
cient binder concentration on the overall ca. 35 μm catalyst 
thick layer. At 30 % of ionomer concentration, SEM images 
evidenced a homogeneous, and porous structure of the cat-
alyst layer, which strongly facilitates mass transport of reac-
tants and products, Fig.2. 
 

 

 
 
Fig. 2 SEM images of a) FeNiNC catalyst layer using 50 % of ionomer 
content; b) top-view of FeNiNC catalyst layer using 30 % Fumion at 
800 X magnification.  

 

Preliminary results in a UR-AEMFC show that using nitrogen 
doped bimetallic PGM-free oxygen catalysts (FeNiNC) allow 
to achieve fair current densities when compared with Pt/C, 
Fig.3, thus emerging as a promising alternative to PGM con-
figurations. However, since one of the greatest challenges in 
a UR-AEMFC refers to maintaining a fair stability and high 
conductivity of OH- on the AEM membrane and ionomer es-
pecially when in contact with PGM-free catalysts, further 
studies will include the optimization and monitoring of the 
cell operating conditions to ascribe possible degradation 
mechanisms happening at the oxygen compartment. Typi-
cally, the positive anchoring functional groups of the AEM 
are highly sensitive to the direct nucleophilic attack of hy-
droxide ions, especially at higher temperatures (> 75 °C) 
since it triggers the production of parasitic hydrogen perox-
ide radicals. Moreover, KOH typically reacts with atmos-
pheric CO2 to generate carbonate and bicarbonate anions 
which block the permeation of the membrane to OH- ions, 
thus causing high ohmic overpotentials [7]. Further work will 
address improving the UR-AEMFC’s round-trip energy con-
version; and therefore, the development strategy will in-
clude the purge of the oxygen chamber when operating in 

water (WE) mode, to avoid the oxidation of materials to CO2, 
while maintaining a closed loop, and the stability of the UR-
AEMFC cell will be screened in operation with O2 saturated 
distilled water at the anode compartment.  
 

 

Fig. 3. Preliminary results of the AEM-URFC operating in 0.1 M KOH 
under flowing of 1 L·min-1 of H2 and 900 mL·min-1 of O2 with FeNiNC 
or Pt/C oxygen electrocatalysts in a I/C = 30 %. 

Conclusions 

These results have shown the possibility for successfully 
introducing phenolic-resin waste as the carbon source to 
produce bifunctional PGM-free ORR/OER catalysts with 
promising electrical and microstructural features to increase 
the performance of unitized regenerative AEM fuel cells and 
thus eliminate the prohibitive use of PGM catalysts (Pt, Ir, 
Ru) and PFSA based membranes; the latter is essential for 
the deployment of cost-friendly, efficient and clean technol-
ogies.  
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1. Introduction

The mitigation of NOx and N2O emissions is an endeavor
of major importance as these gases deeply pollute the at-
mosphere, soils, and water [1]. The high-temperature com-
bustion of fuels is the main source of NO and NO2 [2], while 
the chemical industry and agriculture sectors are the main 
emitters of N2O [1].  

Numerous technologies were developed for denitrifica-
tion, such as selective catalytic reduction, catalytic decom-
position, and selective non-catalytic reduction. Neverthe-
less, as reviewed by Alves, L., all commercial technologies 
suffer from unsolved limitations [3]. This has led to the de-
velopment of new approaches, especially ammonia-free and 
carbon-neutral. A solid oxide fuel cell (SOFC) is a solid-state 
energy device that converts chemical energy into electricity 
[4]; SOFC has been looked at as a viable route for the reduc-
tion of NOx and N2O and a pathway to recover some energy 
contained in these pollutants. Tight sealing is one of the fun-
damental challenges in planar SOFC development. The cell 
and its components are continuously exposed to both re-
ducing and oxidized atmospheres at high temperatures 
(700 °C to 1000 °C), which entails the choice of materials ca-
pable of resisting these harsh environments [5]. A range of 
sealants for planar SOFC have been developed but these are 
yet not efficient or practical. This work reports the use of 
vermiculite as sealant, which allows minimal leakage of less 
than 1.07 mL·m-1·min-1 of nitrogen at atmospheric pressure 
and 800 °C. This study vermiculite for sealing the cathode 
and anode chambers of a SOFC, avoiding both electrical 
short-circuit and gas mixture between oxidants, reductants, 
and atmosphere. 

2. Experimental

2.1 Materials 

A compressive material was used to study the electro-
chemical reactor sealing, namely vermiculite, a mica deri-
vated material, made of chemical exfoliated vermiculite and 
steatite. Two commercially available vermiculite materials 
were used in the study, from Flexitallic, namely Thermiculite 
866, which is a 0.7 mm thick and low compressible sheet, 
and thermiculite 870, a very compressive 0.7 mm sheet.  

A commercially available membrane electrode assembly 
(MEA) from Elcolgen AS® was used for the assembly of the 
reactor and electrochemical evaluation. The MEA is a Yttria-

stabilized-zirconia (YSZ) electrolyte with a Gadolinia-doped-
Ceria (GDC)  layer supported on Nickel oxide/Yttria-stabi-
lized-zirconia (NiO/YSZ) anode, using Lanthanum Strontium 
Cobalt (LSC) cathode, with 3.5-4 mm diameter and 0.6 mm 
thickness. 

For the current collection was used a gold mesh (Gold_M 
grid) and gold wire 0.5 mm from Fiaxel. 

2.2 Reactor design 

A planar reactor for electrochemical reduction of N2O 
and NOx with simultaneous electrochemical oxidation of 
NH3 was designed using Solidworks software. The reactor is 
made of AISI 310 stainless steel, and it was designed to sup-
port a 3.5-4 mm diameter planar ceramic membrane. The 
reactor design is presented in Fig. 1(a) and its unitary com-
ponents in Fig. 1(b). 

This reactor is a compact unitary cell, on which an MEA 
will be sealed by using compressive mineral O-rings. The top 
and base sections represent the major volume of the reac-
tor, supporting the components of the cell as well as accom-
modating de reaction cameras (anode and cathode), includ-
ing the gases inlet and outlet, current collectors, and tem-
perature sensors. The electric insulation of the camera and 
the sealing will be achieved by using vermiculite o-rings. 
These o-rings are placed in dimensioned gaps for the pur-
pose (A and B in Figure 2), where the MEA is placed between 
the top and base rings. In the case of using vermiculite, a 

Fig. 1 a) Reactor design and b) reactor unitary components. 
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thermiculite 870 material is placed in those gaps that ac-
commodate the membrane and they have a compressive 
nature (>20 %), expecting a high elastic compression rate. 
Among the top and base compartments (C in Figure 2) is 
placed another vermiculite ring of thermiculite 866 (the 
least compressive used vermiculite), with an inner diameter 
higher than the MEA diameter, for electric insulation and to 
prevent leakage through the reactor for the ambient. Be-
tween the bottom and the base section (D in Figure 2) is also 
introduced a thermiculite 866 sealant to electrically insulate 
the reactor. In the study of mica sealant, all reactor is sealed 
with mica rings as well as electrically insulated. 

As the studying material for sealing reactor have a com-
pressive nature, it was necessary to apply an external load 
to tight seal the reactor, without a break the ceramic mem-
brane. The compression load was applied by using a torque 
key, where a force in N.m will be imposed on the reactor, to 
close and seal the fuel cell. The explained sealing system has 
three main advantages: i) easy sealing process, once it 
avoids sintering/cure processes, generally mandatory when 
a glass-ceramic based seal is used; ii) the possibility to con-
trol the sealing through the compression rate of the system 
using low pressures/torque tensions; iii) the sealing of each 
compartment of the cell after each ring contributes individ-
ually for the sealing of the cameras, which means in case of 
leakage in one ring then others will assure the sealing of the 
cell. The compressive sealants were cut off using home-de-
signed concentric blades with standardized dimensions.   

To avoid the short circuits promoted by the AISI 310 
stainless steel screws (M5), alumina sleeves are used to elec-
trically insulate the screws.  

The current collector was prepared by using a gold mesh 
layer and gold wire. The meshes, allocated in the two cam-
eras of the reactor, are connected to a gold wire (passing 
through a 1/8'AISI 316 stainless steel tube, lengthily enough 
to measure the current outside the oven; the reactor will 
operate at 800 °C, then the sealing of the gold wire is done 
at ambient temperature by using a no porous paste (J-B 
Weld epoxy adhesive, maximum operating temperature 
260 °C). 

The reactor was purposely drawn in a circular shape to 
ensure a fair pressure/torque tension distribution over the 
six screws. The circular structure guarantees the same dis-
tance between the screw and the reactor center (where 
MEA is accommodated), and the closing of the cell and the 
sealants compression is done radially, applying an equal 
force in all points of the single cell, independently of the 
place that screws are located.  

 
2.3 Leak experiments  

The reactor was the first study at ambient temperature 
using a polymer membrane with the same thickness as a ce-
ramic membrane, to assess the ideal compression to close 
the reactor to achieve a hermetic seal. The reactor was pres-
surized in the anode with N2, as it has a kinetic atomic diam-
eter similar to N2O and NO (364 pm compared with 330 and 
317 pm, respectively[6][7]), closing all inlet and outlet gas. 
The pressure drop over time was evaluated. Afterward, the 
reactor was studied in a long-term sealing test with a 

thermal cycle (between room temperature and 800 ºC, pre-
sented in Fig.2). The test comprises feeding anode with N2, 
pressurized until 1.2 bar, and the cathode remains at ambi-
ent pressure. Backpressure regulators were used to keep 
pressure gradients between the electrode chambers at 
0.2 bar. Gas chromatography was used to analyze the gas 
outlet of each chamber. The pressure on both sides was 
monitored during the sealing test. 
 

3. Results 

The results comprising the first experiments are pre-
sented in Fig. 3. The reported results indicate that imposing 
an external compression load between 2 and 4 N·m allows a 
good reactor hermeticity having a leakage for sealant me-
ters between 0.25 and 0.08 mL·min-1·m-1. According to these 
results, the best compromise between the seal and low 
stress of compression load in MEA is the reactor seal with 
2 N·m.    

 

Fig. 3  Leakage experiments at 25 ˚C with an external load of 1 N·m, 

2 N·m, 3 N·m, and 4 N·m. 

 

The long-term experimental leakage test was performed 
by closing the reactor using 6 screws (M5) tight with a 
torque of 2 N·m. In these conditions, at 800 ˚C and 1.12 bar, 
the leakage was less than 1.07 mL·min-1·m-1, a leakage 
smaller than the values indicated by the producer [8] and 
more promising than other reported works [9][10]. The seal-
ing experiment was stable during the 140 h experiment of 
the thermal cycle, with pressures in both reactor sides (cath-
ode and anode) durable, which means no increase or de-
crease in cameras pressures due to leakage to ambient or 
between reactor compartments. The chosen sealant mate-
rials proved to be very easy to handle and very functional 
(Fig. 4).  

Fig. 2  Leakage test thermal cycle, in a range of temperature be-
tween 700 ˚C and 800 ˚C, at 1 ˚C∙min-1 heating/cooling ramp. 
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Gas chromatography analysis further confirmed that no 
mixture occurred between cathode and anode (fed respec-
tively with O2 and H2). The used membranes reveal an out-
lined region of metallic nickel, due to the reduction of NiO 
promoted by H2 flow (zone 1 in Fig.5) and a zone with nickel 
oxide where H2 did not reach (zone 3 in Fig.5). The ceramic 
membrane at the end of the experiment was crack free. 
 

 

Fig. 4  Thermal cycle sealing test of a ceramic membrane. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5  Used ceramic membrane after long-term sealing test and 
after feeding H2/O2 in anode/cathode, respectively. 

4. Conclusions 

The use of two types of vermiculite gaskets proved to be 
an effective approach to sealing ceramic membranes in 
SOFC. Results showed low leakage to the environment and 
no mixture of fuels between anode and cathode. Moreover, 
the chosen vermiculite gaskets proved to be very easy to 
work with, thermally very stable, and very effective to seal 
the reactor and the ceramic without cracking it.  
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1. Introduction

Energy devices like fuel cells and water electrolyzers
(WE) related with hydrogen and e-fuels applications are key 
pieces in the movement towards a net-zero carbon future, 
playing a major role in the energy transition strategy, allow-
ing energy storage for a long time without significant losses. 
Furthermore, green hydrogen and e-fuels can decarbonize 
several industrial sectors and general uses, either directly as 
part of industrial processes or by replacing fossil fuels for 
heating demand or transportation [1]. The search of effi-
cient and cost effective materials and components, particu-
larly polymeric electrolyte alkaline exchange membranes 
(PEAEMs) for alkaline fuel cells and electrolyzers, have 
gained interest, demonstrated by the continuous increase in 
the number of publications verified in the last decade. 

Apart from meeting cost, durability and performance 
targets, PEAEMs should meet other important requirements 
related with the fabrication process, as shown in Fig. 1. It 
must be assured that the desired structure is reached by the 
chosen synthetic route, selecting the appropriate ion-ex-
change groups and their positioning on the polymer matrix. 
The control of membrane morphological assure good me-
chanical properties and scalability. For industrial fabrication, 
low cost materials, mild reaction conditions and one pot 
processing methods should be employed as far as possible. 

Fig. 1. Main requirements for fabrication of good PEAEMs [2]. 

2. Experimental

In this work, reported in literature and commercial pol-
ymeric electrolyte AEMs are reviewed, covering the differ-
ent polymer matrix, ionic groups and preparation methods; 

and compared according to their performance, represented 
by their ionic exchange capacity (IEC), anionic conductivity 
and peak power density (PPD) in fuel cells.   

3. Results

3.1 PEAMS of cationic charged polymers  

PEAEMs can be constituted by polymers having cationic 
groups (CGs) covalently bonded to the skeleton of the chain 
(fixed charged), with a mobile counter anion. The cationic 
groups covalently bound to the polymer backbone can be 
obtained by polymerization or polycondensation of a mon-
omer having a moiety that is or can be converted into an 
anionic exchange group, eventually copolymerized with 
(non-) functionalized monomers or incorporation of cationic 
groups on a preformed film by grafting of a functionalized 
monomer or a non-functional monomer then functional-
ized. Aditionally, CGs can be incorporated by chemical mod-
ification of a polymer or blend to form cationic moieties, fol-
lowed by dissolution and casting [2]. 

In the first design and fabrication process of a PEAEM, 
patented by Tokuyama Soda Company, polychloropropene 
was crosslinked with divinylbenzene (DVD), then quaterni-
zated by trimethylamine (TMA) [3]. DVD, a benzene ring 
bonded to two vinyl groups, can react with different poly-
mers forming a bencil chloride moiety, that in turn reacts 
with a tertiary amine, like TMA, to form a quaternary am-
monium salt as CG. Fig. 2 shows CGs created by radiation 
grafting of vinylbenzyl chloride (VBC) onto poly (ethylene-
co-tetrafluoroethylene) (ETFE). –CH2Cl moiety is quater-
nized with TMA (Cl form), then converted to OH form by im-
mersion in KOH aquous solution (ETFE-g-PVB/TMA/OH). 

Fig. 2. PVB grafted onto ETFE, quaternized by TMA [2, 4]. 

The benzyl chloride function can be introduced by 
chemical modification of an aromatic polymer, as poly (sul-
fone) or poly (styrene), as can be seen in Fig. 3, where poly-
sulfone (PSf) is chlorometylated, quaternized by TMA (Q-
PSf), and then converted to OH form.   

PEAEMs based in –N-(CH3)3
+ groups are advantageous in 
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terms of low costs and facile synthesis, but they have a lim-
ited ionic conductivity, and are prone to suffer attack in high 
pH media. Then, CGs derived from 1,4-Diazabicyclo [2.2.2] 
octane (DABCO), 1-butyl-4-aza-1-azaniabicyclo [2.2.2] oc-
tane bromide (BDABCO) or N, N, N, N-tetramethyl-1,6-dia-
minohexane (TMHDA), were proposed.  

Fig. 3. Chemically modified PSf, quaternized by TMA [5].  

3.2 PEAEMs of ion-solvating polymers 

This kind of PEAEMs are composed by an aqueous solu-
tion of a hydroxide salt, usually potassium hydroxide with a 
polymer matrix, whose electronegative heteroatoms such 
as N, O or S interact with the cations in solution by a donor–
acceptor mechanism, enabling ionic conduction though 
these heteroatom-cation interactions, and also though the 
mobility of the amorphous polymer chains. Among this kind 
of membranes, polybenzimidazole PBI and ABPBI are pre-
ferred options, either linear, crosslinked, blended with other 
polymers and combined with fixed charged polymers.  

3.3 Recent developments in PEAEMs 

Nanofibers (NFs) obtained by nanospun techniques can 
be combined with casted films in composite PEAEMs mem-
branes of high porosity, good mechanical properties, high 
reproducibility and easy up-scalability. Table 1 shows some 
examples, as a membrane composed by NFs of PVA quater-
nized with glycidyltrimethyl ammonium chloride (Q-PVA) 
combined with a Q-PVA casted film, or a composite mem-
brane based in a blend of PVA/chitosan (PVA/CS).   

In composite organic inorganic PEAEMs, organic and in-
organic components can be bonded covalently or through 
ionic interactions. Different inorganic components have 
been considered, like silica, metallic oxides, graphene oxide, 
or functionalized NTCs, dispersed in a polymeric matrix 
through particle doping or in situ particle forming, fabri-
cated by sol gel methods, blending, intercalation, in situ 
polymerization and molecular auto assembling. Table 1 
shows performance parameters of composite membranes c-
PVA/TiO2, PVA/CNT and Q-PPO/NGO, formed by cross-link-
ing of ammonium quaternized poly (2,6-dimethyl-1,4-phe-
nylene oxide) (Q-PPO) with tertiary amine groups function-
alized graphene oxide (NGO).  

Son et al. [14] reported a pore-filled membrane using 
poly (phenylene oxide) (PPO) with long side chain and qua-
ternary ammonium group through Friedel crafts acylation 
reaction Ac-PPO, crosslinked with TMHDA, with polyeth-

ylene (PE) support. In pyrazolium cross-linked poly (trip-
tycene ether sulfone) (PXm-Tn) [15], high conductivity along 
with mechanical and chemical stability is attained by means 
of a structure that promotes ionic highways formation: a 
cross-linked polymer network with cations as crosslinkers. 
Finally, Table 1 includes PEAEMs of poly (aryl piperidinium) 
(PAP) with clustered piperidinium cations (3QPAP-x, x = 0.5), 
and soluble p-quaterphenyl-containing poly (aryl piperi-
dinium) (PQP-100).   

4. Discussion  

In Table 1, performance of both reported in literature and 
commercially available PEAEMs is summarized. 
Table 1. PEAEMS reported in literature and commercially available. 

Membrane IEC, Conductivity, Performace Ref. 

ETFE-g-PVB/TMA/OH 

PVB grafted on ETFE, 

quaternized by TMA 

1.03 meq·g-134 mS·cm-1/80°C 

130 mW·cm-2/H2FC, O2, 80°C  

8 mW·cm-2/DMFC, O2, 80°C 

[4] 

PSf/TMA/OH (Q-PSf) 

Chlorometilated PSf, 

quaternized by TMA 

0.8 meq·g-1 

50 mS·cm-1/70°C 

2 mW·cm-2/DMFC, Air, 25°C 

[5] 

ABPBI-c-PVA/OH  

ABPBI:crosslinked PVA 

blend, OH doped 

Not fixed charged 

90 mS·cm-1/90°C 

76 mW·cm-2/DEFC, O2, 90°C 

[6] 

PBI-c-PVBC/OH 

Crosslinked, quater-

nized by BDABCO 

2.87 meq·g-1 

91 mS·cm-1/80°C 

340/H2FC, O2 

[7] 

ABPBI-c-PVBC/OH 

Crosslinked, quater-

nized by DABCO 

1.7 meq·g-148 mS·cm-1/50°C 

70/DEFC, O2, 90°C 

[8] 

Q-PVA composite 

Q-PVA in NFs &  casted 

film 

0.52 meq·g-135 mS·cm-1/60 °C  

54/DMFC, O2, 60°C 

[9] 

PVA:CS composite 

PVA:CS NFs & casted 

film, OH doped 

Not fixed charged 

19 mS·cm-1/25°C 

14/DMFC, O2, 50°C 

[10] 

c-PVA/TiO2 composite 

Casting of aq. sol. of c- 

PVA & TiO2, OH doped 

Not fixed charged 

31 mS·cm-1/70°C  

7/DMFC, Air, 60°C 

[11] 

PVA/CNT composite 

CNTs func. with PVA 

chains, OH doped 

Not fixed charged 

160 mS·cm-1/60°C  

65/DEFC, O2, 60°C 

[12] 

Q-PPO/NGO compo-

site, Cross-linked, GO 

func. with tert. amine 

groups 

2.14 ± 0.07 meq·g-1123 mS·cm-

1/80°C 

398/H2FC, O2, 60°C 

[13] 

PE/Ac-PPO pore-filled  

PE support, Ac-PPO 

crosslinked by TMHDA 

2.05 ± 0.06 meq·g-187 mS·cm-

1/80°C  

239/H2FC, O2, 80°C  

[14] 

PXm-Tn  

Network, pyrazolium 

cations as crosslinkers 

0.91 meq·g-1111 mS·cm-1/80 °C  

730/H2FC, O2 
[15] 

3QPAP-0.5 

PAP with clustered pi-

peridinium cations 

2.26 meq·g-1117 mS·cm-1/80 °C  
291/H2FC, O2 

[16] 

PQP-100 2.30 meq·g-1119 mS·cm-1/80°C  
496/H2FC, O2, 60°C 

[17] 

Tokuyama A201  1.7 meq·g-1 

42 mS·cm-1 
[3] 
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Manufactured by To-

kuyama Co. 

148 mW·cm-2/H2FC, Air, 50 °C 

Fumasep® FAA-3  

Manufactured by 

Fumatech 

1.7-2.1 meq·g-1 

40-45 mS·cm-1 

223 mW·cm-2/H2FC, O2, 60 °C 

[14] 

Sustainion® 37-50 

Manufactured by Diox-

ide Materials 

IEC not found 
70-80 mS·cm-1 

3.33 A·dm-2/WE, 1.8 V 

[18] 

Ralex® AMH-PES 

Manufactured by 

MEGA 

Parameters not found  

AemionTM  

Manufactured by 

Ionomr 

IEC & conductivity not found 
0.63 A·dm-2/WE, 2.0 V 

[18] 

OrionTM  

Manufactured by Orion 

Polymer 

IEC & conductivity not found 

0.05 A·dm-2/WE, 2.0 V 

[18] 

As can be seen in this review, considerable work has 
been done on the development of PEAEMs and the identifi-
cation of their properties. However, there are still a number 
of scientific obstacles to overcome before anion exchange 
membranes can be successfully applied to commercial fuel 
cells. The main limitation of PEAMs is the stability of the 
membrane at the high pH conditions necessary for high ionic 
conductivity. The still-poor stability of the ammonium group 
used causes a drop in ionic conductivity and a loss of system 
efficiency [19]. 

5. Conclusions 

In recent decades, significant improvements have been 
made in polymer electrolyte anion exchange membranes in-
creasing the performance of alkaline fuel cells. However, 
considerable obstacles remain to establish this promising 
technology as a viable player in the green hydrogen econ-
omy, notably in terms of durability. 
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1. Introduction

Methanol crossover through proton exchange mem-
branes  (PEM), like Nafion, is the cause loss of overall effi-
ciency and decreasing lifetime in Direct Methanol Fuel        
Cells (DMFC).1 To ameliorate this problem, low methanol 
concentrations (below 2 M) are used in the DMFC, limiting 
the overall energy density. 

The proton transport through the membrane generates 
convective transport of solvent molecules through electro-
osmotic drag, which accounts for the transport of water or 
methanol by coupling the charge and mass transport. At 
constant current density, the membrane thickness is the pa-
rameter that determines the relative contribution of diffu-
sion and electro-osmotic to the alcohol crossover. Because 
diffusion flux depends on the membrane thickness, the thin-
ner is the membrane, the lower is the electro-osmotic con-
tribution. 

The quantities that are commonly determined in electro-
osmotic studies are the electro-osmotic permeability, W, 
defined as the ratio between the mass flow of solvent (JV) 
and the current, I, circulating through the cell in the absence 
of pressure gradients:  

𝑊 = (
𝐽𝑉

𝐼
)
𝑝=0

  (1) 

and the electro-osmotic drag factor, , defined as the num-
ber of solvent moles that are dragged by mol of hydrogen 
ion: 

   =  
𝑛𝑠

𝑛𝐻+
  (2)  

The first study of methanol transport through Nafion 
membranes was performed by Ren et al. using a DMFC con-
figuration method.2  It was proposed that the methanol drag 
factor would be similar to that of water in Nafion, weighted 

by the molar fraction of methanol (m = xm.w,), amply used 
for mathematical modelling of DMFC.3 

Tschinder and coworkers4 measured  of water-metha-
nol mixtures through different Nafion membranes (112, 
115, and 117) at 30 oC using a two compartments cell. The 
total drag factor (water + methanol) increases with the 

methanol concentration from  ≈ 2.7 for pure water up to  
≈ 9.5 for pure methanol. In a second study,5 the measure-
ments for Nafion 117 were extended to temperatures from 
20 to 70 oC in the range of composition from pure water to 

methanol  65 %w/w. The results show a monotonously 

increase in the drag factor with the methanol concentration 
that the authors assigned to the enlargement of the Nafion 
membrane channels diameter, which facilitates the solvent 
transport.   

A study of the transport of methanol in Nafion mem-
branes was performed by Hallberg et al.6 using an electro-
phoretic NMR method, which allows separating the metha-
nol contributions to the total drag factor. The results exhibit 
a rather different behavior than those reported previously4,5 

on the limited concentration range (xm < 0.3) studied with 
the NMR technique. 

A reverse DMFC configuration was used by Chi et al.7 to 
study the electro-osmotic drag of 2 M CH3OH (xm = 0.035) 
aqueous solutions in Nafion 117 between 30 and 80 oC. The 
calculated total drag coefficient, which is essentially due to 
water for this low methanol concentration, increases from 
1.54 at 30 oC up to 2.4 at 50 oC, but it decays to 1.6 at 60 oC. 

In summary, the results reported in the literature for the 
electro-osmotic flow of water-methanol solutions through 
Nafion are contradictories. In 

To provide new experimental evidence for improving the 
electro-osmotic drag description of these mixtures, which 
are relevant to the modelling and operation of DMFC, we 
determined the electro-osmotic flow of methanol-water 
mixtures through a Nafion 117 membrane on the entire 
composition range, from pure water to pure methanol, at 
different temperatures in the interval 25 oC to 60 oC.  

2. Experimental

The method employed is the two compartments capil-
lary cell (TCCC), that it was used by several authors, as 
described in Figure 1.  

Fig. 1: Scheme of the TCCC: A- plexiglass cell; B- membrane; C- per-
forated plate; D- o’ring; E- bolt; F- Ag/AgCl electrode; G -HCl solu-
tion; H- stirrer; I - septum; J- capillary tube. 
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The cell, built with plexiglass (A), has two compartments 
with volumes around 22 cm3, separated by the membrane 
(B), which is kept in position with perforated plates (C). Thus, 
possible bend or deformation of the membrane, whose ex-
posed area is 2.5 cm2, is prevented. Silicone O’rings (D) on 
each side are compressed with five bolts (E) to seal the as-
sembly avoiding solution leakages. Ag/AgCl electrodes (F) 
are used to drive a constant current through the HCl solution 
in the water-methanol mixture (G). Concentration gradients 
within the solutions are avoided by using magnetic bars (H) 
as stirrers. The solutions are introduced into the compart-
ments through two septa (I), and the volume change as a 
function of time by following the position of the meniscus in 
the calibrated capillary tube (J) with a cross area of 1.31 
mm2.  

Previously to each experiment, the Nafion membrane 
was immersed for 24 h in the corresponding solution to as-
sure sorption equilibrium. After that, the membrane was 
mounted in the cell, and both compartments were filled 
with the same solution through the septa located on each 
side. The cell is then placed in an airbox where the temper-

ature is controlled  0.1 K in the range between 25 oC to 60 
oC. Once the temperature became stable, the cell electrodes 
were polarized with a potentiostat-galvanostat, with                       
currents between 0.9 and 2.0 mA. The experiments run dur-
ing variable intervals, which can reach up to 100 minutes.  

The liquid displacement is measured at intervals of 200-
400 s on a millimetric scale located behind the capillary tube 
by resorting to x10 magnification lens. The accuracy in the 

displacement of the liquid was  0.1 mm, which is equivalent 
to a volume error of around 1.3 microliters.  The volume cor-
rection due to the processes taken place at the Ag/AgCl can 
be neglected. 

The electro-osmotic flux can be calculated from the 
measured volume change, V, after a time t, as: 

 

                                 F

i

AMt

V
J

 
==

                                            (3) 

where  is the density of the solution, M is the mean                    
molecular weight of the solvent, A is the membrane area, 
and i is the current density.  

Methanol (Merck), and hydrochloric acid 35 % (Sigma Al-
drich), were used as received. All aqueous solutions were 
prepared with pure water. Nafion® 117 (Ion Power) mem-
branes (EW 1100 g.eq-1, thickness 118 μm) were washed in 
H2O2 3 wt% at 80°C for 1 h, then rinsed in boiling water for 
1 h and immersed in 1M H2SO4 at 80°C. Finally, they were 
rinsed again in boiling water for 1 h.  

A stock solution of HCl in methanol was prepared by 
pouring aqueous HCl (35 %w/w) in a flask containing CaCl2, 
which was previously dried in an oven at 80°C for 12 h. The 
stream of gaseous anhydrous HCl exits the flask through a 
lateral tube and bubbles into anhydrous methanol con-
tained in a vessel under a dry nitrogen atmosphere. The 
stock solution was titrated using a standardized NaOH solu-
tion. Finally, an aliquot of the stock solution was diluted with 
anhydrous methanol to prepare a 0.5 molal methanolic HCl 
solution used in the electro-osmotic experiments. HCl solu-
tions in methanol-water mixtures were prepared by mixing 
the corresponding masses of pure methanol and the stock 

aqueous HCl solution previously titrated using standardized 
NaOH aqueous solutions.  

3. Results 
 

3.1 Electro-osmotic drag coefficient of water  
        

     Figure 1 shows the results obtained in this work for the 
electroosmotic drag coefficient of water in Nafion mem-
branes as a function of temperature, as compared with the 
data reported in the literature. 
 

    
   
Fig. 2: Electro-osmotic drag coefficient of water in Nafion mem-

branes as a function of temperature: () this work; (○)  = 22;8 (□) 

 = 22.5;9 (∆)  = 13;10 (◊)  = 16.8;11 The grey symbols correspond 
to the data by Pivovar et al.12 for Nafion 117 in the presence of 
aqueous HCl at the indicated concentrations.    

 

The measured  using the TCCC are much higher than 
those reported for Nafion 117 using other methods, even in 
the case where the Nafion water content are similar to that 

of the fully hydrated membranes (  22). This apparent dis-
agreement is related to the fact that in those techniques, the 
membrane is in contact with pure water, while in the TCCC 
technique, the membrane is in contact with an acid aqueous 
solution.  

 
3.2 Electroosmotic drag coefficients of water-methanol 
mixtures and pure methanol  

 

       The electro-osmotic drag coefficient data as a function 
of the mixture composition at the studied temperatures is 
summarized in Figure 3.  
       Several conclusions emerge from the whole behavior. 
Firstly, the drag coefficients for pure methanol in Nafion 117 
are higher than those for pure water, on the temperature 
interval studied. The ratio 

𝑚
/

𝑤
 is close to 1.4 in the range 

25-60 oC, indicating that the electro-osmotic drag is more ef-
ficient for methanol as compared to water when Nafion 117 
is fully solvated with alcohol. This is expected because of the 
large swelling of Nafion in methanol in relation to water, 
which in turn determines the high permeability of methanol 
in Nafion.13   
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Fig. 3: Total drag coefficient as a function of methanol concentra-

tion at different temperatures: () 25 oC; () 40 oC; () 50 oC; () 
60 oC. The lines are just a guide for the eyes. 

 
      The observed electro-osmotic drag of methanol in 
Nafion would be the consequence of an expanded nanocy-
lindrical micelles14 when methanol replaces water, and not 
for a stronger solvation of the H+ in methanol. More im-
portantly, our results contradict the finding of molecular dy-
namic simulation,15 which predicted that the electroosmotic 
drag of methanol would be much smaller than that of water. 
      A phenomenological explanation of the non-linearity of 
the drag coefficient vs. methanol mole fraction could be 
found in the behavior of the water-methanol sorption in 
Nafion 117. Solvent (water + methanol) sorption maxima 
were observed as a function of the solvent composition for 

xm  0.7-0.8.14 Diaz et al.14 observed that the methanol con-
centration in the membrane increases sharply, while the wa-
ter concentration decreases slowly as the methanol mole 
fraction in the solution increase from 0 up to 0.4. Above xm 
= 0.5, an abrupt decrease in the water content is observed 
while the methanol concentration reaches a plateau. Be-
cause of this sorption behavior at xm > 0.8 in the solution, 
the amount of water within the membrane is negligible. 
     Therefore, one is tempted to think that the decrease of 
the electro-osmotic drag factor in that region is driven by 
the higher partition coefficient of methanol between the 
membrane and the solution compared to water. Even when 

at xm  0.7 there is approximately 5 methanol per water mol-
ecule in the membrane, protons are preferentially solvated 
by molecules of water and the vehicular mechanism of pro-
ton conduction, that is responsible for the electro-osmotic 
drag, is enhanced due to the loss of the hydrogen bond net-
work in the methanol rich region.  

4.  Conclusions 
 

The measured w is higher than that reported by previous 
studies using techniques where the Nafion membrane is in 
contact with pure water but agrees with the data reported 
in HCl aqueous solution at similar concentrations.                                                                        

The drag coefficient for pure methanol is roughly 40 % 
higher than for pure water, obeying the more expanded 
structure of the Nafion swollen by methanol. The electro-
osmotic drag in water-methanol mixtures exhibits a marked 

non-linearity, reaching a maximum at xm  0.7 at all the tem-
peratures. This behavior was rationalized by analyzing the 
asymmetric sorption features of Nafion in water-methanol 
mixtures. The discrepancies of our results with previous re-
sults for the water-methanol electro-osmotic flow were also 
addressed.  
Regarding the impact of these results concerning the opera-
tion of DMFCs, we claim that the lower electro-osmotic flow 
of methanol in pure methanol as compared with methanol 
solutions of intermediate concentration would improve the 
performance of DMFCs where the electro-osmotic drag pre-
dominates over other processes.     

Acknowledgements  

The authors thank ANPCyT for financial support (PICT 
2013-1818) and the Natural Sciences and Engineering Re-
search Council of Canada, Discovery Grant Program 
(RGPIN/371933-2011). HRC is a member of CONICET. 

References 

[1] Corti, H. R. (2014) “Membranes for direct alcohol fuel cells” in 

Direct Alcohol Fuel cells. Materials, Performance, Durability 

and Applications. (Springer), 121-230. 
[2]    Ren, X., Springer, T., Zawodzinski, T., Gottesfeld, S.  (2000). J. 

Electrochem. Soc. 147, 466-474. 
[3]   Wang, Z. H., Wang, C. Y. (2003). J. Electrochem. Soc. 150, A508-

A519. 
[4]   Schaffer, T., Tschinder, T., Hacker, V., Besenhard, J. O. (2006). 

J. Power Sources 153, 210–216. 
[5]   Tschinder, T., Schaffer, T., Fraser, S. D., Hacker, V. (2007). J. 

Appl. Electrochem. 37, 711-716. 
[6]   Hallberg, F., Vernersson, T., Pettersson, E. T., Dvinskikh, S. V., 

Lindbergh, G., Furó, I.  (2010). Electrochim. Acta 55, 3542-
3549. 

[7]   Chi, N. T. Q., Bae, B., Kim, D. (2013). J. Nanosci. Nanotech. 13, 
7529-7534. 

[8]  Ren, X., Henderson, W., Gottesfeld, S. (1997). J. Electrochem. 

Soc. 144, L267-L270.  

[9]   Luo, Z., Chang, Z., Zhang, Y., Liu, Z., Li, J. (2010). Int. J. Hydrogen 

Energy 35, 3120-3124. 

[10] Ise, M, Kreuer, K. D. Maier, J. (1999). Solid State Ionics 125, 

213-223. 

[11] Ge, S., Yi, B., Ming, P. (2006). J. Electrochem. Soc. 153, A1443-

A1450.                                                                                                

[12] Pivovar, B. S., Smyrl, W. H., Cussler, E. L. (2005). J. Electrochem. 

Soc. 152, A53-A60.                                                                  

[13]  Diaz, L. A., Abuin, G. C., Corti, H. R. (2012).  J. Membr. Sci. 411–

412, 35-44. 

[14]  Schmidt-Rohr, K., Chen, Q. (2008). Nat. Mater. 7, 75-83            
[15]  Ji, X., Yan, L., Zhu, S., Zhang, L., Lu, W. (2008). J. Phys. Chem. B 
112, 15616-15627. 

 

227

https://pubmed.ncbi.nlm.nih.gov/?term=Schmidt-Rohr+K&cauthor_id=18066069


       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

1 

2

3

Co,Ni Metal-Organic Framework Derived Catalysts for the Hydrogen Oxidation 
Reaction in Alkaline Medium  (P-11FC)
Federico Roncaroli 1,2,3*

Departamento de Física de la Materia Condensada, Instituto de Nanociencia y Nanotecnología, Centro Atómico Constituyentes, Comisión 

Nacional de Energía Atómica (CNEA), Avenida General Paz 1499, (1650) San Martín, Buenos Aires, Argentina. 

Consejo Nacional de Investigaciones Científicas y Técnicas-CONICET. Godoy Cruz 2290 (1425), Ciudad de Buenos Aires, Argentina. 

 Departamento de Química Inorgánica Analítica y Química Física, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Ciu-

dad Universitaria, Pabellón II, (1428) Ciudad de Buenos Aires, Argentina. 

(*) Pres. author: roncaroli@cnea.gov.ar 

Keywords: MOF, coordination polymer, Fuel Cell, Electrolyzer, platinum group metal free catalyst 

1. Introduction

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) are
electrochemical devices which produce electricity at low 
temperature from the electrochemical reaction between 
O2 and H2, i.e. the Oxygen Reduction Reaction (ORR) and 
the Hydrogen Oxidation Reaction (HOR) respectively. These 
two gases can be generated upon water electrolysis, 
through the Hydrogen Evolution Reaction (HER) and Oxy-
gen Evolution Reaction (OER), employing alternatively a 
renewable source.  

According to IUPAC recommendations 2013, Metal-
Organic Frameworks (MOFs) are Coordination Polymers 
(CPs) with organic ligands, extended in two or three dimen-
sions, containing potential voids. The possibility to choose 
the organic ligand or linker and the metal ions, allows tun-
ing the structure, pore size, surface area and multiple func-
tionalities in a rational way. Due to their crystalline struc-
ture, tailorable ligands, presence of pores and metallic 
centers, applications of MOFs have been proposed for 
many applications like: gas storage and separation, drug 
delivery, sensors and catalysis [1-5]. 

Our target is to obtain MOF derived materials to com-
pletely replace Pt-group-metal (PGM) catalysts employed 
in PEM-FCs and electrolyzers. Unfortunately, MOFs and CPs 
do not usually have high electrical conductivity, enough 
stability under harsh pH conditions required in PEMFCs and 
electrolyzers and high catalytic activity towards the ORR, 
HOR, HER or OER. For this reason, derived materials ob-
tained from MOFs upon thermal treatment under con-
trolled atmosphere are employed. Upon thermal treatment 
under O2 atmosphere or in air, nanostructured oxides have 
been obtained. In contrast, pyrolysis of MOFs or CPs under 
inert atmosphere (N2 or Ar) produces porous carbons 
doped with heteroatoms and decorated with metal-
lic/oxide nanoparticles. Organic ligands contribute to the 
carbonaceous matrix and with the heteroatom (N, O, S, P, 
B) doping. Metal ions are reduced to metallic nanoparticles
or, alternatively, they are incorporated as MNxCy moieties
to the carbonaceous structure [1-5].

During the last years we have been working on N-
doped mesoporous carbons derived from two Co-MOFs, 
one linear Co-CP and one Co-complex. The following N-

heterocyclic ligands were employed to synthesize Co pre-
cursor compounds: 2-Methylimidazole (MeIm, for the co-
balt zeolitic-imidazolate framework, ZIF-67), nicotinate 
(Nic), 2,3-pyrazinedicarboxylate ((CO2)2Pz) and pyra-
zinecarboxylate (CO2Pz). In this way, the precursors or sac-
rificial materials identified as ZIF-67, CoNic (MOF), 
Co(CO2)2Pz (linear coordination polymer) and CoCO2Pz 
(complex), respectively, were obtained. Samples were ob-
tained at 700 

o
C and 900 

o
C. Pyrolyzed samples were identi-

fied adding the pyrolysis temperature to the precursor 
name (ex.: Co(CO2)2Pz 700 

o
C) [1-5].

The catalysts thus prepared were characterized 
through Raman, XPS and EDX spectroscopies. Electron mi-
croscopies (TEM & SEM) showed several morphologies as 
sponges, rods, polyhedrons, spheres, etc., depending on 
ligand employed, and pore sizes between 20-100 nm. 
When the pyrazinedicarboxylate ligand was employed (700 
o
C, AL), the following electrokinetic parameters were ob-

tained for the ORR: Eeq = 0.907 V vs RHE (1.0 V for Pt), E1/2 = 

0.720 V (vs RHE), jo = 10 A cm
-2

, Tafel slope = 82 mV dec
-1

,
electron transfer number close to 4.0 and 10 % yield in 
H2O2 (0.5 M H2SO4). The electrochemical results were in-
terpreted in terms of the Nitrogen content (XPS), specific 
surface area on mesopores and pore size distributions. This 
catalysts presented high methanol tolerance and high cy-
clability (3000 cycles) [1].  

The three best catalysts (i.e.: ZIF-67 700 AL, Co(CO2)2Pz 
700 AL and CoNic 700 AL) towards the ORR were employed 
to construct cathodes in a PEM-FC employing Pt 20 % as 
anodic catalyst. It was possible to reach a maximum power 
density of 259 mW cm

-2
, a limiting current of 1.36 A cm

-2
 

and an open cell voltage of 0.86 V [3]. These parameters 
are comparable to those of Pt 20 % on Vulcan (0.34 W cm

-

2
). Employing the catalyst Co(CO2)2Pz 700 AL, the PEM-FC 

was able to operate for 500 hours, without significant 
change of its electrochemical parameters and without leak-
ing Co or Pt [3]. 

These catalysts were tested as catalysts for the HER 
and OER [5] in electrolyzers. The catalyst derived from Co-
balt 2,3-pyrazinedicarboxylate polymer (700 

o
C) had a Tafel 

slope of 90 mV dec
-1

 and 130 mV dec
-1

 for the HER and OER 
respectively, a current density of 10 mA cm

-2
 was reached 

at -0.23 V and 1.56 V vs RHE for the HER and OER respec-
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tively. This catalyst was deposited on both electrodes (car-
bon paper) in an electrolyzer, which could operate during 
10 hours in a short-term durability test without changing 
the electrochemical parameters and the evolved gases 
reached approximately 100 % of Faraday efficiency, clearly 
showing that these materials are bifunctional catalysts 
towards the overall water splitting [5]. 

In the present report, Co, Ni and CoNi precursor com-
pounds were synthesized with the same ligands as de-
scribed above and they were tested as catalysts towards 
the HOR, aiming to obtain anodic catalysts for alkaline ani-
on exchange fuel cells (AAEFCs).  

2. Experimental 

2.1 Synthetic procedure 

Details on the employed chemicals, precursor synthesis, 
pyrolysis technique, ink preparation, were described in 
previous reports [1,3,5]. 

NiCo precursors were synthesized following the same 
procedure as the Co analogues, using half the number of 
moles of Ni

2+
 and half ones of Co

2+
.  

 

2.2 Physical Characterization techniques 

Catalyst morphology and composition (EDX) was char-
acterized by scanning electron microscopy (SEM) on a FEI 
Quanta 400 microscope. 

 
2.3 Electrochemical measurements 

Electrochemical experiments were performed employ-
ing an Autolab PGSTAT302N potentiostat (Echochemie, 
Netherlands). A 0.196 cm

2
 gold disc, a Ag/AgCl (KCl satu-

rated) and large area rolled Platinum wire were used as 
working, reference and counter electrodes, respectively, in 
a three electrodes electrochemical. 0.1 M KOH was used as 
electrolyte, saturated with N2 or H2 depending on the ex-
perimental conditions.  

3. Results 

3.1 2.2 Physical Characterization  

Figure 1 shows the SEM images of the Co,Ni-2-
methylimidazolate precursor (a) and its pyrolysis (700 

o
C, 

N2) derived material (b). This precursor compound shows 

dodecahedral particles of ca. 1 m diameter. The particle 
size and shape were retained after pyrolysis (b), exhibiting 
bright spots consistent with the presence of metallic nano-
particles as previously found [1,2].  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
. 
Figure 1. a) SEM images of the pristine Co,Ni 2-
methylimidazolate precursor compound. b) SEM image of 
the pyrolysis product (700 

o
C, N2). Scale bar corresponds to 

5 m. 
 
3.2 2.3 Electrochemical studies on the HOR 

 

Figure 2 shows the cyclic voltammetry (CV) for the Ni 
imidazolate MOF pyrolyzed at 700 

o
C, in H2- and N2-

saturated 0.1 M solutions. In both of them it is possible to 
observe a steep decrease of the cathodic current at nega-
tive potential values consistent with the HER. However, 
upon H2-saturation the CV curve shifts to higher, more 
positive currents or more anodic values, particularly at a 
100 mV overpotential, where it shows a maximum. A quali-
tatively similar picture was observed with the other Ni 
catalysts (obtained at 700 

o
C), however Ni,Co derived ma-

terials exhibited lower activity towards the HOR. The same 
held for the Co doped carbons.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Cyclic voltammetry of the Ni imidazolate MOF 
pyrolyzed at 700 

o
C supported on a gold disk, in H2- or N2-

saturated (red or blue lines respectively) 0.1 M KOH solu-
tions, 25 

o
C, scan rate 5 mV s

-1
. 

a) 

b) 
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Linear sweep voltammetries were obtained for the Ni cata-
lysts and the Co,Ni 2-methylimidazole derived material.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.  HER/HOR Tafel plot obtained from the Linear sweep 

voltammetry (LSV) for the Ni imidazolate 700
o
C catalyst, obtained 

in H2 saturated 0.1 M KOH solution, 25 
o
C, scan rate 5 mV s

-1
. 

 

 

 

Table 1. Electrokinetic parameters for the HOR on the studied 
catalysts. 

 

 

Tafel analysis afforded the electrokinetic parameters. The equilib-

rium potentials were very close to the ideal value of 0 V vs RHE. 

The exchange current densities (calculated on the basis of the 

geometric electrode area) were approximately 0.1 mA cm
-2

 (see 

table 1), in agreement with previous reports on Ni catalysts [6-8]. 

The Tafel slopes are consistent with the Heyrovsky/Volmer reac-

tions being the rate determining steps.  

 
 
 
 
 

 

 

 

 

 

 

 

4. Conclusions and perspectives 

It was possible to synthesize MOF derived materials 
with catalytic activity towards the HOR. Deeper characteri-
zation will be done in the future. Strategies to improve the 
catalytic activity are: modify the synthetic procedure to 
obtain smaller metallic nanoparticles, inclusion of Mo na-
noparticles and phosphidation. This would allow us to con-
struct AAEM-FC completely free of platinum-group-metals. 
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1. Introduction

Solid oxide cells are important developing technologies
for energy conversion, with applications including chemical 
to electrical (fuel cell, SOFC) and electrical to chemical (elec-
trolysis, SOEC). The SOFCs show a high conversion efficiency, 
especially due to the chance to use electricity and heat in co-
generation systems. They are fuel flexible, able to operate 
with low purity hydrogen, produced from natural gas or bio-
fuels reformers. The technology is compact and modular, 
being used in domestic homes, vehicles, or in large-scale en-
ergy servers [1].  In the electrolysis mode, the SOEC devices 
are attractive because of their electrical efficiency of steam 
conversion (H2O) to H2, but also due to the chance of carbon 
dioxide (CO2) capture by electrolysis or co-electrolysis to CO 
or H2-CO mixtures [2]. The high operating temperature 
could be a drawback for the cost of the Balance of Plant ma-
terials and degradation problems shortening the life cycle of 
the cell. Therefore, a high effort has been done to develop 
strategies to reduce operation temperatures below 700 °C 
by developing new materials, processing techniques, and 
cell configurations. Compared to other technologies, which 
main components are precious metals, the SOFC/SOEC raw 
materials are abundant and less expensive. However, the 
main challenge is the material processing, especially due to 
the coexistence of ceramic with different microstructural 
demands, which means for example dense and thin electro-
lytes with highly porous and thick electrodes.  

From the point of view of cell configurations, SOFCs can 
be classified according to geometry into tubular or planar. 
Despite the major complexity of the seals, planar cells can 
deliver a major power density and the processing methods 
are easily scalable, in this kind of configuration, the mem-
brane-electrode-assembly (MEA) can be classified according 
to the component responsible of the mechanic support as 
electrolyte, electrode or substrate supported. There are dif-
ferent methods involved in SOFC manufacturing: Uniaxial 
pressing, screen-printing, tape casting, slurry coating, spin 
coating, etc. Between them, tape casting is a well-estab-
lished technique for the manufacture of large areas of ce-
ramic sheets with controlled thickness; in addition, it is eco-
nomical, stable, and easily scalable. [3; 4] 

As it was mentioned before, decreasing operation tem-
perature is one of the main aims of SOFC research. One of 
the approaches is to replace state-of-art electrolytes by ma-
terials with ionic conductivities at least 0.1 S/cm below 800 

°C, for the so-called Intermediate Temperature IT-SOFCs. 

La0.8Sr0.2Ga0.8Mg0.2O3- (LSGM) is one of the most promising 
materials for the intermediate temperature range. Despite 
its good electrochemical properties, LSGM exhibits chemical 
reactivity with most common anode materials, with the for-
mation of secondary phases like LaSrGa3O7, which reduce 
the ionic conductivity of the material [5].  To avoid the reac-
tivity in the anode-electrolyte interphase, a buffer layer, 
based on La-doped CeO2, is usually used for protection be-
tween LSGM and electrodes [6] 

In this work, we analyzed the processing of multilayer 
ceramic based on LSGM as electrolyte and LDC as buffer 
layer by tape casting.  We study different routes for co-sin-
tering with the aim of simplifying and decreasing the pro-
cessing steps. The obtained microstructure and its transport 
properties were characterized along the process. 

2. Experimental

2.1 Tape casting optimization 

Two slurries were prepared by suspending ceramic pow-
ders of LSGM or La0.4Ce0.6O2-δ (LDC) in 50-50w/w isopropyl 
(ISO)-methyl ethyl ketone (MEK) solvent and organics mix-
ture. Commercial LSGM powder from Fuel Cell Materials 
was used as electrolyte and LDC, obtained by solid reaction 
at 1400°C, was used as a protective buffer.  

The slurry composition was optimized with 50 %w/w of 
solid, 5% Binder, 5% dispersant, 10% Plasticizer, and 30% 
solvent (3:2 ISO:MEK). The slurries were ball-milled to ob-
tain a homogeneous mixture, de-aired, and coated on the 
substrate using a lab-made tape-casting machine with a Dr. 
Blade at 1mm of height with a speed of 0.84±0.02 m/min. 
All tape casting process parameters were kept constant ex-
cept the vacuum time during de-airing, which varied from 0 
to 5 seconds. The slurry optimization was made by optical 
inspection of tapes trying to minimize the defects (cracks, 
holes, bubbles, etc.) 

Before the sintering, a TG-DSC analysis of the organic 
components and the green tapes were done to optimize the 
debinding rate and temperature. The addition of small 
amounts of Fe(NO3)3 (Sigma-Aldrich) was used to decrease 
the sintering temperature from 1500 to 1350 °C. 
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2.2 Multilayer processing 

Two strategies were used to achieve the multilayer:  
1 – One-stage:  co-taping by depositing layer over layer 

of LDC with Fe as aid sintering first, followed by an LSGM 
with Fe layer, and finally an LDC with Fe layer.  

2 –Two-stages: LSGM with Fe and LDC with Fe tapes 
were deposited separately and assembled once they are 
dried. 

The green tapes were laminated and co-sintered in air at 
1350°C for 6 hours. The resulting sintered tapes were 
observed searching macro defects. The microstructure of 
those samples without macro defects was analyzed by scan-
ning electron microscopy (SEM) using an FEI Inspect S50 mi-
croscope.  

 
2.3 Electrical characterization 

The electrical properties of the electrolyte were ana-
lyzed as a function of temperature in air by conductivity 
measurements and by electrochemical impedance spectros-
copy (EIS) using an Agilent multichannel and a potentiostat 
Autolab PGSTAT30 with FRA module, respectively. 

3. Results 

Figure 1 shows different defects observed in LSGM 
green tapes. A good slurry composition and processing are 
fundamental to achieving defect-free green tape. For exam-
ple, an excess of solvent produces big cracks (Fig. 1a), 
whereas insufficient de-aired slurry generates holes over 
the tape once, the micro air bubbles collapse (Fig. 1b). Figure 
1c shows a defect-free and homogeneous green tape ob-
tained with 50%w/w ceramic to solvent slurry after de-airing 
for 4 seconds. 

 The thermal treatment for ceramic conformation was 
selected once the debinding condition was analyzed. TG-
DSC curve of green tape (Fig. 2) shows that at 600°C the or-
ganic components were removed. Then the thermal treat-
ment selected involves a slow heating (1°C/min) followed by 
a dwell time at 600°C of 6h, before continuing with faster 
heating (3°C/min) up to sintering temperature, which was 
adjusted by analyzing the effect of Fe (III) salt. Fig. 3 shows 
a comparison of microstructures of LSGM electrolytes ob-
tained with and without Fe as additive. The density of ce-
ramic is notably higher when Fe is used as a sintering aid 
(Fig. 3c). Note that the temperature of sintering is reduced 
around 150°C, from 1500°C (LSGM sintering temperature) to 
1350°C, but in this case, the grain size is significantly smaller 
(∼1µm at 1350°C compared to ∼30 µm at 1500°C). 

The comparison of the ceramics obtained after the two 
strategies applied for multilayer LDC/LSGM conformation 
shows that the one-stage strategy of co-taping layer by layer 
produces deficient electrolyte: the LDC/LSGM interfaces 
peeled off (Fig. 4a), and the ceramic presents big cracks and 
curvatures (Fig. 4b). On the other hand, the two-stage strat-
egy allows for obtaining multi-layered electrolytes up to 
40mm diameter, as Fig. 4c shows. Fig. 5 shows an SEM image 
of the cross-section of the multi-layered electrolyte. The in-
terfaces are visible and do not look detached. An EDS line 
scan shows the distribution in the electrolyte of Ce and La. 
Ce only remains in the LDC layers, and there is no diffusion 
to the LSGM layer.  

Fig. 4 a) Multilayer electrolyte did by co-tape after sintering 
process: the layers peeled off; b) SEM image shows the interphases  
and the big cracks in the co-taped electrolyte; and c) multilayer 
electrolyte done in different steps without macroscopic defects or 
big cracks. 

Fig. 2 TG-DSC of the LSGM electrolyte done by tape casting. 

Fig. 1 Slurry preparation effects on green tapes conformation: a) 
cracks due to excess of solvent, b) holes produced by insufficient 

de-airing, and c) defect-free tape. 

Fig. 3 SEM image of the LSGM electrolyte sintered at 1350°C for 6h. 
a) LSGM sintered at 1500°C; b) LSGM sintered at 1350°C and c) 
LSGM with Fe(III) sintered at 1350°C. 
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 Electrical conductivities were analyzed from EIS data in 
order to separate electrolyte contribution from elec-
trodes/current collectors. Fig. 6 compares the total conduc-
tivity (bulk+grain boundary) in an Arrhenius plot for LSGM 
tapes processing under different conditions. Literature data 
are included for comparison. The conductivity of LSGM tape 
sintered at 1500°C is comparable with the literature values 
and higher than those found for the electrolyte with Fe (III) 
as an additive and the multi-layered electrolyte.  
 

4. Discussion  

The lower conductivity for the LSGM+Fe electrolyte 
with respect to that sintered at 1500°C could be a conse-
quence of the smaller grain size, which must contribute to a 
stronger grain size effect on the conductivity  

In the case of the multilayer LDC-LSGM conductivity, 
two effects could be responsible for its lower values: the LDC 
contribution or the higher porosity. However, in the first 

case, if we estimate the expected conductivity of the multi-
layer by considering the layer thicknesses from Fig.5 and the 
ion conductivities of LDC [8] and LSGM+Fe (this work), we 
found that these values are higher than those obtained ex-
perimentally. As the activation energy is comparable with 
those of LSGM, we assume that the main responsible for the 
lower conductivities should be the higher porosity (see Fig. 
5). The asymmetric Bruggeman model estimates the true 

conductivity as 𝜎 = 𝜎𝑝(1 − 𝑝)−3/2, where 𝜎𝑝 is the conduc-

tivity measured in a porous material and p is its porosity. 
Thus, the porosity observed by SEM explained the lower 
conductivity measured. Then in the next stage, we planned 
to improve the electrolyte density by increasing the time of 
sinterization. 

5. Conclusions 

In this work, it was developed a successful strategy to 
build multilayer ceramic electrolytes based on LSGM and 
LDC by tape casting, lamination, and co-sintering for 
SOFC/SOEC devices.  
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with tapes coated in different stages. The linescan above the 
picture shows Ce an La distribution through the electrolyte. 

Fig. 6 Arrhenius plot of electrolytes conductivities obtained from 
EIS data and compared with literature values. The activation 
energies are included. 
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1. Introduction
Ceria-based mixed oxides are materials with a major

technological impact, especially in the area of environ-
mental protection, and have been studied for applications 
such as three-way catalysts, oxygen gas sensors and elec-
trodes and electrolytes for solid oxide fuel cells. A vast 
range of catalytic applications make use of the reversible 
oxygen storage ability of ceria-based materials, a phe-
nomenon which is closely connected to the Ce4+/Ce3+ redox 
couple [1]. In recent years interest has grown in the study 
of Cu-Ce oxide formulations for replacing catalysts based 
on noble metals, which have demonstrated excellent cata-
lytic performance. In particular, CuO-CeO2 mixed-metal 
oxides have been applied in several environmental reac-
tions such as the oxidation of harmful organic compounds, 
low temperature oxidation of CO, the water-gas shift reac-
tion and preferential oxidation of CO in hydrogen-rich 
streams. The enhanced catalytic activity in CO oxidation 
reactions is probably due the synergistic effect due to the 
presence of CuO on CeO2, which is associated with electron 
transfer between the coupled redox cycles Cu1+/Cu2+ and 
Ce3+/Ce4+, increasing the number of oxygen vacancies and 
the reducibility at the interface sites of CuOx–CeO2[2]. 

Furthermore, the method of preparation significantly 
influences the properties of the resulting nanostructured 
mixed oxides, which in turn could influence their catalytic 
performance. There are two main factors that govern the 
activity of the catalysts, namely, their surface area and the 
nature and number of active sites. For catalysis applica-
tions, it is necessary to obtain materials with large specific 
surface area (SSA).  

In the present work, nanostructured Cu0.1Ce0.9O1.9 
(CuDC10) were prepared by two different methods in order 
to obtain different morphologies: cation complexation (CC -
powders) and microwave assisted hydrothermal homoge-
neous co-precipitation (HMW - spheres). The catalytic ac-

tivity of these materials for the CO oxidation reaction was 
investigated and it was found that the samples obtained 
from both preparative methods showed excellent per-
formance.  

2. Experimental
2.1 Synthesis

In order to obtain different morphologies, two chemical 
methods were employed to synthesis nanostructured 
Cu0.1Ce0.9O1.9 solid solutions: cation complexation (CC) [3] 
and microwave assisted hydrothermal homogeneous co-
precipitation (HMW) [4]. 

2.2 Physicochemical characterization 

All samples were characterized by X-ray diffraction 
(XRD), specific surface area determination (SSA-BET), tem-
perature-programmed reduction with hydrogen (H2-TPR), 
scanning electron microscopy (SEM) and high resolution 
transmission and scanning transmission electron micros-
copy (TEM/STEM). In order to study the effect of different 
atmospheres on the structural properties, in situ synchro-
tron radiation X-ray diffraction (SR-XRD) and X-ray absorp-
tion Near Edge Structure (XANES) experiments were car-
ried out in atmospheres of 5%H2/He, 5%CO/N2 and 
21%O2/N2 at temperatures up to 500°C. Finally the solids 
were evaluated in an oxidation reaction of high environ-
mental interest, the catalytic oxidation of carbon monox-
ide, which was employed as a test reaction.  

3. Results and Discussion

In Fig. 1, the sample is viewed in HAADF mode in the 
STEM instrument. At low magnifications (Fig. 1a) the ubiq-
uitous spherical morphology and uniform particle diameter 
is again evident. Interestingly, when a single sphere was 
viewed at high magnification (Fig. 1b) the mottled appear-
ance of the contrast variations suggests that the spherical 
particles were made up of very small crystals (about 
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10nm). Chemical analysis by EDS gave a molar Cu:(Ce+Cu) 
ratio of 0.114, slightly above the value of 0.10 expected. 
The variation in chemical composition along the line and 
through the two spheres imaged in Fig. 1c
Fig.1d for Ce, O and Cu. The Cu signal varies in a very sim
lar way to the Ce signal across the line, indicating that the 
material is chemically homogenous, even at this relatively 
high spatial resolution. The Cu was present throughout the 
material and gave signal intensities proportional to those 
of the Ce. 

 

Fig. 1. Electron microscopy data for the CuDC10
tured spheres: (a,b) HAADF images showing the uniformity 
and internal structure of the nanostructured spheres; (c) a 
HAADF image of a group of four spheres showing the path 
of the line scan given in (d). (e) HAADF image of a group of 
three spheres and (f-h) corresponding elemental maps for 
O, Ce and Cu. 

 
Normalized Ce L3-edge XANES spectra for the nano

tructured spheres (HMW) obtained at different temper
tures and under different atmospheres are given in 
Major differences result on changing the 
mosphere, with the spectra of both materials displaying 
essentially the same features. The following qualitative 
analysis is valid for both samples (CC and HMW)
temperature (Fig. 2a), the Ce L3-edge spectra exhibit two 
clear peaks, labelled A and B. Peak A is assigned to Ce
with the final state 2p4f05d1, which denotes that an ele
tron is excited from the 2p shell to the 5d shell, with no 
electron in the 4f shell. Peak B is also a Ce
final state 2p4f15d1v, which denotes that in addition to an 
electron excited from the Ce 2p shell to the 5d shell, a
other electron is also excited from the valence band (O 2p 
shell) to the Ce 4f shell, leaving a hole (v) in the valence 
band. 
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Electron microscopy data for the CuDC10-HMW nanostruc-
tured spheres: (a,b) HAADF images showing the uniformity 
and internal structure of the nanostructured spheres; (c) a 
HAADF image of a group of four spheres showing the path 
of the line scan given in (d). (e) HAADF image of a group of 

elemental maps for 

edge XANES spectra for the nanos-
tructured spheres (HMW) obtained at different tempera-
tures and under different atmospheres are given in Fig.2. 
Major differences result on changing the surrounding at-
mosphere, with the spectra of both materials displaying 
essentially the same features. The following qualitative 

(CC and HMW). At room 
edge spectra exhibit two 

abelled A and B. Peak A is assigned to Ce4+ 
, which denotes that an elec-

tron is excited from the 2p shell to the 5d shell, with no 
electron in the 4f shell. Peak B is also a Ce4+ peak, with the 

tes that in addition to an 
electron excited from the Ce 2p shell to the 5d shell, an-
other electron is also excited from the valence band (O 2p 
shell) to the Ce 4f shell, leaving a hole (v) in the valence 

Fig. 2. Normalized XANES spectra at the Ce L
HMW a) at room temperature in air, and at 500 °C under 
b) 5% H2/He, c) 21% O2/N
showing the experimental data (empty circles), four Gau
sian peaks (A–D), one arctangent function obtained by 
least-squares fitting, and the sum of all five functions (co
tinuous line). 

 
In order to determine the fraction of Ce present as 

Ce3+, data analysis was conducted by least
four Gaussian profiles and one arctangent function to the 
experimental XANES spectra 
and 5750 eV. The four Gaussians are assigned to the a
ready mentioned peaks A, B and C, plus one additional 
peak appearing at a ~5720 eV (labeled D) which is assoc
ated with both cationic species. The ratio between the area 
of peak C (due to Ce3+) and the sum of the areas of peaks A, 
B and C (A and B due to Ce
about the fraction of Ce present as Ce

The results of these fits are shown in 
normalized to a pure CeO2 reference. The negative
observed for oxidizing conditions at room temperature 
indicate that the sample contained a lower fraction of Ce
than this reference, but the differences are very small. The 
amount of Ce3+ increases on exposing the samples to 5% 
H2/He, and the presence of Cu has a very strong effect. 
While for pure ceria the increase under 5% H2/He is negl
gible, in agreement with known phase diagrams, the fra
tion of trivalent cerium reaches about 24% for CuDC10
and is slightly greater for CuDC10
of 28%. Switching the atmosphere (still at 500 °C) back to 
air fully reoxidizes the material, and the Ce
ratio falls back to values similar to the initial room te
perature values. Exposing the samples again to reducing 
conditions (5% CO/He) almost fully recovers the high Ce
fraction found for the 5% H2/He mixture, suggesting a good 
redox cycling ability of CuDC under these conditions. The 
fact that the Ce3+ content is slightly lower in 5% CO/He 
than in 5% H2/He can be explained 
oxygen partial pressure expected for the hydrogen
containing atmosphere, because CO is a weaker reducing 
agent than H2. 
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Normalized XANES spectra at the Ce L3-edge for CuDC10-
HMW a) at room temperature in air, and at 500 °C under 

/N2 and d) 5% CO/N2 atmospheres, 
showing the experimental data (empty circles), four Gaus-

D), one arctangent function obtained by 
ing, and the sum of all five functions (con-

In order to determine the fraction of Ce present as 
, data analysis was conducted by least-squares fitting 

four Gaussian profiles and one arctangent function to the 
experimental XANES spectra in the range between 5710 
and 5750 eV. The four Gaussians are assigned to the al-
ready mentioned peaks A, B and C, plus one additional 
peak appearing at a ~5720 eV (labeled D) which is associ-
ated with both cationic species. The ratio between the area 

) and the sum of the areas of peaks A, 
B and C (A and B due to Ce4+) gives direct information 

fraction of Ce present as Ce3+. 
The results of these fits are shown in Table 1 and are 

reference. The negative values 
observed for oxidizing conditions at room temperature 
indicate that the sample contained a lower fraction of Ce3+ 
than this reference, but the differences are very small. The 

increases on exposing the samples to 5% 
presence of Cu has a very strong effect. 

While for pure ceria the increase under 5% H2/He is negli-
gible, in agreement with known phase diagrams, the frac-
tion of trivalent cerium reaches about 24% for CuDC10-CC, 
and is slightly greater for CuDC10-HMW, reaching a value 
of 28%. Switching the atmosphere (still at 500 °C) back to 
air fully reoxidizes the material, and the Ce3+/(Ce3++ Ce4+) 
ratio falls back to values similar to the initial room tem-
perature values. Exposing the samples again to reducing 

(5% CO/He) almost fully recovers the high Ce3+ 
/He mixture, suggesting a good 

redox cycling ability of CuDC under these conditions. The 
content is slightly lower in 5% CO/He 

/He can be explained by the slightly lower 
oxygen partial pressure expected for the hydrogen-
containing atmosphere, because CO is a weaker reducing 
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Table1. Fraction of Ce present as Ce3+ in CuDC10
HMWsamples at 25 oC in air and under reducing and ox
dizing conditions at 500 oC, estimated from fittings to the 
Ce L3-edge XANES spectra. 

Sample T (oC) Atmosphere Ce
CuDC10-CC 
(powder) 

25 21% O2/N2 
500 5% H2/He 
500 21% O2/N2 
500 5% CO/ N2 

CuDC10-HMW 
(spheres) 

25 21% O2/N2 
500 5% H2/He 
500 21% O2/N2 
500 5% CO/ N2 

(*) Values are calculated with respect to a standard material: pure, 
nanoparticulate ceria. Negative values indicate that the sample contained 
a smaller percentage of Ce3+ than this standard. 
 

Fig. 3 shows the catalytic activity of the CC and HMW 
materials synthesized in this work together with ceria and 
CuO reference materials. Although CeO2 has poor activity 
in this reaction a moderate activity has been reported for 
nanostructured crystals and it can be observed that in the 
non-doped CeO2nanopowder total conversion was 
achieved at 450 °C. 

Fig. 3. CO oxidation curves for nanostructured Cu
ides, bulk CuO and CeO2 samples. 

 
On the other hand, it is known that CuO has activity for 

this reaction and it can be observed (Fig.3
tals of this oxide gave a T50 (temperature at which 50% 
conversion is reached) of 200 °C with a total conversion 
(T100) at 300 °C. Meanwhile, in the solids synthesized by CC 
and HWM a remarkable increase of the activity was o
served, with reaction beginning at temperatures as low as 
75 °C. The most active materials exhibit similar T
within a narrow range (109-118 °C). However at higher 
temperatures, some differences can be seen. The T
lowed the order CuDC10-CC<CuDC10-HMW<CuO<CeO
should be noted that these conversion data were obtained 
at short residence times (with W/F = 3.3 x 10
being the catalyst mass and F the total flow), and that they 
are comparable with the highest values found in the liter
ture for this type of catalyst. The high activity is exp
by the synergy established between Cu and Ce, which is 
reported to generate interfacial sites that present a higher 
activity than the oxides separately. Cerium oxide in int
mate contact with Cu2+ facilitates the formation of Cu
to the redox capacity of the Ce4+/Ce3+couple that transfers 
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in CuDC10-CCand CuDC10-
C in air and under reducing and oxi-

C, estimated from fittings to the 

Ce3+/(Ce4++Ce3+)% * 
-3.5 
24.3 
-3.1 
22.4 
-3.0 
28.2 
-3.3 
22.0 

(*) Values are calculated with respect to a standard material: pure, 
nanoparticulate ceria. Negative values indicate that the sample contained 

shows the catalytic activity of the CC and HMW 
materials synthesized in this work together with ceria and 

has poor activity 
in this reaction a moderate activity has been reported for 
nanostructured crystals and it can be observed that in the 

nanopowder total conversion was 

 
CO oxidation curves for nanostructured Cu0.1Ce0.9O1.9 ox-

On the other hand, it is known that CuO has activity for 
.3) that microcrys-

(temperature at which 50% 
conversion is reached) of 200 °C with a total conversion 

) at 300 °C. Meanwhile, in the solids synthesized by CC 
and HWM a remarkable increase of the activity was ob-
served, with reaction beginning at temperatures as low as 

5 °C. The most active materials exhibit similar T50 values, 
118 °C). However at higher 

temperatures, some differences can be seen. The T100 fol-
HMW<CuO<CeO2. It 

n data were obtained 
at short residence times (with W/F = 3.3 x 10-6 g h mL-1, W 
being the catalyst mass and F the total flow), and that they 
are comparable with the highest values found in the litera-
ture for this type of catalyst. The high activity is explained 
by the synergy established between Cu and Ce, which is 
reported to generate interfacial sites that present a higher 

. Cerium oxide in inti-
facilitates the formation of Cu+ due 

couple that transfers 

electrons to Cu2+ so improving the adsorption of CO as 
carbonyls CO-Cu+. In addition, the CeO
oxygen supplier in the form of superoxide (O
formed from gas phase oxygen that is incorporated into 
oxygen vacancies on the CeO
act with the adsorbed CO.The physicochemical characteri
tics of the solids as determined by XRD, XANES and TPR are 
corroborated by their catalytic behavior, which indi
high interaction between Cu2+

bility observed for both copper and cerium species is d
rectly related to their catalytic activity, as has been r
ported for this oxidation reaction

4. Conclusions 
In the present work, the phys

CuDC10 (Cu0.1Ce0.9O1.9) samples obtained by two different 
methods of synthesis were extensively studied. Spherical 
aggregates (220 nm) of nanocrystals (~10 nm) were o
tained by the HMW method while the CC method gave rise 
to sheet-like agglomerates of nanocrystals (~

The Ce4+/Ce3+ couple in nanocrystalline Cu
is highly reversible and it is this extraordinary redox ability 
together with the high chemical stability of these materials 
at relatively high temperature (up to at least 500 °C) and in 
strongly reducing conditions that provides the excellent 
catalytic properties which make them of interest for var
ous very demanding processes and technological applic
tions such as in SOFC electrodes and oxidation catalysts.

The catalytic activity of these materials for the CO ox
dation reaction was investigated and it was found that the 
samples obtained from both preparative methods showed 
excellent performance. The physicochemical characteristics 
of the solids as determined by XRD, XANES and TPR are 
corroborated by their catalytic
high interaction between Cu2+
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1. Introduction

Cobaltites with perovskite structure have been in-
tensely investigated as cathode materials for intermediate 
temperature solid oxide fuel cell (IT-SOFC) [1].  

Among the most studied cathode materials, LnBaCo2O6-

δ (Ln = lanthanides) (LnBC) cobaltites stand out because they 
have high surface exchange coefficients, oxygen diffusivity 
and high electrical conductivity [2,3]. Depending on the size 
of the cations that occupy the site A, these systems can have 
a random distribution of them, forming a cubic structure 
when Ln = La [4], or to present an ordering of the cations 
that occupy the site A when Ln= Pr, Nd, Sm, Gd with an al-
ternation of Ln – O/Ba – O layers along the c axis, introducing 
oxygen vacancies preferentially in the Ln – O plane [5], and 
forming tetragonal or orthorhombic structures [5]. The or-
dered compounds are denominated double perovskite and 
the general formula is AA'B2O6. Kim et al. [2] have reported 
oxygen permeability measurements that indicate values of 
ionic conductivity and oxygen flux through dense ceramic 
membrane for the cubic phase LaBaCo2O6-δ, higher than 
those of LnBaCo2O6 compounds (Ln = Nd, Gd, Sm) that pre-
sent tetragonal symmetry. On the other hand, the 
PrBaCo2O5+δ (PBCO) double perovskite, with a tetragonal 
structure, also stands out for its electrochemical perfor-
mance as oxygen reduction electrodes [6]. Recently, Garcés 
et al. [7] investigated the performance of the La1-

xPrxBaCo2O6-δ (LPBC) system as IT-SOFC electrodes. Although 
the polarization resistance values obtained were competi-
tive with other perovskites, the electrodes consist of a mix-
ture of cubic+tetragonal phases. In addition, L. Zhang et al. 
[8] analyzed the effect of Co deficiency in the PBCO system,
determining an improvement in the electrochemical perfor-
mance, where the PrBaCo1.94O5+δ cathode possesses the
best performance with lowest Rp.

Considering these results we were able to prepare single 
phase La0.8Pr0.2CoO6-δ with cubic crystal structure and to 
study the effect of Co deficiency in the La0.8Pr0.2Co2-yO6-δ sys-
tem (y = 0, 0.02 and 0.05) on the crystal structure stability, 
thermal expansion and polarization resistance to the oxygen 
reduction reaction. 

2. Experimental

Pollycristaline samples of La0.8Pr0.2BaCo2-yO6-δ (LPBC) with 
y=0, 0.02, 0.05 were synthesized by the citrate method. Stoi-
chiometric amounts of La2O3 and Pr6O11 were weighed and 

dissolved into diluted HNO3, separately, BaCO3 was dis-
solved in diluted acetic acid. Both solutions were heated 
slowly until evaporation of all liquid. The remaining salts 
from both recipients and CoC4H6O4(4H2O) were dissolved in 
a solution of citric acid in distilled water, in a molar ratio of 
8:1 respect to the cations. This solution was slowly heated 
to evaporate liquids and to form a gel which was then fired 
at 400 °C for several hours to obtain an ash-like product. The 
powders were calcined at at 1100°C for 12 h for all samples. 
Each sample of the LPBC series was labeled according to its 
corresponding deficit of cobalt, i.e., Co02 represents the 
La0.8Pr0.2BaCo1.98O6-δ compound.  

The crystal structure was studied by X-ray diffraction by 
means of PANalytical Empyrean III diffractometer with Ni-
filtered CuKα radiation and a PIXcel3D detector. XRD data as 
a function of temperature (HTXRD) was obtained by cou-
pling an Anton Paar HTK 1200N chamber to the described 
diffractometer. XRD and HTXRD patterns were refined using 
the Rietveld method within Fullprof suite [9]. 

The variation of the linear expansion with temperature 
was measured using a LINSEIS L75PT Series dilatometer on 
cylindrical samples (Ø∼ 4.0mm and l ∼6-8mm). Experi-

mental data were corrected by using Al2O3 as a standard. 
Electrochemical characterization was performed by Elec-

trochemical Impedance Spectrometry (EIS) in symmetrical 
cell configuration by using an Autolab system PGSTAT 30 
with a FRA2 module. The symmetrical cells consisted of a 
dense cylindrical Ce0.9Gd0.1O1.95 (GDC, Fuel Cell Materials) 
electrolyte (area ∼1.2 cm2, thickness ∼0.1 cm). Firstly, a po-
rous layer of GDC was deposited by screen printing and af-
terwards the porous LPBC electrode was deposited by spray 
deposition on both flat sides of the GDC electrolytes.  

3. Results

3.1 Structure characterization and thermal expansion 

X-ray diffraction data of La0.8Pr0.2Co2-yO6-δ samples with y
= 0, 0.02 and 0.05 show the crystal structure is cubic with no 
secondary phases. In particular, the crystal structure of the 
Co00 sample was found unstable at high temperature.     Fig-
ure 1 shows the XRD patterns of Co00 sample collected at 
25 and 930°C.  At 25 °C all reflections were indexed accord-
ing to a cubic crystal structure (SG: Pm3m), while at 930°C 
small peaks corresponding to secondary phases belonging to 
the Ban+1ConO3n+3(Co8O8) family of compounds are indicated 
with a star (*).  
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Figure 2 shows the diffraction patterns as a function of 
temperature for sample Co05 where, unlike stoichiometric 
Co00, the cubic phase is stable and no secondary phases are 
observed. The same behavior occurs for sample Co02. 

The variation of the linear expansion L/L with temper-
ature for Co00, Co02 and Co05 samples is shown in Figure 3. 
The curve for the Co00 shows a slope change above 800 °C 
that correlates with the formation of secondary phases de-
tected by HXRD. This effect disappears for Co deficient sam-
ples Co02 and Co05.  

 The expansion coefficients determined by dilatometry 
are listed in Table 1 along with the values obtained from XRD 
data. For all the three samples, this coeficients are close to 
30 x 10-6 °C-1 wheres the current reference materials for 
most common electrolytes en SOFCs and ITSOFCs of YSZ, 
GDC and LSGM are 10 x 10−6 K−1, 12.5 x 10−6 K−1 and 10.4 x 
10−6 K−1, respectively [10]. 

 
3.2 Electrochemical Performance 

The polarization resistances to the oxygen reduction re-
action (Rp) as a function of temperature were obtained from 
EIS measurements in air and presented in Figure 4. The re-
sults are compared with the reference sample 

La0.5Ba0.5CoO3-d [4]. Samples with Pr in the A site and Co 
deficiency in the B site exhibit similar Rp or slightly lower 

values than the electrode prepared with La0.5Ba0.5CoO3-. 

 

Table 1.  TEC of perovskites in the range of 150 to 900°C by dila-
tometry and XRD. 

TEC x 10-6 (K-1) 

 XRD Dilatometer 

Co00 30.1 27.5 

Co02 27.8 28.5 

Co05 28.3 29.6 

 

4. Discussion 

The thermal instability of Co00 sample is evidenced by 
the segregation of secondary phases above 900C (see Figure 
1).  The notorious variation of the linear expansion above 
800 °C (see Figure 3) suggests the formation of secondary 

Fig. 4. Total polarization resistance as a function of cobalt defi-

ciency in air. 

Fig. 2. HTXRD of La0.8Pr0.2BaCo1.95O6- in the temperature range 

from 20 to 900°C. 

Fig. 1.XRD patterns of La0.8Pr0.2BaCo2O6- sample at 25 and 930°C 

* Secondary phases 

Fig. 3. Thermal expansion curves of La0.8Pr0.2BaCo2-yO6-d in the 

range from 80 to 1050°C. 
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phases is responsible of this effect, which represent a draw-
back for the electrode. The incorporation of Co deficiency in 
the B site in Co02 and Co05 samples stabilized the cubic 
phase preventing segregation and the formation of second-
ary phases at least up to 1000 °C (see Figures 2 and 3).  

The thermal expansion coefficient values obtained for 
Co00, Co02 and Co05 samples from dilatometry measure-
ments are in good agreement with the values obtained from 
XRD data (see Table 1). The thermal expansion of these ox-
ides consist of two contributions: the thermal expansion 
product of the vibrations in the lattice due to the tempera-
ture change, and the chemical expansion associated with 
the variations of the oxygen content in the sample. In these 
materials the chemical contribution is relevant yielding high 
thermal expansion coefficient values (~ 30× 10-6 K-1) com-
pared to the currently used electrolytes for SOFC technology 
(~ 12× 10-6 K-1). This difference can be solved using compo-
sites as electrodes.    

5. Conclusions 

Perovskite materials with cation deficiency (y≠0 in 
La0.8Pr0.2BaCo2-yO6-δ) have a cubic crystal structure that is 
stable at high temperature, unlike the stoichiometric com-
pounds (y=0). In addition, they have a good cathodic re-
sponse with very low polarization resistance (Rp) values 
when used as cathodes in symmetrical SOFC cells. It was also 
determined that this series of compounds exhibit relatively 
high coefficients of thermal expansion (TEC) compared to 
the TEC of the most commonly used electrolytes in SOFC 
cells. In order to reduce TEC values of La0.8Pr0.2BaCo2-yO6-δ 
electrodes, and at the same time to maintain their good 
electrochemical performance, research is underway on the 
high temperature properties of composites formed with 
La0.8Pr0.2BaCo2-yO6-δ.  
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1. Introduction

In order to optimize the operation of the direct ethanol
fuel cell (DEFC), different materials have been investigated 
as support for the catalysts in the electrodes of the cells. 
The most used are those based on carbon within this group 
of materials is the mesoporous carbon which has multiple 
advantages. 

This work studies the influence of the functionalization 
treatment of the mesoporous carbon and the promotion 
effect of Re on the ethanol electrooxidation reaction. 

2. Experimental

2.1 Synthesis of mesoporous carbon and functionalized 
mesoporous carbon 

Mesoporous carbon (CM) was obtained by the prepara-
tion of a resin using a stirred mixture of resorcinol, formal-
dehyde, and sodium acetate. Then, poly-diallyl dime-
thylammonium chloride was added while increasing the 
temperature. The resulting mixture was kept at 70 °C for 24 
h. The obtained resin was then dried in air for 5 days. Final-
ly, it was carbonized in a vertical tubular reactor under N2

flow at 850 °C for 2 h [1].
Functionalized mesoporous carbon (CMf) was obtained 

by dispersing the previously synthesized CM in a 5 M nitric 
acid solution. The mixture was kept under stirring at 70 °C 
for 3 h, then it was then filtered and washed with plenty of 
water. Finally, it was dried at 110 °C for 12 h. 

2.2 Synthesis of the catalysts 

The supports were dispersed in a solution of wa-
ter:ethylene glycol (25:75 %v/v) and ultrasonicated. Then, 
the amounts of the Pt and Re precursors were added. The 
mixture was kept under reflux conditions for 2 h. Finally, it 
was filtered, washed with distilled water, and dried at 110 
°C for 12 h. 

The nominal loading of Pt in the electrocatalysts was 20 
wt%. In the bimetallic catalysts, the nominal Re loadings 
adopted were 1, 3, and 5 wt%. 

2.3 Support and catalyst characterization 

- Nitrogen adsorption-desorption isotherms. Textural
properties were measured on an ASAP 2020 Plus Version
2.0 instrument.

- Hydrogen chemisorption. A volumetric equipment was
employed to measure H2 chemisorption at room temper-
ature.

- X-ray diffraction (XRD). The catalysts were characterized
by XRD on an Empyrean PANalytical spectrometer using
Cu K α (λ = 1.542 10-10 m) radiation. The scanning range
was 10–80° and the scan rate was 2° min-1.

- Electrochemical measurements. Electrochemical studies
of the catalysts were carried out in a potenti-
ostat/galvanostat (TEQ-02, Argentina) and a three-
electrode test cell at room temperature. The reference
electrode was an Ag/AgCl electrode, and the counter
electrode was a Pt wire. The catalyst was dispersed in a
solution containing acetone and Nafion solution. The re-
sulting ink was ultrasonicated and deposited onto a vit-
reous carbon disk electrode. In CO stripping, the CO was
bubbled in the electrolytic solution (0.5 M H2SO4) for 30
min at a constant potential of 200 mV. Cyclic voltamme-
try measurements were conducted in a 0.5 M H2SO4 + 1
M C2H5OH solution with a scan rate of 25 mV s-1. Chrono-
amperometric measurements were carried out in a 0.5 M
H2SO4 + 1 M C2H5OH solution for 45 min at 350 mV.

3. Results

3.1 Nitrogen adsorption-desorption isotherms. 

3.2 Hydrogen chemisorption. 

3.3 X-ray diffraction. 

Table 1. Structural properties of CM and CMf. 

Support 
SBET 

[m2 g-1] 
VPore 

[cm3 g-1] 
Pore size 

[nm] 

CM 628.2 0.396 3.2 

CMf 505.2 0.358 3.4 

Table 2. Hydrogen chemisorption capacity (H). 

Catalyst 
H 

[µmol gcat-1] 
Catalyst 

H 
[µmol gcat-1] 

Pt/CM 209 Pt/CMf 278 

PtRe(1)/CM 49 PtRe(1)/CMf 86 

PtRe(3)/CM 120 PtRe(3)/CMf 104 

PtRe(5)/CM 126 PtRe(5)/CMf 212 

Table 3. Lattice parameter obtained at Pt (220) diffraction peak. 

Catalyst 
Lattice para-
meter [nm] 

Catalyst 
Lattice para-
meter [nm] 

Pt/CM 0.39189 Pt/CMf 0.39196 

PtRe(1)/CM 0.36398 PtRe(1)/CMf 0.35979 

PtRe(3)/CM 0.35573 PtRe(3)/CMf 0.35178 

PtRe(5)/CM 0.37274 PtRe(5)/CMf 0.36830 
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3.4 Electrochemical measurements. 

4. Discussion 

4.1 Nitrogen adsorption-desorption isotherms. 

The N2 adsorption isotherms obtained correspond to 
type IV isotherms with an H4 type hysteresis loop, accord-
ing to the IUPAC classification. These materials present 
mesoporosity. A decrease in the SBET value of the material 
after functionalization can be observed in Table 1. This fact 
could be due to a variation in the structure of the material 
after the treatment with the acid. In this sense, the partial 
destruction or diminution of micropore walls could be the 
reason for this decrease in the SBET and VPore values. 

4.2 Hydrogen chemisorption.  

Bimetallic catalysts showed significantly lower chemi-
sorption capacity values than the monometallic ones, re-
gardless of the support (see Table 2). This could be at-
tributed to a Re blocking behavior on Pt nanoparticles. On 
the other hand, comparing Pt/CM and Pt/CMf catalysts, an 
increase in the amount of chemisorbed H2 is observed in 
the latter one. For PtRe catalysts, the presence of strong 
interactions between both metals with probable alloy for-
mation could lead to an increase of the hydrogen chemi-
sorption for the catalysts with higher Re contents, such as 
was observed by Isaacs et al. for Pt-Re/Al2O3 catalysts [2]. 

4.3 X-ray diffraction.  

The lattice parameters of the bimetallic catalysts 
showed a notable decrease compared to those of both 
monometallic ones (see Table 3). It was found that this 
difference increases as the amount of Re in the catalyst 
decreases, finding a minimum for the Re nominal loading 
of 3 wt% This fact could indicate that part of the Re pene-
trates the Pt crystal lattice and modifies it with probable 
Pt-Re alloy formation. 

4.4 Electrochemical measurements.  

The catalytic activity of the catalysts for the ethanol 
electrooxidation reaction was studied by cyclic voltamme-
try. By comparing monometallic catalysts, it was observed 
that the forward peak current values are higher for the 
catalysts prepared on the functionalized support. This 
could be due to the presence of functional groups that  

 

favors the metallic dispersion. In addition, bimetallic cata-
lysts show a better performance in ethanol electrooxida-
tion, being their forward peak currents higher than those 
obtained in the corresponding monometallic catalysts. On 
the other hand, it was found that there is a maximum in 
the electrocatalytic performance for the formulation with 
Re loading equal to 3 wt%. At higher or lower Re loadings, 
there is a drop in the catalytic activity. It was found that 
the PtRe(3)/CMf catalyst presents the best electrochemical 
performance. Comparing the ECO,ONSET values of the mono-
metallic catalysts with the bimetallic ones, it was observed 
that the addition of Re implies a decrease in its value. Be-
sides, when comparing the ECSA values, it was noted that 
they increase when Re is added. The catalyst that present-
ed the best electrochemical surface area is PtRe(3)/CMf. 
Catalysts with Re loading equal to 3 wt% reached the high-
est current intensity in steady-state. 

5. Conclusions 

Mesoporous carbon was synthesized and functional-
ized with nitric acid. Mono and bimetallic catalysts with 
different Re loadings were prepared by the ethylene glycol 
liquid phase reduction method. Considering N2 adsorption-
desorption isotherms results, it can be concluded that the 
functionalization of the material affects its structure. From 
the analysis of the lattice parameter values obtained by 
XRD, it could be inferred the presence of a Pt-Re alloy in 
bimetallic catalysts. The performance of PtRe(3)/CMf cata-
lyst is the best one for all catalysts prepared for ethanol 
oxidation. The ECSA, forward peak current, and peak po-
tential values achieved with this catalyst are 103 m2 gPt-1, 
1048 mA mgPt-1, and 856 mV (vs Ag/AgCl), respectively. 
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Catalyst 
ECSA 

[m2 gPt-1] 
ECO,ONSET  

[mV vs Ag/AgCl] 
Peak potential 

[mV vs Ag/AgCl] 
Forward peak current  

[mA mgPt-1] 
SSC 

[mA mgPt-1] 

Pt/CM 20 640 770 235 5 

PtRe(1)/CM 43 376 863 433 19 

PtRe(3)/CM 83 385 826 583 56 

PtRe(5)/CM 62 388 853 507 24 

Pt/CMf 50 455 740 357 11 

PtRe(1)/CMf 51 412 798 536 19 

PtRe(3)/CMf 103 439 856 1048 56 

PtRe(5)/CMf 87 369 887 540 15 
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1. Introduction
Solid Oxide Fuel Cells (SOFCs) convert the chemical en-

ergy of a fuel into electricity via electrochemical reactions. 
Intermediate-temperature SOFCs (IT-SOFCs) operating be-
tween 500 oC and 800 oC, are widely studied in order to im-
prove SOFCs performance. In this regard, mixed ionic-elec-
tronic conductors (MIEC) exhibit the highest electrical con-
ductivity and oxygen permeability values to be implemented 
as materials for IT-SOFCs. Additionally, symmetrical SOFCs 
(SSOFCs) that use the same material as both cathode and 
anode, could solve pollution problems, since they can re-
move sulfur and carbon deposition on the anode side by re-
versing the gas flow and simplify manufacturing processes 
of SOFCs. 

Several MIEC materials have been studied as possible 
SSOFCs electrodes working at intermediate temperature (IT-
SSOFCs), principally perovskite and double perovskite-type 
oxides. Particular crystal structures of SrCo1-xMxO3-𝛿 (M = Sb, 
Mo, Nb, Ti, V) [1] and SrMo1-xMxO3-𝛿 (M = Fe, Cr, Co) [2] ox-
ides have been reported as high-performance cathode and 
anode for SOFCs respectively. In this regard, SrCo1-xMoxO3-δ 
(0 ≤ X ≤ 1) may be a good option for electrode materials of 
IT-SSOFCs. Thus, it is interesting to study their structural fea-
tures, strongly related with electrochemical response. 

 In the present work, SrCo1-xMoxO3-δ (0 ≤ X ≤ 1) perov-
skites were synthesized by gel-combustion method with a 
non-stoichiometric route. Crystal structure and reducibility 
of the samples are correlated with their composition on B 
site of perovskite to identify those samples that exhibit 
phase stability at room temperature in both air and reducing 
atmosphere, which could become potential electrode mate-
rials for IT-SSOFCs. Furthermore, electrolyte densification is 
studied as a function of the pressure and heat treatments 
during pellet fabrication, as well as possible electrode-elec-
trolyte reactivity.  

2. Experimental
2.1 Electrode synthesis

Non-stoichiometric synthesis of SrCo1-xMoxO3-δ (0 ≤ X ≤ 
1) perovskites was performed by gel-combustion method
with glycine as fuel. Appropriate amounts of Sr(NO3)2 (≥99%,
Sigma Aldrich), Co(NO3)2·6H2O (≥98%, Sigma Aldrich),
(NH4)6Mo7O24·4H2O (Sigma Aldrich) and glycine (C2H5NO2)

(merck) were dissolved in distilled water. This solution was 
concentrated on a hot plate at 90 oC for 2 h until the water 
was completely evaporated. Temperature was increased up 
to 270 oC until self-combustion. Ashes were calcined at 600 
oC for 10 h in air and then selected samples were character-
ized by temperature-programmed reduction (H2-TPR) ex-
periments. Other set of samples were calcined at 1100 oC for 
12 h in air for further characterization. 

2.2 X-ray diffraction (XRD) 
Crystallographic characterization was carried out by X-

ray diffraction at room-temperature (RT) in an Empyrean 
diffractometer with Cu Kα radiation (λ=1.5406Å) operating 
at 45 kV and 40 mA, using a Bragg-Brentano configuration. 
XRD patterns were scanned in the 2θ range from 20o to 100o, 
with a 0.02o step.  

2.3  Temperature-Programmed Reduction (H2-TPR) 
H2-TPR was performed with a Micromeritics Chemisorb 

2720 equipment. The powders were heated from RT to 900 
oC in 5 mol % H2/Ar atmosphere with a 10 oC.min-1 heating 
ramp. H2 consumption was detected by the equipment using 
a Thermal Conductivity Detector (TCD). 

2.4 Electrolyte densification and electrode – electrolyte re-
activity test 

La0.80Sr0.20Ga0.80Mg0.20O3-X (LGSM) ceramic electrolyte 
material was pressed as a pellet and was heat-treated. Pres-
sure (20 Kg/cm2 – 100 Kg/cm2) and temperature (1000 oC – 
1350 oC) were modified in order to improve the pellet den-
sification. Additionally, electrode – electrolyte reactivity 
tests were performed to assess the stability of these com-
pounds when mixed at different temperatures (600 oC – 
1100 oC during 10 h) in air. 

3. Results
3.1 Crystallographic characterization
Fig. 1 shows XRD patterns of SrCo1-xMoxO3-δ (0 ≤ X ≤ 1) pow-
ders at RT. Samples present different crystal structures with 
varying B-site composition.  

The following sample compositions were prepared: 
SrCo1-xMoxO3-δ powders (0 ≤ X ≤ 1), SC: X=0, SCM5: X=0.05, 
SCM10: X=0.1 … SCM95: X=0.95 and SM: X=1. 
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Fig. 1. XRD patterns for SrCo1-xMoxO3-δ powders. 

 
The SC sample has Sr6Co5O15 and Co3O4 compounds 

stable at RT with hexagonal (R32) and cubic (Fd-3m) phases 
respectively [3]. SCM5 has a single phase crystalline struc-
ture with P4/mmm space group. SCM10 keeps the same 
structure of SCM5 (P4/mmm) with a minimum secondary 
segregated phase of Sr2CoMoO6 double perovskite, which 
also has a tetragonal structure although with a different 
space group (I4/m) [4]. SCM20, SCM30 and SCM40 samples 
show that double perovskite with tetragonal phase in-
creases with the increase of Mo content. Subsequently, 
SCM50 sample also has mainly the I/4m space group with 
some traces of an additional phase called scheelite, that cor-
responds to SrMoO4 material and it has I41/a space group. 
Scheelite phase also increases into the system with the in-
crease of Mo content. Thus, SCM60 has both tetragonal 
phases, I4/m and I41/a in approximately 77% and 23% rate 
respectively. Therefore, the increase of I41/a continues in 
the following samples (SCM70 to SCM95), until reaching a 
completely scheelite single-phase for SM powder. Fig. 2 
shows Rietveld refinement for SCM5, SCM50, and SCM95-R 
(reduced) samples with chi square refinement factors of c2 
= 12.8, 8.3 and 5.7 respectively.  

3.2 Temperature-Programmed Reduction 
Fig. 3 shows H2-TPR profiles for SC, SCM5, SCM50, SCM95 
and SM samples. First peak (200 oC - 310 oC) is ascribed to 
Co3+/Co2+ reduction, while the second one (310 oC- 500 oC) 
is attributed Co2+/Co0 reduction [5-7]. Finally, the feature at 
820 oC is ascribed to SrCO3 transformation into different 
compounds that involves C4+ reduction [7]. SCM5 and 
SCM50 powders exhibit another reduction peak at 670 oC 
and 720 oC respectively, which is related to Mo6+ into Mo4+ 

reduction. This can be supported by comparison with SM 
and SCM95 reduction profiles where Mo reduction is ob-
served at high temperatures. H2 total consumption of SC, 
SCM5, SCM50, SCM95 and SM is 7.90mmol/g, 6.86mmol/g, 
4.01mmol/g, 4.54mmol/g and 3.06mmol/g respectively. It 
can be observed that the hydrogen consumption decreases 
with the increase of Mo content. 

 
Fig. 2. Rietveld Refinement from XRD data for SCM5, SCM50 and 
SCM95-R (reduced in 5 mol % H2/Ar atmosphere) samples at RT. 
 
 

 
 
Fig. 3. H2-TPR profiles of SC, SCM5, SCM50, SCM95 and SM sam-
ples. 
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3.3 Electrolyte densification and reactivity tests 
First results indicate that it is possible to fabricate LGSM 

pellets with a relative density of 95% respect to the theoret-
ical density, by uniaxially pressing the powder at 70 kg/cm2 
followed by a thermal treatment at 1350 oC in air. Fig. 4 
shows the electrode-electrolyte reactivity test, where elec-
trolyte phase intensity increases with increasing tempera-
ture up to 800 oC due to crystallite growth. After that, the 
powders react at 1000 oC and 1100 oC in air. 

 

 
Fig. 4. XRD patterns for electrode (SCM5)-electrolyte (LSGM) mixed 
and thermal treated at different temperatures in air.  

4. Discussion 
P4/mmm single-phase of SCM5 has been previously re-

ported as a possible cathode for IT-SOFC, because of its 
higher conductivity and lower polarization resistance values 
at low and intermediate temperatures compared to some 
conventional cathodes [1]. Additionally, the cubic phase 
(Pm-3m) observed in SCM95-R sample has been considered 
benefitial for IT-SOFC anodes [2].  This is due to the fact that 
oxygen content slightly decreases when heating the sample 
in vacuum, generating the wanted oxygen vacancies. This 
temperature dependence with the concentration of oxygen 
vacancies has been related to the reduction process of 
mixed valence Mo5+-Mo4+ to Mo4+ upon heating and is con-
sidered to promote the O2- mobility in he lattice. The overall 
decrease in hydrogen consumption is related with several 
reducible cations for SC, SCM5, SCM50 samples in contrast 
to the single reduction process observed for SCM95 and SM, 
that allowed to stabilize the wanted perovskite structures at 
RT, mentioned above (SCM95-R). Electrode-electrolyte re-
activity is detected between 800oC and 1000 oC. In that 
sense, this range of temperature will be important to de-
velop the cell fabrication, that allows an optimum adhesion 
of the electrodes to the electrolyte surface.  

5. Conclusions 
SrCo1-xMoxO3-δ (0 ≤ X ≤ 1) materials were studied as pos-

sible electrodes for IT-SSOFCs. A thorough optimization of 
the synthesis process allowed to obtain the crystal structure 

phases of SCM5 (P4/mmm) and SCM95-R (Pm-3m), that are 
reported to present the highest conductivity among the dif-
ferent SCM phases to be used as cathode and anode respec-
tively for IT-SOFCs. In that sense, SCM50 sample stands as a 
promising alternative for IT-SSOFC electrode material. 
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1. Introduction

Unmanned systems are playing large roles in the scien-
tific, commercial and defense sectors. In the marine envi-
ronment, Autonomous Underwater Vehicles (AUVs) have 
boosted the access to ocean resources. However, their en-
durance is still a limiting factor, mainly due to the lack of 
dense energy/power sources able to guarantee an extended 
operational range [1]. The most common power sources for 
AUVs are batteries, but, despite the rapid progress of these 
technologies, no state-of-the-art batteries have enough en-
ergy density (in mass and volume) to fit the power require-
ments of AUVs in long endurance missions (e.g. days or 
weeks). Hybrid power systems, which combine different en-
ergy conversion and storage technologies, are a promising 
alternative to overcome this gap [2] since they are able to 
maintain the air independent operation capability [3].  

The Energy Area of INTA has been working on these is-
sues in different projects, in particular in the "Improving ef-
ficiency and operational range in low-power unmanned ve-
hicles through the use of hybrid fuel-cell power systems (IU-
FCV)", which aimed to demonstrate and evaluate the tech-
nical feasibility of hybrid power systems, based on batteries 
and fuel cells, in three existing platforms: one AUV and two 
Unmanned Ground Vehicles (UGVs) [4]. 

This paper addresses the design and preliminary charac-
terization of a fuel cell system, to be integrated in a hybrid 
power plant for an AUV. It is based on an open cathode PEM 
fuel cell, including a hydrogen recirculation loop to minimize 
hydrogen purges, and integrating a metal hydride cartridge 
to store these periodic purges. 

2. Design, development and characterization of the fuel
cell system

2.1 Design specifications 

The fuel cell system has been designed according to the 
requirements of a real AUV, the StarbugX [5] from the Aus-
tralian R&D organization CSIRO. It is a small AUV designed 
to be deployed and operated by a single user, designed and 
built for shallow reef environment monitoring purposes 
(Figure 1). The technical target of the hybrid power system 
is to increase the vehicle’s endurance, from the 8 hours typ-
ically achieved in the original battery based configuration, to 
get more than 10 hours, at 0.6 m/s of continuous operation, 
with the hybrid power system. 

Figure 1: StarbugX AUV (Source: CSIRO) 

The PEM fuel cell system operates with hydrogen and ox-
ygen to ensure an air independent operation and it has been 
sized to provide around 185 W, as average power calculated 
from real missions. The fuel cell system has to guarantee its 
feasibility and reliability to run continuously at least during 
2 hours at this power, considering adequate pressurized hy-
drogen and oxygen storage systems. The fuel cell system, in-
cluding stack and balance of plant (BoP) should be inte-
grated in a hull of 510 mm length and 218 mm diameter.  

2.2 Development and characterization of the open cathode 
based fuel cell system 

The proposed solution is based on an open cathode and 
air cooled fuel cell stack, and it requires a pressurized hull 
with a controlled atmosphere of 20-30% O2 for optimal fuel 
cell operation. This hull is feed with pure oxygen from the 
storage system, in a controlled way, as far as the oxygen of 
hull’s atmosphere is consumed in the fuel cell.  

Regarding the anode side, hydrogen is supplied to the 
stack, and recirculated, separating and extracting the water 
from the gas, to minimize hydrogen purges. Adequate heat 
management is a critical issue of this configuration and re-
quires the design and construction of heat exchangers and 
fans to evacuate the thermal energy produced in the fuel 
cell to the external environment through the hull. Addition-
ally the separation of the water from the exhaust air is es-
sential to maintain an adequate relative humidity inside the 
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hull. One of the main advantages of this system is the feasi-
bility to use an ultra-light open cathode stack, originally de-
signed for unmanned aerial vehicles. Such stack has 40 cells, 
metal bipolar plates, and it is able to supply 200 W at 24 V. 

This stack has been originally designed to operate at 
“dead-end” mode, with periodic purges controlled by a so-
lenoid valve at the stack outlet and an electronic board, 
which sets the period between purges and the opening time 
for the valve.  

Hydrogen purging means a loss of energy that decreases 
the overall system efficiency. In addition, the operation 
pressures of the fuel cell system in the underwater vehicle 
makes it difficult the purge of hydrogen out of the hull. Al-
ternatives to minimize and manage these purges have to be 
considered in the integrated system. In this context, a suita-
ble anode recirculation and purge strategies have been pro-
posed and experimentally validated to ensure the safe op-
eration of the fuel cell system at the maximum efficiency 
conditions. 

The hydrogen recirculation loop is located between the 
inlet and outlet solenoid valves, and it includes the following 
components: 
 A coalescing/ particle filter with an absorbing material 

to remove water from the anode flow at the stack out-
put.  

 A micro pump, able to provide the required recircula-
tion flow rate at the stack inlet pressure.   

 A check valve, which avoids an inverse flow from the 
stack inlet to the stack outlet.  

This circuit ensures an adequate availability of hydrogen 
in the stack, depending on the required power and operat-
ing conditions. However, the filter is not able to remove all 
the water content, and a small amount of water in accumu-
lated over time in the recirculated hydrogen flow. In addi-
tion, nitrogen is also present in the anode side, due to per-
meation from the cathode through the membrane. The ac-
cumulation of water and nitrogen in the anode leads to de-
crease in performance [7]. In consequence, even with the 
hydrogen recirculation loop, the anode has to be purged 
regularly in order to remove accumulated water and nitro-
gen. The purge valve will be opened for the time TPV (purge 
duration), to increase hydrogen content in the anode flow 
and remove the nitrogen and remaining water impurities. 
The interval between two purge triggers is called purge cycle 
time Tcyc. In a first instance, these two parameters are set 
manually through an electronic board that control the purge 
valve. This valve is also automatically open in case of low 
voltage in any cell of the stack.  

This purging process is optimized in time and pressure, 
taking into account that an improper control of the purge 
can lead to hydrogen starvation in the stack and loss of per-
formance, due to the accumulation of water and nitrogen, 
even irreversible.  

In order to evaluate different anode recirculation and 
purging strategies, the experimental set-up shown in Figure 
2 was used. 

The proposed concept includes the use of a metal hy-
dride cartridge, which would be located out the hull with the 
fuel cell system, to store the hydrogen purged from the 
stack. 

Testing procedure considers the operation of the fuel 
cell system around 185 W during two hours, according to the 
expected requirements above mentioned. To increase the 
fuel cell voltage from open voltage circuit (OCV) to the op-
erating voltage, several ramp up times have been evaluated. 
A similar process has been followed for the ramp down time 
to OCV at the end of the test. 

During these initial and final phases, the purge strategy 
follows in a first instance the recommendations from the 
stack’s manufacturer, i.e. TPV = 300 ms and Tcyc = 8 s.  Once 
the operating power is achieved, the recirculation pump is 
turn on until the end of the test, and different values for Tcyc 
are evaluated, in the range from 8 to 180 s, to check the fea-
sibility for providing the required output during two hours 
without significant voltage drop, at stack and individual cell 
level, that can affect the performance of the stack. 

In addition, a long term test of the fuel cell system during 
two hours without recirculation, and with the original purge 
strategy was performed, in order to compare the efficiency 
of both configurations and operating modes.     

3. Results 

Experimental results demonstrate that is feasible to op-
erate the system at the required power and time with anode 
recirculation, Tcyc = 158 s and TPV= 300 ms. Figure 3 shows 
the evolution over time of the main parameters of this test. 

A safe approach for the ramp up is considered in this 
case to reach 185 W (around 26.8 V at 6.9 A) with a duration 
of 18 minutes in this phase. Once finished the two hours at 
nominal load, it is decreased in a similar way, until achieve 
OCV (39.4 V). The curves show the effect of the purges on 
the hydrogen input and recirculated flows, as well as on the 
inlet and outlet hydrogen pressure. The recirculation pump 
works in these conditions with an average flow of 4.4 Nl/min 
at 0.23 barg of outlet pressure. Total hydrogen purges has 
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Figure 3: Fuel cell system test with Tcyc=158 s 

Figure 2: Experimental set-up for the fuel cell system with hydro-
gen recir-culation 
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been calculated from the measured and the theoretical hy-
drogen consumption, resulting in 13.5 Nl of hydrogen 
purged during the test, mainly during the ramp up phase. 

To minimize total hydrogen purge, the time for the ramp 
up and down phases has been reduced to 180 s per phase, 
keeping several steps to smooth the change of voltage from 
OCV to the operating point. In the same time, Tcyc has been 
also reduced until 120 s, increasing the number of purges 
during the two hours at maximum load, taking into account 
the minor contribution of this phase to the total hydrogen 
purged volume. Figure 4 shows the curves of the test in such 
conditions.  

The pump recirculates an average flow of 5 Nl/min at 
0.24 barg of stack outlet pressure. Total hydrogen purges 
were around 3 Nl of hydrogen.  

In the previous tests, hydrogen purges are vented. How-
ever, once defined the operating conditions of the fuel cell 
system in the underwater vehicle, and the volume of hydro-
gen to be purged during this operation, a suitable metal hy-
dride container has been sized and installed in the experi-
mental set up, as shown in Figure 2, to adsorb this hydrogen 
at the stack outlet pressure and ambient temperature. The 
effect of the traces of water and nitrogen has also to be con-
sidered in the charging operation of the hydride.  This metal 
hydride tank weights around 1,200 g, it is based on E60 alloy 
and has a working pressure of 1bar at 20°C. Although it has 
120 standard liters of nominal capacity, it is necessary to in-
crease the operating pressure of the stack, within the range 
of allowed pressure, to ensure the adsorption of the purged 
hydrogen by the metal hydride at the available temperature. 
In addition, to facilitate this storage, the metal hydride is 
previously discharged with a vacuum pump, starting the test 
slightly below atmospheric pressure. Figure 5 shows the op-
eration of this configuration. 

The pump recirculates an average flow of 5.5 Nl/min at 
0.33 barg of average stack outlet pressure. The figure shows 
the minor oscillation of the inlet hydrogen flow with the 
purges, in comparison with previous tests. In this case, the 
effect of the purges can be observed in the stack power out-
put, due to oscillations in the stack voltage.   

4. Conclusions 

The present research proposes a fuel cell system based 
on an open cathode and air cooling stack, to be integrated 
in an underwater unmanned vehicle, including an anode re-
circulation loop and a suitable hydrogen purge strategy. This 
system has been tested during two hours in steady condi-
tions at the estimated power required by the platform, purg-
ing periodically the fuel cell system and storing hydrogen in 
a metal hydride container, offering the option to reuse this 
gas in other applications. Energy efficiency of the fuel cell 
system, including the power consumption of the recircula-
tion pump, achieves 51%, while the efficiency of the open 
cathode stack, without recirculation and the original purge 
strategy, is around 45%. The use of a small metal hydride 
tank has been also demonstrated as a feasible method to 
manage the hydrogen purges of the system, avoiding the 
challenge to dissipate them in the underwater environment. 
Next steps include the development of the suitable energy 
monitoring and management system, and the integration of 
the fuel cell system in the hull. 
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1. Introduction
In the past decades, many researchers studied about

new forms of energy to replace the use of fossil fuels which 
are responsible of serious environmental issues due to their 
emissions of greenhouse gases. In this context, hydrogen 
has been considered the “fuel of the future” given its high 
energetic value and zero-emission combustion. 

One of the most promising options in terms of the 
efficiency of conversion devices based on hydrogen is 
associated with the Solid Oxide Fuel Cells (SOFCs) and their 
reversible mode: the Solid Oxide Electrolysis Cells (SOECs). 
These cells can work simultaneously in the so-called 
Reversible Solid Oxide Cells (ReSOCs): depending on the cell 
polarization, devices might work as SOFC to oxidize fuels (as 
H2) generating electricity; or as a SOEC reducing reactive 
species (such as H2O) consuming electric energy and 
producing H2. The main characteristic of these cells is that 
their main components, electrodes and the electrolyte, are 
solid oxides. 

The crystalline structure of perovskite oxides, of general 
formula ABO3, is incredible flexible and can accommodate 
oxygen vacancies generated due to the cation substitution 
in the A and/or B sites. The hopping of these oxygen 
vacancies give rise to the ionic conduction within the 
material. Oxygen deficient ABO3- perovskites belong to the 
so-called group of mixed ionic-electronic conductors 
(MIECs) which are materials presenting both ionic and 
electronic conduction and have shown high electrocatalytic 
activity. Perovskite oxides have played vital roles in the field 
of energy conversion and storage. 

Conventional SOFCs operate at high temperatures (900-
1000º C) which forces the usage of very expensive 
interconnection materials and generate difficulties due to 
diffusion and chemical reactions in the interfases, difference 
in the dilatation coefficients, etc. This is why new attention 
has been payed to Intermediate Temperature SOFCs (IT-
SOFCs) that can operate in the temperature range of 500-
700º C. The most studied MIECs are the cobalt oxides but 
they have a drawback regarding high thermal expansion 
coefficient, low stability and high toxicity and cost of the Co 
[1]. The strontium has also been widely used in prototypes. 
Nevertheless, the latest publications indicate that this 
element tends to diffuse towards the surface of the 
materials, promoting their degradation. 

The mentioned findings allow new research regarding 

the design of efficient and atoxic materials for their use in 
Solid Oxide Cells. 

In this work, we synthetize and characterize a series of 
Fe-based perovskites with Ba or Ca in the A-site. We will 
report the latest results of our findings including X-ray 
diffraction (XRD) and Rietveld analysis, X-ray fluorescence 
(XRF), Scanning Electron Microscopy (SEM) and 
Electrochemical Impedance Spectroscopy (EIS). 

2. Experimental
2.1 Materials and methods

Ferrites were prepared using a soft-chemistry route [2]. 
Stoichiometric amounts of the metal nitrates were mixed 
and dissolved in citric acid 10 % under continuos heat and 
stirring. The resulting gel was dried at 110° C overnight and 
posteriorly calcinated at 600° C for 12 hours. Finally, the 
solids were sintered at 1000° C for 12 hours. 

The prepared series are perovskites oxides of general 
formula ABO3-. The parent compound is CaFeO3 (CFO). The 
A site was partially substituted with Ba while Ni was 
introduced in the B-site. The prepared samples were named 
after the chemical composition: CFO, CBFO, CBFNO and 
CBFNO. 

Crystallographic characterization was performed using a 
Panalytical diffractometer with Cu Kα radiation, in the 2 
range of 15° to 80°, using a 0.02° step. The qualitative 
analysis of the patterns was performed using the software 
HighScore from Panalytical. Rietveld analyses of the 
structures were done using Fullprof refinement program [3]. 

The morphology of the oxides was inspected using a SEM 
FEI Quanta FEG 250, and their chemical composition was 
confirmed using an XRF equipment from Thermo Scientific, 
ARL Quant’X EDXRF Analyzer. 

Electrochemical Impedance Spectroscopy 
measurements were performed using an AUTOLAB PGSTAT 
320N. 

3. Results
3.1 Crystallographic characterization

The resulting solids are black polycrystalline ferrites. 
The parent compound, viz. CFO, exhibits a brownmillerite-
type structure, which is better described as Ca2Fe2O5 (super-
structure). The crystal structure contains an ordered 
framework of the FeO6 octahedra and FeO4 tetrahedra 
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arranged in layers. The general formula was reported as 
oxygen deficient CaFeO2.5. The oxygen defect in the 
structure is beneficial to enhance the ionic conductivity in 
the material. 

Fig. 1 shows the XRD pattern of the obtained CFO 
sample. As can be seen, there is a perfect match (all 
reflexions coincide) between the synthetized oxide and the 
theorical pattern. The CFO crystalizes in the Pnma space 
group which is the expected for this distorted perovskite. 

 

 
Fig. 1. X-ray diffraction pattern of the CaFeO3 sample showing a 

perfect match with the data from literature corresponding 
to the Brownmillerite structure. 

 
Fig. 2 schematizes the crystal structure of the pristine 

CaFeO3 where octahedral distortions are evident giving rise 
to complex conduction mechanisms. 

 

 
Fig. 2. Crystalline structure of the distorted CaFeO3. It is clear in 

the image how the octahedrons tilt and the cubic symmetry 
gets lost. 

 
The incorporation of Ba in the A-site in the CBFO sample 

and Ni in the B-site (CBFNO sample) alterate the crystal 
structure. The much bigger ionic radius of Ba compared to 
Ca, is expected to the structure, and releasing the tilting of 
the octahedra giving rise to a cubic structure. On the other 
hand, the Ni-for-Fe substitution is to be studied in order to 
further increase the total conductivity of the materials as 
reported in the defective molibdate perovskites [4] 
proposed for SOFCs anodes. 

4. Discussion 

4.1 Crystallography 
The defect chemistry of the perovskite oxides is a critical 

factor affecting the mass and charge transfer properties. 
Ionic size in ABO3 perovskites determines the occupied site; 
electronic conductivity is related to the valence change of B 
site while ionic conductivity is correlated to the transport of 
oxygen vacancies. Oxygen defect concentrations in 
perovskites can be tailored greatly by doping cations with 

higher valence. It is worth pointing out the particular 
robustness of the perovskite structure to accommodate 
different kinds of defects regarding the presence of a 
considerable number of oxygen vacancies, which are not 
detimentral for the stability of the covalent BO6/2 network of 
octahedra. 

 
4.2 Oxide Conduction 

Oxide ion vacancies may form in the framework of a 
ABO3 perovskite oxide when either A or B cations are 
partially replaced by other elements with lower valence. 

5. Conclusions 
Oxygen defect concentrations in perovskites can be 

tailored greatly by doping cations with lower valenece at the 
B-site. A-site vacancies can also be generated by doping 
cations with higher valence. Therefore, perovskites 
containing transition metals are favorable for facilitating 
thectrocatalytic processes and electronic transport. 

The relation between crystal structure and conductivity 
was reported previously by Abdala et al. [5]. In this work, 
authos mentioned that the optimal structure for enhancing 
total ionic conduction in scandia-stabilized zirconia (ScZS) is 
the cubic phase. 
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1. Introduction

Energy conversion and storage are today perceived as
one of the main challenges of our society [1]. In this context, 
electrochemical energy conversion devices, like polymeric 
membrane fuel cells (PEMFC), are postulated as one of the 
best candidates. PEMFC can mitigate the intermittent elec-
tric power produced by the renewable energy through the 
reversible storage of electrical energy and also replace inter-
nal combustion engines [2,3]. However, one of the main is-
sues in achieving widespread commercialization of these de-
vices is their high cost. The platinum or platinum group met-
als (PGMs) electrocatalysts contribute significantly to the 
overall fuel cell stack cost [3]. In order to reduce PEMFC cost, 
current fuel cell research is mainly focused on completely 
replacing platinum or platinum group metals with a cheaper 
and more abundant non-precious metal catalyst to catalyze 
the oxygen reduction reaction (ORR), with a sluggish kinetic. 

Since Jasinski’s discovery that cobalt phthalocyanine ex-
hibits some catalytic activity for the ORR, composites of car-
bon-based materials doped with nitrogen and third-row 
transition metals (i.e., Fe or Co) have attracted high atten-
tion as ORR catalysts [4]. Several studies show that iron-con-
taining nitrogen-doped carbons, Fe-N-C, have an outstand-
ing activity against ORR. 

Carbon materials are widely used as supports for metal-
based electrocatalysts due to their conductive and durable 
properties and availability. High density of fully accessible 
catalytically active sites is essential to improve the catalytic 
activity of carbon materials. In order to improve this density, 
we can modify the formation of the active site while allow-
ing the access of reactants. In this regard, carbon xerogels 
have gained much attention since their properties are tuna-
ble through the synthesis conditions.  

Another strategy studied to increase the activity of metal 
catalysts is the incorporation of functional groups on the 
carbon surface, specifically nitrogen functionalities. Numer-
ous nitrogen doping methods have been studied with the 
aim of obtaining a favorable percentage of nitrogen func-
tionalities. In this work, we have doped carbon xerogels with 
different proportions of urea. These nitrogen-doped xero-
gels have then been doped with iron to obtain Fe-N-C cata-
lysts and their activity has been investigated towards the 
ORR, in order to study how the proportion of urea affects 
the catalyst activity. 

2. Experimental

2.1 Synthesis of carbons xerogels and nitrogen-doped car-
bons xerogels 

Both carbon xerogels and N-doped carbon xerogels were 
synthesized via a widely known sol-gel method. Different 
urea (U) to resorcinol (R) ratios (U/R: 0.5, 1, 1.3 and 2) were 
investigated. Stoichiometric resorcinol to formaldehyde (F) 
molar ratio was kept, R/F = 0.5.  Briefly, R and U were mixed 
in distilled water under stirring, pH was adjusted to 5,5 and 
the temperature was risen up to 90 °C until the solution be-
came transparent-yellow and subsequently cooled down to 
room temperature. F was subsequently added under contin-
uous stirring for 30 min. pH was adjusted to 7. The mixture 
was then poured into closed vials that were cured at room 
temperature for 24 h and then were placed in an oven at 50 
°C for 24 h and at 85 °C for 72 h. The gels were dried for 5 h 
at 65 °C, and then at 108 °C for another 5 h in a ventilated 
oven. The organic xerogels were pyrolyzed in a tubular reac-
tor with flowing N2 for a total of 6 h with the following pro-
gram: 150 °C for 2 h; 300 °C for 1 h; 600 °C for 1 h; and, 800 
°C for 2 h. Materials were named as (N)-CXG followed by the 
U/R ratio. 

2.2 Iron doping process 

Iron acetate was used as iron precursor. A certain 
amount of FeAc in order to reach a nominal Fe loading of 1 
wt. % was dispersed in a mixture of ethanol and deionized 
water[4]. 2000 mg of N-CXG or CXG previously prepared 
were first pre-dispersed by ultrasonic mixing in deionized 
water for 10 min; subsequently this dispersion was added to 
the solution containing iron acetate, and stirred for 1 h fol-
lowed by drying. The powder obtained was placed in a zir-
conium oxide vial, sealed in a nitrogen glove box. Once 
tightly sealed, the vial was placed in a planetary ballmill to 
undergo 3 h of ballmilling at 400 r.p.m. The resulting powder 
was then pyrolyzed for 1 h at 1050 °C under a constant flow 
of N2. Subsequently, these materials were treated by a se-
ries of acid treatments (AT) in HClO4 in order to eliminate 
inactive iron particles, each followed by a thermal treatment 
(TT) at 950 ° C in N2 flow. These catalysts were named as Fe-
(N)-CXG-x-TA/TTy, where x is the U/R ratio and Y is the num-
ber of acid/thermal treatments performed on the catalyst. 
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2.3 Physicochemical and electrochemical characterization 

The textural and morphological features of the carbon 
xerogels were determined by means of N2 physisorption. 
The physicochemical characteristics of the catalysts were 
determined by X-ray photoelectronic spectroscopy (XPS), 
atomic emission spectrometry with inductive coupling 
plasma (ICP-OES) and elemental analysis. The activity of the 
selected catalysts towards the ORR has been determined in 
a three electrode cell with a rotating disk electrode and O2-
saturated 0.5 M H2SO4 electrolyte. 

3. Results and discussion 

3.1 Chemical composition  

 
Fig. 1. Chemical composisión calculated by AE, XPS and ICp 

As we can see in figure 1, the amount of nitrogen calcu-
lated by XPS and AE increases up to the U/R ratio=1 then 
decreases. The amount of iron calculated by ICP, which is in-
troduced is proportional to the amount of nitrogen. The Fe-
N-CXG-1 catalyst is the one with the highest amount of Fe 
and N. The catalyst synthesized from nitrogen-free CXG, Fe-
CXG has a weight percentage of Fe of 0.65 %. 

3.2 Pore texture characterization 

Table 1. Textural properties determined from N2 sorption iso-
therms. 

  Vpores  Vmeso Vmicro 

Método single point Vporos-Vmicro t-plot 

 cm3/g cm3/g cm3/g 

CXG 0.81 0.49 0.27 

N-CXG-1 0.86 0.65 0.21 

N-CXG-1.3 0.54 0.29 0.24 

N-CXG-2 0.18 0.02 0.16 

Fe-N-CXG-1.3 0.59 0.26 0.13 

Table 1 shows the textural characterization of undoped, 
N-doped, and Fe-doped CXGs. Upon N-doping, the pore vol-
ume of CXGs decreases significantly with increasing amount 
of urea, as N-doped xerogels are more prone to pore col-
lapse than their undoped counterparts. Fe doping also de-
creases their volume [1]. 

3.3 Electrochemistry characterization 

Figure 2 shows the catalysts activity towards the ORR 
measured in a three-electrode cell system. It is observed 
that a certain amount of urea (U/R=1 and 1.3) in the xerogel 
synthesis enhances the activity of the catalysts towards 
ORR. The optimal ratio of U/R is 1, since this carbon material 
presents the higher pore volume and N and Fe content. On 

the other hand, the ratios U/R=0.5 and 2 present a lower ac-
tivity, since they contain a lower Fe and N wt. %, being a sim-
ilar percentage of Fe with respect to the catalyst without ni-
trogen (Fe-CXG).   

In addition, ORR activity increases as AT and TT cycles are 
performed on these catalysts, due to the fact that acid treat-
ments remove the iron particles that are not active for ORR.    
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Fig. 2. Polarization curves for the ORR, in RDE at 1600 rpm in O2-
saturated 0.5M H2SO4  

4. Conclusions 

The electrocatalytic activity of non-precious metal cata-
lyst is enhanced by the presence of nitrogen functional 
groups. Doping carbon xerogels in situ with urea  is effective 
in increasing the catalytic activity, in particular, when the 
U/R ratio is 1 or 1.3, entailing a higher amount of iron and 
nitrogen. The catalyst with the best activity towards ORR is 
the one synthesized with U/R ratio=1, whose activity can be 
further increased by subjecting it to two AT/TT.  
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1. Introduction

The  electrochemical  oxygen  reduction  reaction  (ORR)
and  oxygen  evolution  reaction  (OER)  have  gained  wide‐
spread attention owing to its significance in electrochemical 
energy storage and conversion including unitized regenera‐
tive fuel cells or metal–air batteries [1]. In the last years, the 
use of alkaline membranes in electrolyzers and fuel cells has 
promoted the study  in new non‐noble metals as catalysts. 
Cobalt based N‐doped carbons have appeared as a good al‐
ternative in alkaline media due to their great properties as 
bifunctional catalyst for ORR and OER [2]. Previous studies 
performed by our group have demonstrated how the com‐
bination  of  semiconductor  species  like  TiO2  with  carbon‐
based structures  like graphene promotes the formation of 
active  sites  for  these  reactions.  The  presence  of  N‐doped 
graphene induces a charge transfer phenomenon resulting 
in the formation of mixed oxides as Ti3+, where oxygen can 
interact with the catalysts [3]. 

In this work, a new synthesis method has been investi‐
gated to obtain composites of Ti‐Co and N‐doped graphene 
criogels using urea as nitrogen source. We  investigate  the 
activity of bifunctional catalysts based on Ti, Co and Ti‐Co 
metallic oxides combined with three‐dimensional N‐doped 
graphene structures called cryogels.  

2. Experimental

2.1 Synthesis method

Graphene  oxide  (GO)  was  obtained  by  the  modified 
Hummers’ method [4]. Appropriate amount of GO was dis‐
persed in ultrapure water (milli‐Q). After that, a mixture of 
Co(CH3COO)2∙6H2O (Sigma Aldrich) and n‐titanium butoxide 
(Alfa Aesar) in ethanol is added to the graphene dispersion 
to obtain a nominal metal loading of 40 wt. % with a Ti:Co 
atomic ratio of 1:1. Resultant solution was mixed with urea 
and transferred to a teflon‐lined steel autoclave and heated 
at  180  °C  for  12  hours.  The  obtained  cryogel was  freeze‐
dried at ‐83 °C until water is fully removed. The dried gel was 
milled and mixed with urea and annealed at 800 °C during 1 
hour. The obtained composite was labelled as TiCo/NGA. In 
addition, in order to compare the properties of each individ‐
ual  component,  three more  composites were prepared  in 
absence of Ti, Co and both metals. These composites were 
labelled as Co/NGA, Ti/NGA and NGA, respectively. 

2.2 Composites characterization 

The as‐synthetized composites were physico‐chemically 
characterized by different solid‐state techniques, such as X‐
Ray Diffraction  (XRD),  Elemental  Analysis  (EA),  Inductively 
Coupled Plasma ‐ Optical Emission Spectrometry (ICP‐OES), 
X‐Ray  Photoelectron  Spectroscopy  (XPS),  Raman 
Spectroscopy,  N2  physisorption,  Transmission  Electron 
Microscopy (TEM) and Scanning Electron Microscopy (SEM). 

The  electrocatalytic  activity  and  stability  towards  ORR 
and OER have been measured in a three‐electrode system, 
using  a  gas  diffusion  working  electrode  and  6M  KOH 
aqueous solution as electrolyte.  

3. Results

3.1 Physicochemical results

The  NGA‐Metal  based  composites  show  small  differ‐
ences in the metallic content with the variation of the me‐
tallic  phase  employed  (Table  1).  The  Ti‐based  composite 
shows  lower  content  than  Co‐based  one,  and  bimetallic 
composite presents an equal content of Ti and Co, showing 
the highest metallic content among all synthetized compo‐
sites. In addition, the nitrogen content has been compared 
with a bare NGA sample. All  the metallic composites have 
similar N content between 2 and 4 %, slightly lower than for 
the bare NGA, which has a 7 % of nitrogen.   
Table 1.  Chemical composition (wt%) determined by EA and ICP‐
OES. 

Sample  C(%)  N(%)  Ti(%)  Co(%) 

NGA  84  7  ‐  ‐ 
TiCo/NGA  41  4  23  23 
Co/NGA  51  2  ‐  38 
Ti/NGA  47  3  29  ‐ 

XRD was performed to investigate the crystal phases of 
the  composites  (Fig.  1).  Comparing  the  patterns  obtained 
with a GO sample, it is possible to see how the peak at 2Ɵ of 
10.8°, assigned to the diffraction of oxidized graphite carbon 
(002), is shifted to ~25° in the annealed cryogels. This phe‐
nomenon confirms the correct reduction of GO in all synthe‐
tized composites. The diffraction peaks characteristic of an‐
atase and rutile TiO2 phases are also observed in the compo‐
site prepared with Ti, while Co‐based criogel presents three 
characteristic peaks of face‐centered cubic structure. The bi‐
metallic  composite  presents  a  mixture  of  both  Ti  and  Co 
phases. 
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Fig. 1. XRD patterns of synthetized cryogel‐based composites and 
a bare graphene oxide. 

3.2 Electrochemical characterization 

The electrocatalytic activity towards the ORR and OER 
was measured in a three‐electrode electrochemical cell us‐
ing O2‐saturated 6M KOH as electrolyte (Fig. 2). Results show 
that all composites present better bifunctional performance 
than commercial based catalysts (IrO2 and Pt/C). Monome‐
tallic criogel based on Co shows good performance for the 
ORR  but  low  activity  for  the  OER.  On  the  other  hand,  Ti 
based composite has worse activity for the ORR, with lower 
onset potential than Co based composite. However, the cat‐
alytic  behaviour  for  the OER  is  quite  similar  than  the  ob‐
tained for the monometallic Co‐based composite. Bimetallic 
catalyst shows the best performance of this series, exhibit‐
ing a good catalytic performance for both reactions, being 
the best bifunctional catalyst. 

 
Fig. 2. Bifunctional behaviour of metallic composites recorded by 
linear sweep voltammetry at a scan rate of 0.005 V/s, using a GDE 
as working electrode in O2‐saturated 6M KOH electrolyte. 

4. Discussion 

In this work, a new synthesis method for the prepara‐
tion of composites based on three dimensional structures of 
N‐doped graphene combined with metallic phases has been 
developed successfully. The use of different metallic phases 
has allowed the study of the influence of each phase in the 
electrocatalytic behaviour of these materials. 

On one hand, monometallic Co and Ti composites show 
good performance for both reactions, due to the formation 
of Co and Ti oxides, respectively, which combined with the 
N‐doped graphene act as active site for the adsorption of O2 
and OH‐ species, allowing the ORR and OER [2,3]. In the bi‐
metallic composite, the combination of active sites formed 
by Co and Ti increases significantly the activity. 

5. Conclusions 

The  designed  synthesis  route  for  the  obtention  of  N‐
doped graphene criogels combined with metallic phases is 
presented  as  a  good method  for  the  synthesis  of  bifunc‐
tional catalysts for the ORR and OER reactions, with promis‐
ing  results  in  particular  for  catalysts  based  on  bimetallic 
structures of Co and Ti oxides.  
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1. Introduction

Solid oxide cells (SOCs) are intrinsically reversible elec-
trochemical devices that contain a solid electrolyte. De-
pending on the polarity of the reversible cell, they can oper-
ate as Solid Oxide Fuel Cells (SOFCs), oxidising combustible 
species to generate electricity; or as Solid Oxide Electrolyser 
Cells (SOECs), consuming electricity to reduce water mole-
cules for the obtention of hydrogen gas. Ideally, they could 
allow us to handle the energy surplus/ high demand periods 
to change between SOFC/SOEC modes. [1-3] 

Nowadays, this technology is still in the research stage 
and the viability for its near future use depends strongly on 
two aspects: reducing the operating temperatures and find-
ing materials suitable for long-term operation. To reduce 
the operating temperature, at least, to the intermediate 
range (500-700 ºC) is not as easy as it seems, stemming from 
the fact that all the processes that take place in the cells are 
thermally-activated. On the other hand, the materials suffer 
from high temperatures and deteriorate rapidly, especially 
in terms of transport and catalytic properties, which trans-
lates into poor efficiency, high cost, and shorter life spans.  

The better-performing materials for air electrodes have 
perovskite-like structures and are generally mixed ionic-
electronic conductors (MIEC). Among them, Cu-substituted 

ferrites and especially, (La,Sr)(Fe,Cu)O3-, have proven to be 
an interesting alternative to its Co-containing pair due to 
their higher structural stability and mechanical compatibility 
with other cell components. Moreover, the presence of the 
Cu2+/Cu3+ pair enhances the electronic conductivity, re-
duces the polarization resistance (ORR) and increases the 
number of oxygen vacancies, making it a good candidate for 
its use in IT-SOCs. [4-8] 

In the present work, we describe the synthesis and 

structural characterisation of the La0.6Sr0.4Fe0.8Cu0.2O3- 
(LSFCu) perovskite and LSFCu-CeO2 composites (5, 10, 20 
and 50 % m/m), as well as the study of their electrochemical 
performance through Electrochemical Impedance Spectros-
copy (EIS). [4,7,9-12] 

2. Experimental

2.1 Synthesis

The materials were synthesised via an auto-combustion 
route, using ethylenediaminetetraacetic acid (EDTA) as or-
ganic fuel and chelating agent and ammonium nitrate 

(NH4NO3) as combustion promoter. Both the LSFCu perov-
skite and the LSFCu-CeO2 composites were obtained in two 
steps, the synthesis process itself and following thermal 
treatment. 

For this purpose, aqueous solutions containing stoichio-

metric amounts of La(NO3)36H2O, Sr(NO3)2, Fe(NO3)39H2O, 

Cu(NO3)23H2O, Ce(NO3)36H2O (Sigma Aldrich, >99.9%) 
were prepared according to the desired composition. An al-
kaline solution (pH=10) containing 1.1 moles of EDTA 
(>99.4%, Sigma-Aldrich) per mole of cation and NH4NO3 
(>99.0 %, Sigma-Aldrich) was also prepared and the solu-
tions above were mixed. EDTA molar excess ensures the to-
tal complexation of the cations. A 3:1 NH4NO3:EDTA molar 
ratio was chosen to promote the auto-combustion process. 
The resulting solution was heated over a hot plate at 130 °C, 
constantly stirring and keeping pH constant, until the for-
mation of a gel. Then, the magnetic stirrer was removed and 
the hot plate temperature was raised to 350 °C, where the 
gel self-ignited. 

The combustion process resulted in a sponge-like dark 
brown powder, that after a ground process in an agate mor-
tar becomes a fine and homogeneous powder. After that, 
the samples were subjected to a heating treatment in a muf-
fle furnace at 850 °C in air for 6 h, to obtain the calcined 
samples, which correspond to the desired perovskite com-
pounds, as confirmed by X-ray powder diffraction. 

The samples containing pure La0.6Sr0.4Fe0.8Cu0.2O3-, and 

La0.6Sr0.4Fe0.8Cu0.2O3--CeO2 mixtures with 5%, 10%, 20% and 
50% CeO2, will be called LSFCu, LSFCu-CeO2 5, LSFCu-CeO2 
10, LSFCu-CeO2 20 and LSFCu-CeO2 50, respectively. 

2.2 Structural characterisation 

2.2.1 XRD 

Conventional X-ray powder diffraction (XRD) measure-
ments were performed over the prepared samples in a 

Rigaku ULTIMA IV diffractometer of 285 mm radius in - 
geometry, using CuKα sealed-tube radiation (λ=1.5418 Å) op-
erating at 40 kV and 30 mA. A diffracted-beam curved Ge 
monochromator and NaI scintillation detector were used for 
data collection. The data, used for confirmation of phase pu-
rity and preliminary structural characterization, were col-
lected at room temperature in the 2θ=10-70° range in 0.04° 
steps for 3 s/step and 2θ=10-120° range in 0.02° steps for 10 
s/step. The fit of the data by the Rietveld method was per-
formed using the GSAS-II software suite [13]. 
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2.2.2 SEM 

The samples’ topography and microstructure were stud-
ied by Scanning Electron Microscopy (SEM). Digital micro-
graphs were acquired in the energy range 1.5-20 kV in a 
Zeiss Auriga microscope (Germany) using different detec-
tors. The elemental composition of selected areas of the 
samples was determined through an Energy Dispersive 
Spectrometry (EDS) probe (EPMA-WDX, JEOL JXA-8230).  

2.3 Chemical compatibility 

The LSFCu-CeO2 10, 20 and 50% samples were fired at 
1100 ºC for 12 h in air, and XRD patterns of the resulting ma-
terials were collected to study the cathode-electrolyte 
chemical compatibility (method described in 2.2.1).  

2.4 Electrochemical characterisation 

2.4.1 Materials processing  
Electrolyte-supported symmetrical cells were prepared 

by painting layers of the electrodes on GDC pellets prepared 
with commercial powder. The GDC pellets were prepared by 

pressing 2 g of the GDC powder (Kceracell) in disks of 25 
mm in diameter at 8 MPa and then annealed at 1450 ºC for 
6h (2º/min up and 1 ºC down). The sintered pellets' dimen-

sions are 21 mm in diameter and 800 m in thickness. A 
GDC ethanol-based ink (0.1 g GDC, 1 g EtOH, 1% PVP) was 
deposited on top of the GDC pellets (both faces) through an 
airbrusher (Print3D Solutions) to create a roughness layer 
that offers better adherence for the electrode. The rough-
ness layer was sintered at 1150 ºC for 2 h (5 º/min). 

The electrode’s inks were obtained by dispersing 400 mg 
of the powders in PVA (Sigma Aldrich, Mw 89k), PVP (Sigma 

Aldrich, Mw 55k), -terpineol (AESAR 96%) and isopropanol 
(35, 1.7, 0.9, 23.6 y 38.8 % respectively), and manually de-
posited on the pellets. The attachment temperature of the 
electrode was determined by firing three different 
LSFCu/GDC/LSFCu symmetrical cells at 900, 950 and 1000 ºC 
for 6 h; the selected treatment was repeated on the other 
samples.  

2.4.2 EIS 

The symmetrical cells’ Electrochemical Impedance Spec-
trometry (EIS) characterisation was carried out partially on 
the Cryssmat-Lab using a commercial ProboStat™ ((NorECS 
AS, Oslo, Norway)) station, a high-temperature vertical tub-
ular furnace, and an Ivium spectrometer (Ivium Technolo-
gies B.V., The Netherlands), and partially on the Catalonia 
Institute for Energy Research (IREC), using a Novocontol 
spectrometer (Novocontrol Technologies GmbH & Co., Ger-
many). The impedance measurements were conducted in 
potentiostatic mode from 0.1 Hz to 1MHz and 50 mV ampli-
tude, between 800 and 500 ºC (50 º step) and synthetic air 
atmosphere. Gold paste (Fuelcellmaterials, Lewis Center, 
USA) and meshes (Fiaxell Sarl, Switzerland) were used to 
ensure the current collection. ZView software (version 3.2, 
Southern Pines, USA) was used to fit the impedance spectra. 

3. Results and discussion 

3.1 Synthesis and structural characterisation 

The selected route allowed us to successfully obtain the 
desired materials with high purity (>98%, there is a small 
quantity of CuO in some of them) in a fast and simple 
method, as confirmed by XRD. Figure 1a shows the XRD pat-
terns corresponding to all of the calcined samples.  
 

Fig. 1. (a) XRD patterns of the fired samples at 850 ºC, where the asterisks 
indicate the CuO impurity peaks; and (b) Rietveld fit for one of them, the 
LSFCu-CeO2 10 composite.  

 
The collected data was adjusted through the Rietveld 

method to obtain relevant structural parameters regarding 
the synthesised phases. In Figure 1b, we can see the Rietveld 
fit for the LSFCu-CeO2 10 composite, which depicts the pres-
ence of two different phases: rhombohedral LSFCu and cu-
bic CeO2 fluorite.  These findings, as well as the distribution 
of both phases throughout the material, were corroborated 
through electron microscopy (Figure 2). In the figures, two 
types of particles can be perceived: dark and big particles, 
and other smaller and white-ish ones.  
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Fig. 2. SEM micrographs for the LSFCu-CeO2 10 composite (left) and LSFCu-
CeO2 50 (right), obtained with different detectors: SE2 (top) (secondary 
electrons) and EBS (bottom) (backscattered electrons). 

3.2 Components compatibility 

In this case, the fact that the Gd0.1Ce0.9O2 (GDC) electro-
lyte used and the CeO2 from the composite are almost the 
same material, made it possible to conduct the study di-
rectly on the composite samples. As previously described, 
they were calcined in air at 1100 ºC for 12 h, and XRD data 
were collected to perform a Rietveld fit. The results show no 
reaction between the phases of the composite, only the CuO 
impurity (2%) already present after the first heating treat-
ment, which translates into no reactivity between the 
LSFCu/ LSFCu composites and the GDC. 

3.3 Electrochemical characterisation 

EIS measurements were performed on symmetrical cells 
with LSFCu-CeO2 20 electrodes on a GDC electrolyte. The 
data obtained allowed us to extract some preliminary values 
for the serial and polarization resistances from the Nyquist 
plots, and estimate the apparent activation energy (Ea) for 
the process (from ASRp). 

        Fig. 3. Arrhenius plot of the data acquired through EIS.  

The high quality of the linear fit of the lnASRp vs 1/T data 
(Figure 3, R2=0.998), suggests that the limiting process of the 
ORR is the same for all the temperatures studied, and as ex-
pected, is thermally activated.  

 
Table 1. Parameters obtained from the Nyquist plots for the 20% compo-
site. 

 
T (ºC) Rs () Rp () ASRp ( cm2)  (S cm-1) 

500 6.400 44.271 78.227 0.00646 

550 3.720 10.063 17.781 0.01111 

600 2.147 2.9575 5.2260 0.01924 

650 1.345 1.0359 1.8305 0.03072 

700 0.8905 0.4016 0.70963 0.04639 

750 0.6588 0.1808 0.31942 0.06271 

800 0.5066 0.09766 0.17257 0.08155 

4.  Conclusions 

We have found a one-step facile synthesis route to ob-
tain the composite LSFCu-CeO2 air electrodes for reversible 
IT-SOFC/SOEC devices; and characterised its composition, 
electrode deposition conditions over CDG, structure and mi-
crostructure and electrochemical performance. The initial 
results are very promising so far. We expect to characterise 
the full devices in the near future.  
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1. Introduction

The solid oxide fuel cell (SOFC) is an electrochemical de-
vice that supplies electrical energy. It stands out for having 
high efficiency in energy conversion. 

In this context, many studies have been developed look-
ing for better materials for SOFC anode. Ceramic materials 
with perovskite structure based on Sr-doped lanthanum 
chromite manganite have shown promising results. For ex-
ample, La0.75Sr0.25Cr0.5Mn0.5O3-σ [1].  

So, having that material as base and that the high con-
tent of Sr2+ and the cationic deficiency at site A aim to in-
crease the electronic conduction. Whereas high content of 
Mn and the cation deficiency at site B aims to increase ionic 
conduction. Thus, the ceramic investigated here is the new 
composition Sr0.66La0.33Mn0.66Cr0.66O3+/-Z (33LSCM33).   

In addition to the reasons already mentioned, this inves-
tigation is also justified by the original choice of the synthe-
sis method used in this work. The material is synthesized us-
ing the micellar sol-gel method with structure directing and 
swelling agents. This method is wellknown to be used to pro-
duce porous morphology, which is an essential characteris-
tic for an anode material [2]. 

Furthermore, electrode fixation strategies are used for 
improvement the cells, as: sanding of green electrolyte, ele-
vation of electrode fixation temperature (Tf) and use of 
ZrO2–8%mol Y2O3 (YSZ) porous layer between electrode and 
electrolyte. Considering that these strategies should in-
crease the contact area between electrolyte and electrode. 

Therefore, this study has as its aims the synthesis of the 
material by a method never used to produce LaxSr1-xCryMn1-

yO3-σ type-materials and the production of a one with new 
composition, 33LSCM33. Moreover, the evaluation of elec-
trode fixation improvement strategies and, mainly, the char-
acterization (by electrochemical impedance spectroscopy, 
EIS) of the 33LSCM33 ceramic for possible implementation 
as SOFC anode material.    

2. Experimental

The 33LSCM33 was synthesized by the micellar sol-gel

method with structure directing (Pluronic® P123) and swell-
ing (TIPB) agents. The mixture with the agents, reagents and 
the controlled pH (3 <ph < 4) was subjected to hydrothermal 
treatment (80°C/ 48 h), drying (60°C/ 24 h) and calcined 
(1000°C/ 4 h). 

To produce the cells, the electrolytes were prepared 
from YSZ (TOSH) powder by pressing into disks and sintering 
(1350°C/ 4 h). Electrolyte disk was sanded prior to sintering, 
with exception of cell with Tf = 900°C. The electrodes were 
prepared from a slurry made with Deconflux WB 41 and the 
material investigated, with fixation of the electrode at tem-
perature (Tf) of 900, 1000 or 1100°C (/2 h). The Pt current 
collector was fixed on each electrode at 850°C/ 1 h.  

In one cell was used a YSZ porous layer. The layer was 
prepared from a slurry with YSZ and commercial vehicle ink, 
with fixation at 1300°C/ 1h.  

On the whole, it was produced 4 cells. The 1st cell 
showed inaproprieted fixation (Tf = 900°C). The 2nd, the 
electrolyte was sanded, and the Tf was 1000°C (C1000). On 
the 3rd cell, the electrolyte was sanded too and raised the 
Tf at 1100°C (C1100).  On the 4th, used the same condition 
of previous cell and added the YSZ porous layer between 
electrolyte and electrode (C1100*). 

The EIS measurements were performed with Autolab 
potentiostat/galvanostat with coupled FRA and with data 
collection by the Nova program. The measurements were 
taken at 950, 900, 850 and 800°C and under 7 % H2 atmos-
phere. Moreover, the measurements were realized at sym-
metrical cell configuration. In other words, in H2/ 33LSCM33 
(w/ or w/o YSZ layer)/ YSZ/33LSCM33 (w/ or w/o YSZ 
layer)/H2 configuration. 

Fig. 2.1 – Equivalent electrical circuit model. 

Furthermore, the data were obtained from the simulta-
neous adjustment of the Nyquist and Bode graphs using the 
equivalent electrical circuit model (fig.2.1). All Chi2 values 
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shows that the equivalent electrical circuit model fits are 
suitable (Chi2 ≤ 4.1x10-4). 

3. Results 

First, 3 cells Nyquist plot at different EIS measurement 
temperatures are shown (fig. 3.1). 

0 20 40 60 80 100
0

20

40

60

80

100
 

 

 C1000 - 950 °C

 C1100 - 940 °C

 C1100* - 950 °C

0 20 40 60 80 100 120
0

20

40

60

80

100

 

 

 C1000 - 900 °C

 C1100 - 890 °C

 C1100* - 900 °C

0 40 80 120 160 200 240
0

40

80

120

160

200

240

 

 

-Z
'' 

(
)

Z' ()

 C1000 - 850 °C

 C1100 - 850 °C

 C1100* - 850 °C

0 60 120 180 240 300 360
0

60

120

180

240

300

360

 

 

 C1000 - 800 °C

 C1100 - 800 °C

 C1100* - 800 °C

 
Fig. 3.1 - Nyquist plot: C1000 (black), C1100 (red) and C1100* 

(green). 

 
The electrical equivalent circuit model fitting data are 

shown: the series resistance values (Rs), polarization re-
sistance values and values associated with the impedance of 
the constant phase element (Zcpe) are presented (tab. 3.1 
and 3.2). 
 
Tab. 3.1 – Serie Resistance (𝑅𝑠/Ω). 

 C1000 C1100 C1100* 

950°C 5.0 36.5 6.68 

900°C 3.7 30.0 8.06 

850°C 6.2 57.6 10.6 

800°C 4.7 74.2 12.0 

 
The impedance of constant phase element is given by: 

 

𝑍𝑐𝑝𝑒 =
1

(𝑗𝜔)𝑛𝑄
                                 (1). 

 
In what, “j” is imaginary unit, “𝜔” is the angular frequency, 
“Q” is CPE parameter and “n” is the order. 

The capacitance (C) and frequency (f) are calculated by 
following equations (eq. 2 and 3, respectively) and the re-
sults are presented in the tab 3.3: 
 

𝐶𝑖 = 𝑄𝑖
(1

𝑛𝑖
⁄ )𝑅𝑖

[
(1−𝑛𝑖)

𝑛𝑖
⁄ ]

                               (2), 
 

𝑓𝑖 =
1

2𝜋𝑅𝑖𝐶𝑖

                               (3). 

 

Tab. 3.2 – Polarization resistance (𝑅2, 𝑅3 𝑎𝑛𝑑 𝑅4 /Ω) and values 
associated with impedance of constante phase element. 

C1000 

 950°C 900°C 850°C 800°C 

𝑹𝟐  9.2 12.1 57.3 109 

𝑸2 2.1x10-4 2.6x10-4 1.5x10-4 1.6x10-4 

𝒏2 0.79 0.89 0.73 0.74 

𝑹3  32.6 14.7 97.1 162 

𝑸3 4.9x10-4 7.5x10-5 6.0x10-5 2.6x10-5 

𝒏3 0.43 0.86 0.51 0.58 

𝑹𝟒  1.9 62.3 2.4 16.4 

𝑸4 7.0x10-7 1.7x10-4 9.4x10-8 1.2x10-5 

𝒏4 0.93 0.43 1 0.56 

C1100* 

𝑹𝟐  4.58 3.60 3.00 37.0 

𝑸2 9.0x10-2 9.0x10-2 1.0x10-1 4.0x10-4 

𝒏2 0.90 0.90 0.80 0.92 

𝑹3  6.71 9.8 14.4 36.7 

𝑸3 5.4x10-4 3.6x10-4 3.0x10-4 5.6x10-5 

𝒏3 0.87 0.96 1.0 0.72 

𝑹𝟒  5.96 17.6 36.8 31.2 

𝑸4 1.2x10-4 2.0x10-4 2.5x10-5 1.4x10-3 

𝒏4 0.60 0.52 0.50 0.32 

 

Moreover, according with classification of literature [3], 
the electrochemical processes in cells are identified (tab. 
3.3). 

 
Tab. 3.3 – Capacitance (C/ F), frequency (f / Hz) and electrochemi-
cal process (P) classification (SEI – sample-electrode interface, ER – 
electrochemical reaction, SL – surface layer and WI without identi-
fication process). 

C1000 

 950°C 900°C 850°C 800°C 

f2  4x102 1x102 1x102 4x101 

𝑪2  4.0x10-5 1.3x10-4 2.6x10-5 3.9x10-5 

P SEI ER SEI SEI 

f3  2x103 4x102 4x103 2x103 

𝑪3  2.0x10-6 2.5x10-5 4.3x10-7 5.0x10-7 

P SEI SEI SEI SEI 

f4  3x105 6x103 7x105 7x105 

𝑪4  2.5x10-7 4.1x10-7 9.4x10-8 1.5x10-8 

P SEI SEI SL SL 

C1100* 

f2  4x10-1 6x10-1 7x10-1 2x101 

𝑪2  8.2x10-2 7.9x10-2 7.0x10-2 2.8x10-4 

P WI WI WI ER 

f3  1x102 6x101 3x101 9x102 

𝑪3  2.3x10-4 2.8x10-4 3.0x10-4 5.0x10-6 

P ER ER ER SEI 

f4  3x104 7x103 2x103 3x103 

𝑪4  8.8x10-7 1.2x10-6 2.2x10-6 1.8x10-6 

P SEI SEI SEI SEI 

 

The Arrhenius plot is shown at next figure (fig. 3.2), the 
area specific polarization resistance (ASRp) is calculated 
from equation 4 and the ASRp values are presented (tab. 
3.4.):  
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2
                               (4). 
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Fig. 3.2. Arrhenius plot: C1000 (black) and C1100* (green). 

 
Tab. 3.4 - Area specific polarisation resistance (𝐴𝑆𝑅𝑝 / Ω. 𝑐𝑚2). 

 C1000 C1100* D% 

950°C 4.94 1.95 61 % 

900°C 10.07 3.50 65 % 

850°C 17.72 6.10 66 % 

800°C 32.48 11.85 64 % 

4. Discussion 

In the Nyquist plot for 950°C, 2 arcs are visible in cell 
C1000 and 3 in cells C1100 and C1100*. All have a small arc 
at right side. As the temperature drops, this small arc disap-
pears in the C1000 and C1100. But, in the C1100*, there is a 
smaller arc reduction, but it remains visible (fig. 3.1). 

The C1000 cell has the smallest series resistances (< 7 
Ω). Whereas the C1100* has values higher than the previous 
cell, but they are still low values (≤ 12 Ω). In contrast, the 
C1100 has the highest values, and they are considered high 
(≥ 30 Ω). Consequently, the C1000 and C1100* are consid-
ered to have adequate electrodes fixation. In opposition, the 
C1100, according to the Rs criterion, has evidence of inade-
quate fixation (tab 3.1). 

The discussion of the C1100 cell will not be prolonged 
due to evidence of inadequate fixation indicated by Rs. 

The sample-electrode interface (SEI) process is present 
in both cells for different temperatures and different fre-
quency domains. Furthermore, it is the process that exerts 
the greatest influence on the Rp, except for C1100* at 
950°C. While the electrochemical reaction (ER) process is 
present at all temperatures of C1100* and only one temper-
ature of C1000, 900°C. It manifests in low frequency do-
mains (f ≈ 101-2 Hz). It's the primarily responsible for the Rp 
in the C1100* at 950°C (tab. 3.2 and 3.3). There are two 
other processes: superficial layer (SL) and one without iden-
tification (WI). The SL manifests exclusively on the C1000 at 
850 and 800°C for ƒ = 7.105 Hz. While the WI manifests ex-
clusively in the C1100*at 950, 900 and 850°C for ƒ ≈ 10-1 Hz. 
Both processes exert the least influence on the Rp of their 
respective cells (tab. 3.2 and 3.3). 

The ASRp values of cells C1000 and C1100* respect the 
linearity relationship at Arrhenius plot (fig. 3.2). 

The C1000 ASRp values are relatively high, with a value 
of 4.94 Ω.cm2 at 950°C. All values are greater than C1100*, 
a percentage difference (D%) above 60% for any tempera-
ture (tab. 3.4). While the ASRp values of the C1100* are rea-
sonable, with a value of 1.95 Ω.cm2 at 950°C. The lowest 
ASRp value among all values shown. Consequently, cell 
C1100* presents the best values and is the best anode can-
didate obtained in this work (tab. 3.4). 

In addition, as the electrode fixation strategies are ap-
plied, the ASRp decrease. Furthermore, the best result is ob-
tained in the cell that made simultaneous use of the 3 strat-
egies, C1100*. 

It is important to realize that the synthesis method is 
very little explored in the manufacture of porous materials 
for SOFC electrodes. In such a way, that it is used in an un-
precedented way for perovskite materials with composition 
of the LaxSr1-xCryMn1-yO3 type. 

Moreover, it should be noted that the material used in 
making the electrode of the cells, Sr0.66La0.33Mn0.66Cr0.66O3, 
has a unique chemical composition and, consequently, is 
produced in an unprecedented way by the micellar sol-gel 
synthesis method.  

Furthermore, it is necessary to know that the material 
used in the making of the electrodes does not present its 
optimized crystallographic and porous structures. Thus, with 
greater knowledge about the influence of the synthesis and 
processing parameters associated with the micellar sol-gel 
method on the material, it is possible to optimize the mate-
rial structures and, in turn, present a better electrocatalytic 
performance. 

5. Conclusions 

The anode material is produced in an unprecedented 
way by the micellar sol-gel synthesis method. And a new 
chemical composition is used as anode material. 

Strategies to improve the electrode fixation provided an 
enhancement in the electrocatalytic performance of the 
cell. 

C1100* cell has the lowest ASRp values, therefore, the 
best candidate. With ASRp = 1.95 Ω.cm2 at 950°C in 7% H2 
atmosphere in symmetrical cell configuration. 
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1. Introduction

Yttria –stabilized zirconia (YSZ) has been accepted as
one of the most promising electrolyte materials due to its 
good chemical and physical properties like its thermal, 
chemical and mechanical stability in addition to its high ionic 
conductivity [1]. As the operating temperature of solid oxide 
fuel cells (SOFC) is decreasing, there is a tendency to imple-
ment a thinner electrolyte. 

Electrochemical impedance spectroscopy (EIS) is a com-
monly used experimental technique that can discriminate 
the contributions of different physical processes to the over-
all electrical impedance o the sample. Microelectrodes have 
multiple applications in electrochemistry and have been in-
creasingly used in the characterization of oxide ion conduct-
ing ceramics. 

We propose the control of the porosity of the electro-
lyte as a tool to increase the electrode-electrolyte to im-
prove ion access to the electrolyte, thus improving the SOFC 
performance. 

In this study, YSZ films (~100 nm) with and without po-
rogenous agent were deposited in amorphous silica sub-
strates. In order to differentiate the effect of the pore 
estructure we applied diferent thermal treatments to the 
samples. We characterized these films and perform across 
plane EIS measurements to study their oxide-ion conductiv-
ity 

2. Experimental

Dense and Mesoporous YSZ thin films were prepared fol-
lowing the SOL-GEL route. A solution of 92% Zirconium 
Propoxide (70% Propanol) and 8% Yttrium chloride was pre-
pared. In the case of the mesoporous thin films, the sol-gel 
route was used in combination with the evaporation-in-
duced self-assembly strategy. A templating agent, Pluronic 
F127, was added to an ethanolic solution, and then water 
was incorporated to promote hydrolysis of the precursors 
[2]. Samples were deposited by deep-coating on SiO2. An in-
itial treatment of 2 hours at 60°C + 2 hs 150°C + 2 hs 350°C 
was performed. The templating agent is used to produce the 
micelles that will become pores after the thermal treatment 
at 350°C. 

Samples were characterized by XRD (X-ray diffraction). X 
ray reflectometry (XRR) was used to determine the thickness 
of the electrolyte and the accessible porosity in water vapor. 

We performed scanning electron microscopy (SEM) to de-
termine the microstructure of the sample. 

We fabricated microelectrodes by evaporating 4 nm of 
Pt and photolithography. Fig 1 schematizes the geometry of 
the thin film electrochemical cell. 

Fig. 1. Schematics of electrochemical cell’s geometry for across-

plane EIS measurement. 

We performed EIS measurements to obtain their across-
plane conductivity. Impedance spectra were collected in air. 
Samples were measured using a GAMRY 750 impedance an-
alyser with a frequency range of 0.1 Hz-100 Khz at 450°C – 
650°C and a signal amplitude of 400mV. 

3. Results

3.1 Characterization 

The XRD pattern for YSZ samples is presented in figure 
2. We observe that an increase in treatment temperature
produces more intenseand narrower peaks, consistent with
an enhanced crystallization of the samples. The diffraction
patterns are consistent with the presence of both cubic and
tetragonal fluorite-type structure phases, which cannot be
distinguished due to the broadness of the peaks.

Fig. 2. XRD Spectra of samples with diferent maximumtreatent 

temperature: 350°C, 500°C, 650°C, and 800°C, for samples 

with and without F127. 
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XRR was used to determine the thickness of the YSZ 
films by fitting the data with the modified Bragg’s Law 
(equation (1)). 

(1) 𝒔𝒆𝒏𝟐(𝜭𝑴) = 𝒔𝒆𝒏𝟐(𝜭𝒄) +
𝝀𝟐

𝟒𝒅𝟐
(𝑴 + 𝜟𝑴)𝟐 

We present the results in figure 3a. Accesible porosity 
to water vapour was obtained from the critical angles of the 
XRR measurements performed in high and low humidity at-
mospheres [3]. The results are shown in figure 3b. 

Fig. 3. (a) Film thickness of samples as a function of treatment tem-

perature and (b) film’s accessible porososity to vapour as a 

function of treatment temperature. 

The results show that an increase in thermal treatment 
temperature produces a reduction in the thickness of the 
film for mesoporous samples. On the other hand, for the 
dense samples we can see a decrease in thickness for treat-
ment temperatures below 650°C and an increase for the 
sample trated at 800°C. 

3.2 EIS 

In figure 4 we present the results of EIS measurements 
for the dense and mesoporous samples with the maximum 
temperature treatments of 350°C and 800°C. It shows that 
the EIS spectrum is characterized by one dominant process 
in the whole temperature and frequency range, as we see a 
single semicircle at each temperature, which can be mod-
elled as a single parallel RC circuit. 

Fig. 4. EIS spectra of dense and porous samples with temperature 

treatments of 350°C and 800°C. 

We obtained the resistive part of the spectra as the dif-
ference between the low and high frequency intercepters 
with the real axis, to obtain the conductivity. In figure 5(a) 
we present the conductivity in an Arrhenius Plot and its re-
spective Activation Energy from the model, fitting using 
(equation (2)).  

(2)  𝑳𝒏(𝝈) =  𝑳𝒏(𝑨) −
𝑬𝒂

𝑲𝒃
(

𝟏

𝑻
). 

Fig. 5. (a) Arrehnius plot of conductivity vs Temperature and (b) 

activation energy of the diferent curves determined using 

ec (2). 

 The data separates the samples conductivity by treat-
ment temperature. In figure 5(b) we can see activation en-
ergies approximately between 0.9 eV.and 1.0 eV. That is 
consistent with what is observed [4]. The porous samples 
present a lower value than the dense samples. This could be 
attributed to the increment in the area of the grain bounda-
ries, and based on the almost semicircle shape of the EIS 
spectra it’s the type of conduction that is dominant. 

Long term EIS measurement produced in the long term 
color changes in the Pt electrodes. We observe diferent be-
haviours in dense and porous samples. 

4. Conclusions

The porous samples lose a considerable amount of ac-
cessible porosity at treatment temperatures > 650°C. In the 
other hand, dense samples increase porosity and thickness 
at 800°C. Both results suggest that it is necessary to develop 
strategies to preserve the mesostructure at the operative 
temperatures of the SOFC (approx. 700°C). 

The EIS measurements suggest a single conducting pro-
cess. This is consistent with what was previously reported in 
nanoceramics, where the grain boundary conduction domi-
nates. Here the porous structure increment the relative frac-
tion of the grainboundaries compared to a microestructured 
ceramic.  
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1. Introduction

More than 80% of the world energy is still produced

from fossil fuels. Two of the strategies approached for low-

ering the use of fossil fuels and contributing to protect the 

environment are: adopting more efficient technologies for 

energy production, and replacing fossil fuels by biofuels. 

Solid oxide fuel cells (SOFCs) are an interesting alternative 

since they are able to work with different fuels (natural 

gas, bioethanol, biodiesel, LPG, hydrogen, etc.) by internal 

reforming and they can reach more than 90% efficiency for 

producing electrical energy and heat combined. In addi-

tion, SOFCs are modular and scalable which make them 

suitable for a wide variety of applications from cell phone 

chargers to several MW power plants. 

Argentina is able to produce several of the fuels used 

by SOFCs since it is the fifth world producer of biodiesel 

and the ninth world producer of bioethanol. In addition, it 

has the second world’s largest reserve of shale gas and it 

has plenty of natural resources for producing green hydro-

gen. Nevertheless, the performance and lifetime of a SOFC 

stack depends on the reformatted fuel which feed them 

which, in turn, depends on the origin of the fuel. Therefore, 

for the development of SOFC stacks which can work with 

Argentinean fuels, it is required to have a setup for moni-

toring and evaluating the stack response and its stability 

under different realistic operation conditions and capable 

of simulating reformates of different locally available fuels.  

Testing SOFC stacks imply very challenging conditions: 

SOFC stacks operates at high temperatures (within 500-

900°C range) and they need to operate a fuel gas on the 

anode side and a oxidant gas on the cathode side separat-

ed by a dense ceramic membrane of between some tenths 

to few hundredths of microns. There are some commercial-

ly available platforms for testing SOFC stacks from 100 V to 

several kW but their price is > 100k USD. The aim of this 

work is the present the recent efforts of the Material Char-

acterization Department at Centro Atómico Bariloche 

(CNEA) for designing, building, commissioning and valid-

taing a low-cost (< USD 30 k) setup for testing SOFC stacks 

fed by fuels available in our country. The setup to be built 

will serve for future development SOFC stacks able of 

working with Argentinean for export fuels. 

2. Methodology

2.1 Technical requirements and testing capabilities 

Technical requirements of the setup were defined tak-

ing into account the goals for the prototype to be devel-

oped within PICT Start-Up 2018-03690 project, the specifi-

cations of electronic loads and furnaces available in the 

local market, and the gas flows typically used for SOFC 

stack testing in industry and academia [1,2].  

Table 1. Technical requirements for the SOFC stack testing setup. 

Parameter Value 

Maximum operating temperature 900 °C (continuous) 

Maximum gas flows 

Air: 60 L/min 

H2: 10 L/min 

CH4: 2.5 L/min 

CO2: 7.5 L/min 

CO: 5 L/min 

N2: 17 L/min 

O2: 15 L/min 

5% H2/N2: 10 

L/min 

Maximum measurement power 600 W (electrical) 

Maximum measurement current 120 A 

Maximum measurement voltage 150 V 

Maximum stack dimmensions 25 cm x 25 cm x 25 cm 

Several testing protocols reported in literature [2] were 

reviewed prior to defining the desirable testing capabilities 

of the setup, as reported elsewhere [3]. Based on that re-

view, it was defined that the setup must be able of per-

forming at least the tests summarized in Table 2. Corre-

spondingly, the variables to be monitored and/or con-

trolled were selected.  

Table 2. Minimum tests that the setup must be able to perform. 

Test Description 

Start-up and 

conditioning 

Stack mounting, heating, and sealing, anode reduc-

tion, and checking of gas tightness and good elec-

trical contact. 

Stack 

perfor-

mance 

i-V and power curves measurement as a function of

gas flow and composition and/or stack tempera-

ture.

Dynamic 

operation 

i-V and power curves measurement operating with 

variable load for simulating typical demands for

practical applications.

Static 

operation 

i-V and power curves measurement under constant

load for evaluating degradation as a function of

operation time.
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2.2 Selection of control unit 

In order to select the most appropiate solution for con-

trolling the setup, four different options were analyzed: 

PLCs from traditional brands (i.e. Siemmens and Allen-

Bradley), a low-cost PLC (from AutomationDirect), a PC-

based system (from National Instruments), and an open-

source platform (from Arduino). These four solutions were 

qualitatively compared according to the following parame-

ters: enviroment requirements (capability of tolerating 

electromagnetive noise, humidity, vibrations), ease of in-

put/output configuration, possibility of extention, software 

licensing, and cost (including software license). 
 

2.3 Measurement software programming and design crite-

ria 

The measurement software was written in Python. This 

programming language was selected due to its versatility, 

ease of use, and because is freely usable and distributable 

(even for commercial use) [4]. The Graphical User Interface 

(GUI) was developed by using pyQt5 module [5]. 

In addition, the GUI of the measurement software was 

designed applying the following criteria defined by ISA 101 

standard [6]: 

1. Allow users to quickly understand current status 

2. Avoid unnecessary graphs and draws 

3. Use reduced color pallet 

4. Allow users easy navigation between different sections 

5. Offer intuitive functions for the user 

6. Show only the necessary information for the task 

7. Backup information must be easily accessible for users 

3. Results 

3.1 Piping and instrumentation diagram  

Fig. 1 shows the Piping and Instrumentation diagram 

(P&ID) of the SOFC stack testing setup, where the main 

components and the monitored and controlled variables 

are indicated. 

 

 

  Fig. 1. P&ID of the setup and screenshot of the “Plant” tab. 

 

In order the setup can comply with the requirements 

described in section 2.1, the following variables must be 

controlled: furnace temperature, inlet gas flows, inlet gas 

temperature, inlet anode gas humidity, output pressure, 

stack current. In addition, the following variables must be 

monitored: stack top and end plates temperatures, inlet 

gas pressure, output gas flows, cells and stacks voltages. 

Fig. 2 shows a render of the designed SOFC stack testing 

setup displaying the top hat furnace for heating the stack 

within the measurement cabinet, the PC for running the 

measurement software, and the gas flow controllers. 

 

 

  Fig. 2. Render of the setup. 

3.2 Selection of control unit 

Table 3 compares the different hardware solutions an-

alysed for controlling the testing setup. PC-based systems 

are the easiest to use since their technology is “plug and 

play”, but the cost is very high compared with the other 

solutions. On the orther hand, open source platforms (such 

as Arduino) are the cheapiest but they are much more dif-

ficult of programing and configurate. PLC’s represent an 

intermediate solution regarding both price and ease of 

programing but they require the use of proprietary soft-

ware (paid or free) for programing and configuration. 

 

Table 3. Comparison of different hardware solutions analysed 

for controlling the SOFC stack testing setup. 

Parameter PLC 
Low-cost 

PLC 
PC-based 

Open 

source 

Enviroment Industrial Industrial Laboratory Laboratory 

I/O configura-

tion 

Relatively 

easy 

Relatively 

easy 
Very easy Difficult 

Extention Yes Yes Yes Limited 

Software 

license 
Paid Free Paid 

Open 

source 

Cost High Low Very high Very low 
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3.3 Software design and programming 

Fig. 3 is a screenshot of the measurement program. In 

order to assure an easy navigation between the different 

sections of the program as well as allowing fast location of 

the relevant information, the software contains a Menu 

bar, a Navigation bar and Tabs. Current status of the setup 

can be quickly observed in the “Plant” tab (see Fig. 1), 

where the main monitored variables are displayed over the 

P&I diagram. A more detailed view of the variables is dis-

played in the tabs “Gases”, and “Stack”, while the tab 

“Graphs” (Fig. 3) allows the graphical representation of the 

controlled and monitored variables as a function of time. 

Customized measurement routines can be easily pro-

grammed in tab “Routines” (see Fig. 4). 

 

 
Fig. 3. Screenshot displaying the “Graphs” tab of the measuring 

software written in Python. 

 

 

  Fig. 4. Screenshot displaying the “Routines” tab of the measuring 

software written in Python. 

 

4. Discussion 

Low-cost PLC Productivity 1000 from AutomationDirect 

was selected for controlling the testing setup for its opti-

mum combination of relatively ease for programming and 

configuration, versatility, robustness and cost. This PLC can 

be programmed by using the Productivity Suite software 

[7] that is guaranteed by the supplier to be free for life. In 

addition, the use of pymodbusTCP allowed the communi-

cation between the PLC and the measurement software 

written in Python by using Modbus protocol. Evenmore, 

some sensors for air flow, humidity and temperature moni-

toring were sucessfully tested by connecting them to the 

PLC and reading the measured values with the measure-

ment software as shown in Fig. 3.  

  

5. Conclusions 

A setup for testing SOFC stacks up to 600 W was de-

signed at conceptual level.  A low-cost PLC from Automa-

tionDirect was selected for controlling the setup due to its 

versatility, robustness and cost, and programmed using 

ProductivitySuite software in Ladder language. A user-

friendly and versatible software complying good practices 

for interface design was implemented in Python by using 

Qt for GUI development. Communication tests between 

the measurement software, air flow, humidity and temper-

ature sensors, and PLC were successful. 

Acknowledgements  

Financial support for this work was provided by the Ar-

gentinean Ministry of Defense (PBDEF and PIDDEF Re-

search Grant 14/2020) and the ANPCYT (Research Grant 

PICT Start Up 2018-04690). 

 

References 

[1]  Endurance Project, Handbook of test procedures and proto-

cols, available at http://www.durablepower.eu  

[2] Solid Oxide Cell and Stack Testing, Safety and Quality Assur-

ance (SOCTESQA) Project, Test Modules, available at 

http://www.soctesqa.eu/test-modules 

[3] L. Toscani, L. Mogni, L. Baqué, E. Tagarelli, M. Rinaldi, Protoco-

los de evaluación electroquímica unificados para MEAs, sta-

cks, módulo de stacks y generadores SOFC, Informe Técnico 

CNEA IN-ATN40DCMITAB-04690-0355-WP4-N1.2/2021. 

[4] G. van Rossum and F. L. Drake Jr. (Editor), The Python Lan-

guage Refrence Manual, (2006) Network Theory Ltd. 

[5] PyQt 5 Reference Guide, (2015) The QT Company. 

[6] International Society of Automation, ISA101 Human-Machine 

Interfaces Design Standard, Durham, NC (2015) 

[7] Productivity Suite Software, (2022) AutomationDirect 

264



       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

Morphological investigation of PTFE after electrochemical performance in Gas 
Diffusion Electrodes under different conditions (P-25FC)  
R. O. Silva1, M. C. Paulisch-Rinke1, H. Hoffmann2, B. Ellendorff3, T.Turek3, C. Roth2, I. Manke 1 

1Institute of Applied Materials, Helmholtz-Zentrum Berlin, Hahn-Meitner-Platz 1, 14109 Berlin, Germany 
2Department of Electrochemical Process Engineering, University of Bayreuth, Universitätsstraße 30, 95447 Bayreuth, Germany  
3Institute of Chemical and Electrochemical Process Engineering, Clausthal University of Technology, Leibnizstrasse 17, 38678 Clausthal-Zellerfeld, 
Germany 

(*) Pres. author: ranielle.de_oliveira_silva@helmholtz-berlin.de (**) Corresp. author: ranielle.de_oliveira_silva@helmholtz-berlin.de  

1. Introduction

PolyTetraFluoroEthylene (PTFE) is a fluorocarbon-based
polymer belonging to the oliefins class of polymers. Due the 
usual high physical and chemical stability under very harsh 
environmental and experimental conditions, PTFE is major 
applied where properties such electrical insulation, mechan-
ical strength and surface protection (lubricity and nonstick 
e.g) are required[1]. The intermolecular forces due to the
fluorine atoms oriented along the chain with helical confor-
mation provide a shielding effect that leads to chemical in-
ertness and hydrophobicity[2]. PTFE has been recently ap-
plied in gas diffusion systems (GDE) ensuring that the pore
wall of the electrode will selectively act upon the gas pas-
sage and not be blocked by the aqueous solution during the
cell performance[3]. Despite the good performance of the
electrodes, the real stability of the polymer throughout the
NaOH electrolyte penetration process still needs attention.
Hence, we examined the silver-based gas diffusion elec-
trodes with 10 wt% and 2 wt% of PTFE before and after elec-
trochemical tests. For a clear understanding of what was the
most important parameter on PTFE instability, we investi-
gate also the influence of parameters such temperature,
time and voltage potential.

2. Experimental

To analyze the 3D microstructure, the GDE prepared on Ni 
mesh were analyzed by synchrotron and laboratory X-Ray 
radiography. Thermal performance was investigate using 
Thermogravimetry analyse coupled with mass spectroscopy 
(TGA-MAS) and Differential scanning calorimetry (DSC).  In-
frared spectroscopy (FTIR) and Raman spectroscopy were 
applied to determine the chemical structure and morpho-
logic aspect.  

3. Results

The synchrotron radiography (Figure 1a) shows the GDE mi-
crostructure. The Ni mesh is dark grey in contrast with the 
brighter grey from Ag. The porus system was analysed with 
more detail using focused ion beam (FIB) which showed with 
more sensitivity the presence of PTFE  deposited on the sil-
ver grain boundaries [3]. Operando laboratoty X-Ray images 
measuremnt was used to analyse droplets formation and 
distribuition during the GDE cycles (Figure1b).  

Thermogravimetry analyse coupled with mass spectros-
copy (TGA-MAS) shows that all samples present two second-
ary mass loss temperature (85°C and 380°C) below the PTFR 
thermal degradation temperature (550 °C). The first degra-
dation is accompanied by the emission of OH and Oxygen 
ions. Differential scanning calorimetry (DSC) confirmed that 
before this temperature degradation, samples present an 
endothermic peak transition characteristic of water bonded 
salt solution evaporation, indicating an accumulation of 
electrolyte in the polymer channels. Infrared spectroscopy 
(FTIR) reveals the presence of carboxyl group (signet at 1700 
cm-1) formed as a sub product during the electrolyte pene-
tration. Raman spectroscopy was able to identify polymer
debris in the electrolyte side, possible caused by the electro-
lyte penetration and a significant reduction of crystallinity of
PTFE in the gas side, especially decreasing with the time.
Furthermore, Raman shows a peak associate with the so-
dium carbonate (Na2CO3) at 1080 cm-1 that agrees of FTIR
results.

Reduction of crystallinity in PTFE indicated for Raman 
spectroscopy is showed in Table 1. 

Table 1 – Reduction of crystallinity in PTFE samples 

Sample Gas side Electrolyte side 

Standart 1h 0.2V 60% 74% 

Temperature 80 °C 75% 93% 

Potential 0.9V 65% 100% 

Time 24h 0.2V 58% 80% 

4. Discussion

These results together shows that the PTFE is sensible
to the electrolyte penetration over the electrochemical tests 
and gives a little description how the interface are changing 
during the process.  It is very clear that the electrolyte solu-
tion retention lead to a degradation of the polymer and the 
gas permeation promote the, so to speak, amorphization of 
the crystalline polymer, probably due to the interaction be-
tween the gases and the fluorine, promoting a disorganiza-
tion of the polymers chains. 

Keywords: gas diffusion electrode, PTFE degradation, oxygen reduction reaction, Raman, operando X-ray imaging. 
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Fig. 1. Synchrotron radiography (a) and Laboratory X-ray, operando 

measurement ofGDEwith 97 wt.% Ag and 3wt% PTFE (b).  

5. Conclusions 

In this investigation, severeal measuremets were applied 
before and after the electrochemical performance of GDE 
containing 3 wt% of PTFE and different condition, eg. Tem-
perature, time and voltage potential. Operando X-ray radi-
ography and the correlation with thermal and spectroscopy 
experiments shows the relationship between the structure 
and degradation of PTFE with the effect of overpotential 
that lead the saturation and and droplets effect of electro-
lyte. This set of results demonstrate that the morphology of 
PTFE can be modified throughout the electrode perfo-
mance. This can also lead to reduced hydrophobicity and al-
low percolation of the electrolyte liquid, as shown by the ac-
cumulation of droplets. These results demonstrate that the 
morphology of PTFE can modify the system hydrophobicity, 
which is reduced with the polymer disorder. 
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1. Introduction

Urban Touristic Transport at Sustainable Environments
(TTUES) project aim is to promote the implementation of a 
transport ecosystem able to mitigates acoustic and pollution 
impact over high-value natural environments. For this 
purpose, small-sized electric vehicles, and suitable charging 
stations based solely on renewable energy sources (RES), 
are meant to be integrated for tourism transport in Huelva 
(SW of Spain) and Algarve (S of Portugal). 

INTA, the Spanish National Institute for Aerospace 
Technology, contributes with the definition, evaluation, 
characterization and validation of innovative energy storage 
systems. These must act as an intermediate "buffer" 
between RES and electric vehicles (EV). Therefore, the EV 
charging points, based on this concept, must approach the 
adequate integration of the intermediate energy storage 
system with the batteries on board the vehicles, as well as 
with RES power plant and conveters.   

This work is developed at the Energy Laboratory that 
INTA owns at Huelva, SW of Spain, which includes adequate 
experimental testing facilities for these goals, such as a 
microgrid (integrates RES generation, electrical energy 
storage systems and several loads) that allows the testing 
and evaluation of components and technologies, at pilot 
plant scale, in real operating conditions, and batteries and 
super-capacitors test benches that allow the testing of 
energy storage equipment in controlled conditions. 

Figure 1 shows the test bench for characterization and 
evaluation of electrochemical systems and technologies of 
energy storage systems (batteries and supercapacitors). 

Fig. 1. INTA test bench for energy storage systems. 

This work presents the development of a smart charging 
point for light EV based on hybrid supercapacitors (HSC). 
Sourced from RES, this act as intermediate storage systems 
with an adequate connection to the EV batteries. Following 
the framework of the project objectives, after HSC 
characterization, a specific controlled system, as smart 
charging point, is designed, including the necessary active 
components and sensors. Based on a designed control 
strategy, a safe and efficient operation is proposed. 

2. Experimental

HSC systems have great advantages for charging points.
The typical HSC is formed by a positive electrode of activated 
carbon along with a Faradaic electrode, in an organic 
electrolyte. This allows HSC to combine a balance between 
power and specific energy, reducing the contaminating 
material of lithium batteries and increasing the useful life of 
batteries with which they are configured in hybridization. 
They also provide extended cycle life, compared to batteries 
[1].  

Therefore, hybrid supercapacitors are a promising 
energy storage system (ESS) for light EV charging points, 
with higher specific energy than supercapacitors, 
maintaining a balanced specific power [2]. 

The complete supply and recharge system for light EV is 
shown in Figure 2.  

Fig. 2. EV smart charging point with HSC system 

The HSC system can be recharged from RES, as well as 
from the grid. Through the smart charging controller, while 
operational data is monitored, the different operation 
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modes and allowed connections to the EV battery are 
remotely carried out, based on a defined control strategy. 
The HSC system includes automatic external overcurrent 
protection. 

3. Results 
3.1 HSC experimental characterization 

A series of tests were previously performed to 
experimentally characterize the HSC system proposed. The 
HSC system consists in an HSC 7500F/48V module. HSC 
energy during discharge is measured with a maximum of 
2691 Wh supplied, achieving almost rated energy (2.8 kWh). 
Then experimental specific energy (at 30 A) is around 25 
Wh/kg, while rated is 26 Wh/kg. HSC capacity is verified to 
be around 57 Ah. At tested power (1.5 kW, 30A), during 2 
hours supply from HSC, a total of 6 parallel HSC modules 
would be needed to fit a fully recharge of commercial EV 
vehicles (Peugeot iOn: 16 kWh; German E-Cars CETOS: 17.1 
kWh) [3], [4].  Meanwhile, for light EV models, just 2 parallel 
HSC modules would be necessary (Renault Twizy: 6.1 kWh) 
[5]. In addition, HSCs quickly adapt to changes in chaging 
demand, with instabilities during transients of less than 2 %, 
demonstrating smoothness and stability in the HSC supply. 

Considering the previous HSC characterization this HSC 
would be suitable for recharging light EV with 48 V batteries. 
Battery specifications, based on typical commercial models 
available from eNerlit SolarGreen, in the range of 40 Ah 
would have a maximum charge/discharge current of 40 A. 
Therefore, the HSC system is capable of charging one EV 
battery each time, having more than 55 Ah of capacity. 

 
3.2 Smart charging controller design 

Once the capabilities of the HSC as a source of energy 
storage and supply, for light EV recharging, have been 
analyzed, the specific system for its integration, as a smart 
charging point, is proposed. This system is oriented to light 
EV recharging in DC. The design of the smart charging 
controller must meet the following requirements: 

1. Automatic connection: the system must detect the 
connection of the EV batteries. If the operation 
requirements are met (as described in chapter 3.3), it 
must connect remotely. 

2. Controlled charge: the system must have adequate 
devices to regulate the charge in a controlled operation, 
thus limiting the maximum current. 

3. Fast charging: under certain specific conditions, the 
system must allow direct connection between the HSC 
system and the EV batteries, for a fast-charging process. 

4. Automatic mode selection: the system must be able to 
alternate between operating modes based on the 
integrated control system. 

5. Monitoring: the system must be able to monitor the 
voltage and current variables. 

6. Safety: in addition to the overcurrent protections, the 
system must act on the automatic connections, when 
the safe operating limits, pre-established in the 
integrated control system, are exceeded. 

Based on the design requirements, the schematic of the 
designed system is presented below, Figure 3. Note that in 
the following system the energy sources correspond not 
only to the HSCs, but also to the RES and the main grid. 
Through the corresponding contactors (C), when there is 
availability in the RES, these will be the source along with 
HSC. In the case of RES unavailability, the energy will be 
provided by HSCs with the support of the main grid, if 
required. Therefore, in the event of unavailability or failure 
in one of the sources, these are disconnected meanwhile the 
rest support the system source. Regarding to the smart 
charging controller, starting from the HSC, the system has a 
switch (SHSC), which allows the connection to be alternated 
for the two operating modes (positions SHSCA and SHSCB). The 
operation of the switch is defined from the control system. 
The two possible connections are established below. On the 
one hand, there is a direct connection (SHSCA), allowing it to 
operate in fast charging mode. On the other hand, there is a 
connection through a charge regulator (SHSCB), to carry out 
controlled charges, adjusted from the controller. A voltage 
sensor is also included, VHSC, to monitor the voltage of the 
HSC, used by the control system in decision making. At the 
point of connection with the EV batteries, there is a 
contactor, CBAT, activated from the integrated control 
system, as well as voltage and current sensors, VBAT and IBAT. 
Based on the voltage and current sensors, the system acts 
on the switch (SHSC) and the contactor (CBAT), guaranteeing 
the most appropriate mode of operation, as well as a safe 
connection and controlled disconnection in the event of a 
system failure. 

 
Fig. 3. Smart charging controller  
 
3.3 Integrated control system strategy design 

The control strategy, on which the integrated control 
system is based, is defined through the following diagram, 
Figure 4. First, it checks if the EV battery has been 
connected, detecting it through a voltage (VBAT) greater than 
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30 V (its minimum voltage is 40 V). In addition, in this phase, 
it is also taken into account that the voltage in HSC (VHSC) is 
greater than that present in the EV batteries (VBAT). If the 
conditions are met, it goes to the next phase, otherwise, it 
will not be able to operate. Once the minimum conditions 
for operation have been verified, it is checked if the 
difference between the HSC voltage and the battery voltage 
is below a maximum safety voltage where it can be operated 
in direct connection (fast charge). If it is met, after a safety 
delay, the battery is connected and fast charging is operated 
(SHSCA). Otherwise, after the same safety delay, the battery 
is connected and recharged in a controlled manner, through 
the charge regulator (SHSCB). During the operation, it is 
checked whether the conditions for passing from one mode 
to another are met. In addition, the voltage and current 
values are constantly monitored, so that if the battery is 
disconnected, the voltage in HSC is not sufficient to carry out 
the charging process, or due to a fault in a sensor or in the 
regulator, the established maximum current it is exceeded, 
the system stops the operation with the disconnection of 
the battery. 

 

 
Fig. 4. Integrated control system. Control strategy flow diagram. 

 

4. Discussion 
The proposed HSC system demonstrates having the 

energy capacity to recharge, for around two hours, light 
commercial EV vehicles, with the use of two 2,691 Wh 
modules in parallel. In addition, they show great stability to 
changes in recharge demand, with instabilities reduced to 
less than 2%. 

The proposed smart charging point takes into account all 
possible situations within the modes of operation. Voltage 
and current variables are monitored. Based on them, the 
modes are alternated and a safe operation is also 
guaranteed. In case of disconnection, fault or overcurrent, 
the system stops the connection between the EV battery 
and the smart charging point based on HSC. 

This smart charging point is scalable, allowing the 
recharging of several batteries, with different voltages, 
simultaneously. For this purpose, it would be necessary to 
add charge regulators, as well as additional voltage and 
current sensors to the smart charging controller. The 
established control strategy would work in the same way as 
the case already defined. 

5. Conclusions 

The TTUES Project is contextualized within the 
development of sustainable alternatives for urban mobility. 
In this work a smart charging point for light EV is proposed. 
The system is based on hybrid supercapacitors, which store 
energy from renewable sources, and supply the required 
charge to the EVs' batteries. Hybrid supercapacitors 
combine the high energy of batteries with the power of 
conventional supercapacitors, making them promising 
candidates for fast recharging of EVs. The proposed system 
capacity is able to recharge light EV in just about two hours 
with great stability against charge fluctuations. For this 
purpose, a smart charging point is designed that guarantees 
efficient and safe operation, which is scalable to recharge 
numerous light EVs simultaneously. 
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1. Introduction
The specific energy density of Li-ion batteries (LIBs) is

now nearly approaching its theoretical values, after grow-
ing by about 7 Wh kg−1 per year in the last 25 years [1]. A 
rechargeable battery-specific energy density is primarily 
determined by the electrode's specific capacity and operat-
ing voltage [2]. In this perspective, lithium metal anode 
represents the “holy grail” of battery research for its ex-
tremely high theoretical specific capacity (3860 mA h g−1), 
its lowest redox potential (−3.04 V vs. the standard hydro-
gen electrode), and its low gravimetric density (0.534 g 
cm−3). On the other hand, metallic Li being thermodynami-
cally unstable in all liquid electrolytes immediately forms a 
solid-electrolyte interphase (SEI) when immersed into elec-
trolyte [3]. An ideal SEI should inhibit the further reaction 
between Li and electrolytes and suppress the Li dendrite 
formation. However, spontaneously formed SEI is fragile 
and heterogeneous with variable spatial resistance, which 
induces uneven Li-ions flow, random Li deposition under-
neath and formation of high surface area lithium (HSAL) 
[4]. Constructing a stable SEI layer is a necessary strategy to 
restrict lithium dendrite growth, which further guarantees 
the safety of LIBs. 

Recently, polymer electrolytes [4,5] and 2D nano-
materials [6,7] have been studied extensively for applica-
tions in LIBs. Particularly 2D nanomaterials have attractive 
properties originating from their ultrathin structure with a 
high degree of anisotropy and chemical functionality. Hex-
agonal boron nitride (hBN) is one of the most popular 2D 
with an atomic structure similar to graphene in geometry, 
where carbon atoms are substituted with nitrogen and 
boron atoms [8]. The BN bonds of hBN show a partially 
ionic character due the difference in electronegativity be-
tween N and B, which make hBN an insulating layered 
compound with high chemical stability and mechanical 
strength that flatten Li deposits, reducing HSAL formation. 
Also, B atoms in hBN (with partially empty pz orbital) inter-
act with anions from the electrolyte, promising to improve 
Li deposition by reducing Li+ concentration gradient [7]. In 
this work the surface of metallic lithium electrodes was 
modified with hBN and tested on electrochemical cells.  

2. Experimental
2.1 Sample preparation

To modify the metal lithium surfaces we used a suspen-
sion of commercial hBN in N-Methyl-2-pyrrolidone (NMP). 
The suspension was sonicated and then centrifuged finally 
giving a hBN stable dispersion. The dispersion was used to 
deposit hBN on the metallic lithium by drop casting tech-
nique to obtain Li@BN sample. 

The interaction of hBN with metallic lithium was stud-
ied with X-ray photoelectron spectroscopy (XPS) and scan-
ning electron microscopy (SEM). To test the electrochemi-
cal properties, symmetric Li@BN/Li@BN and asymmetric 
Li/Cu@BN coin cells were assembled inside of a glovebox 
with an Argon atmosphere; Lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) 1M in 1,3-
dioxolane (DOL) : 1,2-dimethoxyethane (DME) 1:1 vol was 
used as electrolyte; Li and Cu without modification were 
used as reference. The variation of impedance with time on 
a fresh cell was measured and lithium stripping and deposi-
tion was evaluated with galvanostatic cycling.   

3. Results
3.1 hBN Exfoliation 
Dispersions with a concentration of 10 mg mL−1 hBN pow-
der in NMP were sonicated to exfoliate the hBN and centri-
fuged to remove large aggregates. After centrifugation, the 
hBN concentration (C) was determined from the measured 
absorbance by using the Lambert−Beer law, A/l = αC, with 
α = 270 L·g−1·m−1 and l the cell length.  
The correct exfoliation of the material was confirmed by 
SEM, Raman spectroscopy and XPS. While in SEM, we ob-
serve the typical flake morphology of exfoliated h-BN, RA-
MAN shows a red shift in the peak corresponding to E2g 
mode and XPS confirms the chemical and bond composi-
tion based on B and N as main elements. 

3.2 Lithium modification 
Metal lithium was modified to obtain Li@BN by drop 

casting method using exfoliated hBN dispersion. XPS results 
demonstrate the presence of 2D hBN on the surface of the 
electrode, while at the interface between hBN and metallic 
lithium, Li3B and Li3N species were found as possible prod-
ucts of the reaction between hBN and Li. 
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To test the stability of lithium in contact with electro-
lyte, impedance spectra were measured over time, in 
symmetrical cells at open circuit voltage (OCV). The results 
show a typical semicircle associated with the interface 
resistance. Comparing the change in the semicircle for both 
electrodes (Figure 1) it is noticeable a lower increment in 
time when hBN is modifying the Li surface.  

Fig. 1. EIS spectras for Li/Li and Li@BN/Li@BN at OCV over time. 

3.3 Lithium striping and deposition 
To evaluate the performance of lithium dissolution and 

deposition in electrodes modified with hBN, both 
Li@BN/Li@BN and Li/Li symmetrical cells were used. Gal-
vanostatic cycles at high currents were applied. The cell 
with Li@BN not only can be cycled more times without 
short-circuiting, but also presents a lower overpotential 
than for Li without modification (Figure 2).  

Li/Cu and Li/Cu@BN - Cu@BN was prepared in the 
same way as Li@BN - cells were tested to evaluate cou-
lombic efficiency showing an improvement in the electro-
chemical performance with the modified surface. SEM 
images of the lithium deposits on Cu show more porous 
and disordered structure on bare Cu than flat and homo-
geneous structures on Cu@BN. 

 
Fig. 2. Galvanostatic cycling of symmetric Li/Li (red line) and 

Li@BN/Li@BN (black line) cells at 20 mA cm-2 

4. Discussion 

4.1 Exfoliated hBN to stabilise metallic lithium   
Previous results show that a clear stabilisation is obtained 
when exfoliated hBN is deposited on the lithium metal 
surface. When metallic lithium is in contact with electro-

lyte, the SEI layer is formed for decomposition reactions 
and the resistance of the surface increases with time, as 
Figure 1 shows in the increment of the semicircles on EIS 
spectra. The resistance increases clearly slowly when lithi-
um is covered with hBN, indicating that it protects lithium 
against electrolyte decomposition and SEI formation.  
XPS measures show that lithium and part of hBN react 
forming Li3B and Li3N, but hBN 2D without react is present 
on the top of the surface. The hBN on the surface enables 
and aids lithium deposition and dissolution reactions, 
which can be observed in the lower reaction overpotential 
during the cycles of the symmetric cell with Li@BN. The 
morphology of the lithium deposits on Cu@BN is more 
homogeneous and compact compared to bare Cu observed 
with SEM, which indicates less HSAL is formed improving 
the safety of the cell. Finally, hBN protects lithium against 
electrolyte decomposition during cycling, which can be 
observed on the better coulombic efficiency for the 
Li/Cu@BN cell. The protective and stabilising effect of hBN 
on metallic lithium and its reactions produces an increase 
on cell cycling improving as well the useful lifetime of the 
battery.   

5  Conclusions 

In this work, we have successfully exoliated hBN and 
applied it as a protective layer for lithium metal-based 
batteries. The advantages to incorporate hBN on Li surface 
has been demonstrated by the reduction in the overpoten-
tials respect to unmodified Li anodes at density currents as 
high as 20 mA cm2. Using XPS, EIS and SEM as tools, we 
were able to shed light not only about the interaction be-
tween the 2D materials and the Li surface, but also about 
how its interplay improves the electrochemical perfor-
mance of the Li metal anodes.  
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1. Introduction

Lithium metal is considered the ultimate anode for
energy-storage systems for its extremely high theoretical
specific capacity (3860 mAh g−1), the lowest redox potential
(−3.040 V vs the standard hydrogen electrode) and a low
gravimetric density (0.534 g cm−3) [1]. However, the main
issue associated with this electrode is the growth of metal
dendrites on its surface, also known as high surface area
lithium (HSAL), during charge/discharge cycles. Therefore,
there is a great interest in the study of the mechanism of
HSAL formation and the effect of the different variables
involved. A final goal is the possibility to tune these
variables to control the formation of HSAL. Such control
remains elusive probably because it requires important
feedback between theory and experiments, among other
challenges. Molecular simulations could help to improve
this feedback, although the construction of an ad hoc
model that connects the simulation parameters with the
experimental measures is required. In this work, we have
developed a computational model, based on that of Mayers
et al. [2], to simulate the HSAL growth on a planar
electrode.

Since the electrode works by draining lithium particles
from the SEI during electrodeposition, new particles must
be added to the system (where thermodynamical
properties are calculated, in the μVT thermodynamic
ensemble) during the progress of the simulation. A direct
way to accomplish such additions is the definition of a local
control volume in the simulation box, where new particles
will be created. The number of particles inside this
reservoir will be related to the chemical potential, and can
be controlled using any grand canonical simulation method.
Usually, the output properties of the simulation are
measured far from the reservoir, with the hope to avoid
any perturbation to the system given by its presence.
However, we show that it is not possible to uncouple the
system from the reservoir in the regime of deposition at
high potentials, since the concentration profiles will quickly
reach the reservoir position, no matter how far it is located.

2. Experimental

2.1 Simulation model

We considered the electrodeposition of Li+ cations onto
the surface of an implicit planar and square (100 Å × 100 Å)
Li metal electrode. Depending on the type of reservoir
used, height along the z axis of the simulation cell could

vary. Particles roam freely throughout the whole simulation
cell, with periodic boundary conditions in x and y axes,
within an implicit SEI. Ionic migration and interaction with
anions present in the solvent weren’t considered due to
charge screening on short distances, as in other models [2].
The system (Figure 1) spans from what is considered an
ideal electrode at z= 0 Å, to z= 100 Å, where it is connected
to the reservoir of lithium ions that maintain the system at
a constant chemical potential μ. The motion of lithium ions
follows Brownian dynamics.

Fig. 1. First and last snapshots of a simulation of HSAL growth.
Yellow box highlights the system volume and blue box, the
reservoir (type-1 in this case, see section 2.2).

2.2 Electrodeposition probability and reservoir types

The deposition is a random event with probability p that
may occur when a lithium ion approaches the implicit
electrode or a previously deposited metal atom. This
probability p can be connected to the measured
overpotential of the cell [2]. Varying p, ranging from 0.05 to
1.0, ten independent trajectories were simulated for each p
value. Different particle reservoirs to guarantee constant
μVT were also tested:

type-1: a large reservoir with variable volume, that
adjusts its height to keep its density at bulk values as
the simulation evolves, typically by compressing
itself and injecting ions to the system as needed [3],

type-2: one that adds bulk density slices on top of the
simulation box as density perturbation reaches its
boundary, resulting in a step wise growth of the
system size, and

type-3: one where particles in a control volume can be
created or destroyed after a certain number of
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grand canonical Monte Carlo moves per MD
simulation step [4].

In this work we present the effects of varying the
probability p in the resulting HSAL morphologies, and the
conclusions drawn from the different types of reservoir.
Characterization of our results includes anode surface
topography maps and current regime in the cell analysis.

3. Results

3.1 Dendrites

Fig. 2 shows three final snapshots from simulations for
different values of deposition probability p. Surface
topography maps of simulations are shown in Fig. 3. Both
these maps and the snapshots from Fig. 2 shows dendrite
formation. Quantitative analyses are ongoing.

Fig. 2. Dendrites formed for different p values.

Fig. 3. Surface topography maps for different p values.

3.2 Current profiles

Calculating the number of deposited Li atoms per time
step is equivalent to calculating the charge transferred per
time step. Thus, the first derivative of those results gives
the simulated current for each p value.

Fig. 4. Current for different values of p. The line at 2 10-2 ΔN/Δt is
drawn for reference.

3.3 Concentration profiles

Li+ concentration profiles alongside the z axis (normal
to electrode surface) are shown in Fig. 5 and 6 for different
reservoir types and at different simulation times.

Fig. 5. Li+ concentration profiles alongside the z axis for type-1
reservoir and p=1. Red: initial [Li+]. Yellow: [Li+] at half
simulation time. Green: final [Li+].

Fig. 6. Li+ concentration profiles alongside the z axis for type-2
reservoir and p=1. Red: initial [Li+]. Yellow: [Li+] at half
simulation time. Green: final [Li+].

4. Discussion

4.1 Dendrite growth and p

Observing the qualitative results shown in Figs. 2 and
3, we can see that our model shows dendrite growth, and
that as electrodeposition probability increases, so does
dendrite formation. This is in good agreement with
previous results [2], and implies that when the cell
overpotential grows, dendrite formation propensity grows
as well.
4.2 Reservoir type influence

From the shape of the current profiles, we can
conclude that within our model there is a change in the cell
regime as p increases: at lower values of p we observe a
charge transfer controlled regime, while at higher values
we find mass transfer control.

From the ion concentration profiles along the z axis
shown in Fig. 5, we can see that the perturbation due to
the deposition in the electrode quickly reaches the type-1
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reservoir, meaning that it will influence the dendritic
growth by altering the available concentration of ions.

In order to reduce the influence of the reservoir in the
dendritic growth, we performed simulations with the
type-2 reservoir. As evidenced by the plateau at the end of
the curves shown in Fig. 6, a minimum impact in the
density profiles can be achieved with this reservoir.
However, it requires a huge increase in the system size and
quickly becomes computationally too expensive.

Considering the difference between the ion diffusion
coefficients (D) in the SEI and the electrolyte, where DSEI <<
Delectrolyte, we conclude that type-1 or type-3 reservoirs may
be used in the model if their positions are associated with
the position of the SEI/electrolyte interface in the real
system.

5. Conclusions

We developed a Molecular Dynamics model to
simulate dendrite growth on a planar Li metal anode. We
correlate more dendrite formation with an increase in the
electrodeposition probability p value, which is related to
the applied cell overpotential, like in previous results. We
analyzed the physical meaning of the simulated particle
reservoir and its position as the distance from the
electrode surface.

With the definition of a density control volume in the
electrolyte, we demonstrate that any reservoir defined
within a fixed distance to the electrode will eventually
influence the dendrite formation in the system. The
reservoir position should be considered as a relevant
parameter of the simulation, that will be associated with
the SEI thickness in real systems. We have analyzed the
impact of this variable in the dendrite formation process.

Rather than being only a modelling trick to keep the
system in a grand canonical ensemble, we found that the
reservoir position plays a crucial role in the dendrite growth
and can be related to the position of the SEI-electrolyte
interface in the real system.
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1. Introduction

Nowadays,  one  of  the  biggest  challenges  of  modern
societies is the increasing energetic demand since there is a 
great  dependence  on  fossil  fuels  and  these  represent  a 
threat  to our ecosystem. Renewable energy  sources,  such 
as solar  radiation, are alternatives  to supplant  fossil  fuels. 
However, because of the variability in time as well as geo‐
graphic distribution, devices to store the generated energy 
are  needed.  In  this  sense,  batteries  and  supercapacitors 
have garnered a lot of interest in recent years. [1] 

Supercapacitors  (SC)  are  a  promising  alternative  be‐
cause  they  allow  a  quick  charge/discharge,  life  cycle  and 
power  densities  superior  to  other  devices  as  batteries. 
There are two types of  supercapacitors: electrostatic dou‐
ble  layer  (EDLC)  and  pseudocapacitors  (PSC).  PSC  stores 
energy  by  faradaic  reversible  redox  processes  (oxidation‐
reduction)  that occur within  the electrode material, being 
this phenomenon known as pseudocapacitance. [2,3] 

Until now metal oxides, metal hydroxides and organic 
polymers  have  been  used  in  PSC.  [4]  Porous  conductive 
polymers (PCP) are materials of  interest due to their open 
structure, high specific energy and power, high conductivi‐
ties  and  are  flexible.  A  strategy  that  can  be  used  in  the 
deposition  of  organic  polymers  is  the  electropolymeriza‐
tion.  The  polymerization  through  electrochemical  deposi‐
tion  techniques  allows  synthesising  the  polymeric  film  in 
one step with fine control over the thickness. [5] A number 
of reports revealed that the polymeric films obtained elec‐
trochemically  over  conductive  solid  substrates  are  highly 
stable, showing compact layers, with excellent stuck to the 
electrode and high charge transport capability. [4,6] 

In this work we present the electrochemical formation 
and  characterization  of  porphyrin  films  obtained  by  elec‐
trochemical  polymerization.  Porphyrin  monomers  contain 
two  carbazoles  (CBZ)  and  two  triphenylamine  (TPA)  resi‐
dues  in  their peripheries. Fig. 1 shows the chemical  struc‐
ture of  the studied molecules. The electrogenerated poly‐
mers possess electronic properties that make the material 
suitable for application  in electrochromic and energy stor‐
age  devices.  The  presence  of  numerous  reversible  redox 
centres  in  porous  electrode materials  is  essential  for  the 
occurrence of pseudocapacitive processes. 

Fig. 1.  Structures of the studied porphyrin monomers. 

2. Experimental
Cyclic  voltammetry  measurements  (CV)  of  the mono‐

mers  and  films  were  performed  in  a  potenti‐
ostat/galvanostat PalmSens 4 (PalmSens BV), using a three‐
electrode  cell  configuration,  with  a  Pt  or  ITO  as  working 
electrodes,  a  large  area  Pt  counter  electrode  and  an  Ag 
wire  as  quasi‐reference  electrode.  1,2‐dichloroethane 
(DCE)/  0.1  M  tetrabutylammonium  hexafluorophosphate 
(TBAPF6) was used as electrolytic solution.  

The  surface  topography  of  the  polymer  network  films 
deposited on the ITO electrode was examined by the scan‐
ning  electron  microscopy  (SEM),  obtained  with  a  field 
emission  scanning  electron  microscope  FE‐SEM  Sigma 
Zeiss.  

The  galvanostatic  charge‐discharge  experiments  (GCD) 
were  carried  out  by  a  chronopotentiometry  method  in  a 
conventional  electrochemical  cell,  using  a  large  area  ITO 
working  electrode  (1.2  cm2),  a  Pt  large  area  as  counter 
electrode and an Ag quasi‐reference electrode  in acetoni‐
trile (ACN)/0.1 M tetrabutylammonium perchlorate (TBAP) 
solution. 

Electrochemical impedance spectroscopy (EIS) was per‐
formed  in  a  three‐electrode  cell  configuration  using  the 
Frequency Response Analyzer module of a PGSTAT 30 Au‐
tolab potentiostat in the range between 0.1 to 105 Hz with 
a perturbation amplitude of 5 mV at an applied potential of 
1.1 V. 

The  supercapacitive device was built  using a  sandwich 
type configuration. The composition of  the gel electrolyte 
used  to  construct  the  devices  was  3/7/20/70  of 
TBAP/polymethylmethacrylate  (PMMA)/propylene  car‐

276



 
 

 
                                                       8

th
 Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11

th
‐14

th
, 2022 

 

bonate  (PC)/ACN,  respectively.  No  separator  paper  was 
required  in  our  devices.  The  asymmetric  device  was  con‐
structed  with  PCo‐film/ITO/glass  as  the  positive  electrode 
and  poly(3,4‐ethylenedioxythiophene)‐
poly(styrenesulfonate)  (PEDOT/ITO/glass)  as  the  negative 
electrode. 
 
3. Results and Discussion 

In order  to  study  the electrochemical properties of P, 
PCo,  PCu  and  PZn  monomers  and  to  understand  de  redox 
processes  involved  during  the  formation  of  the  polymeric 
films, cyclic voltammetry experiments were carried out. For 
all the porphyrin monomers, the TPA and CBZ dimmer for‐
mation is expected to generate electroactive oligomeric or 
polymeric  structures.  [7] Furthermore, as  it  is observed  in 
Fig. 2A (where PCo was taken as an example), the CV exper‐
iments of the different porphyrin films showed a reversible 
redox  activity  and  the  formation of  an  electroactive poly‐
mer material in the electrode surface. Moreover, the elec‐
tropolymers show reversible color changes when different 
oxidation‐reduction  potentials  are  applied  (Fig.  2B).  This 
demonstrates  that  the porphyrin polymers  have potential 
for electrochromic devices generation. 

As can be seen from the SEM images (Fig. 2C), the pol‐
ymers completely cover the ITO surface. Pinholes or cracks 
are not observed.  The  films are homogeneous,  showing a 
rough fashion in comparison with the naked ITO (see inset 
Fig. 2C). This rough morphology, which is common in den‐
drimeric  organic  electropolymers  [6,7],  can  contain  ade‐
quate pathways for the diffusion and migration of electro‐
lyte ions.  

The  generated  free  based  and  metalized  porphyrin 
electropolymers were further investigated by galvanostatic 
charge/discharge curves (GCD), using a three‐electrode cell 
configuration.  Due  to  the  reversible  oxidation‐reduction 
processes, it is expected that the pseudo‐capacitive behav‐
ior would make  the polymer adequate  for  their use as an 
active material  in  supercapacitor  device  construction.  Fig. 
2D exhibits GCD cycles of PCo film at different current den‐
sities.  The  discharge  and  charge  curves  are  nearly mirror 
images,  indicating  fast  and  reversible  electron  exchange. 
The  small  deviation  of  the  triangular  form  in  the  GCD 
curves  is  originated  in  the  pseudocapacitive  origin  of  the 
observed phenomenon. The capacitances obtained for the 
porphyrin electropolymers were between 270 ‐ 330 F g‐1 at 
5 A g‐1. 

Electrochemical  impedance  spectroscopy  (EIS)  was 
employed to characterize electrical conductivity and charge 
transport behavior of  the polymer  films on  ITO.  From  the 
fitted data (using Randles equivalent circuit), the gravimet‐
ric capacitances were obtained. [5,6] The calculated values 
were  in agreement with those obtained from GCD curves. 
All the experimental evidence obtained from CV, GCD and 
EIS experiments demonstrates that the porphyrin polymer‐
ic  materials  could  be  appropriate  for  their  application  in 
the fabrication of supercapacitive energy storage devices. 

 

 

Fig. 2. A) Ten consecutives CV scans of PCo on ITO electrode, scan 
rate 100 mV s‐1; B) SEM images of PCo substrate, inset: naked ITO. 
C) Color‐change of PCo films when different potentials are applied 
D) GCD cycles of PCo film at different current densities. 

 
In  this  sense, a  supercapacitive device was built using 

PCo electropolymer as active material, assembling a PCo film 
electrode with an electrochemical generated PEDOT modi‐
fied  ITO  as  complementary  electrode.  PCo  polymer  was 
selected  as  electrode  to  assemble  the  device  because  it 
holds a theoretical capacitance higher than the other stud‐
ied polymers, due  to  the  fact  the PCo  involves  seven elec‐
trons by monomer unit  in  fully oxidation state  (unlike  the 
six  electrons  that  contains PCu, PZn  and P monomers).  Fig. 
3A depicts a photographic imagen of the fabricated energy 
storage  device,  constructed  as  described  in  the  experi‐
mental section. Fig. 3B shows the GCD curves of the device. 
As can be observed, triangular charge‐discharge behaviour 
is generated under the described experimental conditions. 
The calculated specific capacitance obtained  from de GCD 
and EIS curves was found to be 45 F g‐1 at 6 A g‐1, for a PCo‐
film/gel  electrolyte/PEDOT  non‐optimized  device.  This 
result is lower than the obtained for the porphyrin electro‐
polymers  in solution but comparable to the values report‐
ed for similar gel electrolyte devices [8‐9]. 

4. Conclusions 

Porphyrin polymeric  films were  generated  by  electro‐
chemical polymerization, using CBZ and TPA functionalized 
porphyrins  monomers.  These  structures  produce  a  large 
contact  area  between  the  liquid  electrolyte  and  the  film 
surface, and also form pathways for an adequate ion diffu‐
sion and migration. Because of the electrochemical revers‐
ibility  and  the  open  three‐dimensional  structures  of  the 
films, they were tested as pseudocapacitive materials. 

The  pseudocapacitive  electrode  materials  exhibited 
capacitances as high as 330 F g‐1 at a current density of 5 A 
g‐1. This high capacitance demonstrates that the porphyrin 
electropolymers  could  be  used  as  materials  for  energy 
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storage applications where a high discharge‐recharge  rate 
is  needed. Also,  the  electrochromic behaviour  of  the por‐
phyrin polymers may be used in transparent devices where 
the  charge  discharge  processes  are  followed  by  colour 
changes. 

 

 
Fig.  3. A)  Photograph of  the  assembled PCo‐film/gel  electro‐

lyte/PEDOT  device;  A)  GCD  of  device  at  different  current  densi‐
ties. 

 
Finally, a  fully organic electropolymers based superca‐

pacitive device was assembled using a PCo  film and PEDOT 
modified ITO electrodes, with gelled composite as electro‐
lyte, obtaining a capacitance of 45 F g‐1 at 6 A g‐1.  
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1. Introduction

In recent times great progress has been made in inhibiting

the lithium polysulfides (Li PS) transport and its migration ef-

fects. However, the nucleation and growth of Li2S2/Li2S spe-

cies during the discharge process remains uncontrollable re-

sulting in a large accumulation of these insoluble species on 

the cathode surface [1-3]. A large activation energy is required 

to transform these insulating Li2S2/Li2S species back to long-

chain Li PS, resulting in slow oxidation reaction kinetics and 

poor performance of the sulfur content of the electrode [4-5]. 

For this reason, controlling the nucleation and growth of 

Li2S2/Li2S is the key to improving the electrodeposition kinetics 

and S utilization [6]. 

It is well known that trialkylphosphines have the property 

of selectively reducing disulfide bonds, so recent experimental 

work utilizes the commercially available tris(2-carboxyethyl) 

phosphine hydrochloride (C9H15O6P∙HCl, TCEP∙HCl), taking ad-

vantage of its effect in disrupting disulfide bonds in various 

proteins to catalyse the cleavage of -S-S- in polysulfides [7-9]. 

In this work, we studied experimentally the effect of using 

TCEP as an additive in lithium-sulfur batteries. 

2. Experimental

2.1 Cathode preparation at different concentrations of TCEP 
additive. 

The cathode was prepared using commercial activated 

carbon (Ketjen Black, Merck®) impregnated with sulfur. To 

prepare the slurry first TCEP∙HCl (Sigma-Aldritch) is dissolved 

in purified water (Milli-Q®) at concentrations of 10 mg/mL and 

25 mg/mL. 

Two sets of electrodes were prepared.  One set with 2% 

TCEP and the other with 5% TCEP. In each case, 90% active 

material and (100-90-x) % of polyacrylic acid as a binder (PAA, 

Sigma-Aldritch) were added being x the TCEP percentage. 

Thus, for the case of 2% and 5% TCEP∙HCl slurries, the binder 

percentage is 8% and 5% respectively. A cathode without 

TCEP∙HCl was also prepared by mixing 90% active material and 

10% polyacrylic acid for comparison. All materials were mixed 

in a ball milling at 600 rpm for 25 min.  The electrodes were 

cut into 12 mm diameter and assembled in CR2032 coin cells. 

Lithium foil was used as anode and reference electrode; and 

1.0 M lithium bis(trifluoromethane sulfonimide) (LiTFSI) with 

0.25 M LiNO3 in 1:1 1,3-dioxolane (DOL):1, 2-

dimethoxyethane (DME) as the electrolyte. The cycling 

performance of the cells was tested using an Arbin battery 

tester in a potential range of 1.8 – 2.6 V at room temperature. 

3. Results and discussion

To study the effect of adding different concentrations of

TCEP∙HCl on the electrochemical behaviour of the cathodes, 

galvanostatic charge/discharge studies were performed. The 

charge/discharge cycles were done at a constant current den-

sity of 0.167 Ag-1 (C/10). Figure 1 shows the charge/discharge 

profiles obtained at the 5th, 10th, 50th and 100th cycles for cath-

odes with TCEP∙HCl percentages of 2% and 5%. The electrode 

with no added TCEP (or w/o TCEP, Figure 1) was also included 

for comparison.  

Differences in the overpotential needed for the oxidation 

and reduction processes can be observed in the presence and 

absence of TCEP being more remarkable at a higher number 

of cycles. As it is well known, the overpotential is related to 

kinetic factors. Here, we analysed specifically the potential 

peak originating from the nucleation of Li2S and Li2S2 (insets in 

Figure 1). In this case, a high value indicates slow oxidation of 

Li2S – Li2S2 species and inefficient utilization of sulfur. Taking 

this into account, we can observe that the potential barrier for 

the electrodes w/o TCEP is always higher than for the cath-

odes containing TCEP. Indeed, it can be observed that for the 

cathode prepared with TCEP 2% - PAA 8% the potential barrier 

remains at 0.03 V for cycle 5 and cycle 10, decreasing then to 
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remain constant at 0.01 V for cycle 50 and cycle 100. On the 

other hand, for the cathode with TCEP 5% - PAA 5% ratio, the 

potential barrier is 0.02 V for cycle 5, decreasing to 0.01 V and 

0 V for cycles 10 and 50, respectively. So, in presence of TCEP 

additive, the kinetics of the oxidation reaction of Li PS in the 

cathode increases, allowing a decrease in the potential barrier 

and an improvement in the cyclability. A deeper analysis of 

what is happening on the electrodes was done by XPS studies 

(data not shown). We found that TCEP generates the breaking 

of disulfide bonds even before the cell is cycled. In conse-

quence, different sulfide and sulfate species are obtained not 

only at the surface level, but also at approximately 180 nm 

from the electrode surface.  

 

Figure 1. Voltage vs. specific capacity (SC) obtained for 5th, 

10th, 50th and 100th measured with cathodes containing differ-

ent amounts of TCEP. Inset: Zoom of the potential barrier 

needed for the oxidation of Li PS. 

4. Conclusions 

From the results, it can be concluded that tris(2-carboxy-

ethyl)phosphine hydrochloride (TCEP∙HCl) acts by lowering 

the activation energy required for both the oxidation of insol-

uble species such as Li2S2/Li2S to S8 on charging, and for the 

reduction of soluble long-chain polysulfides to short-chain 

polysulfides Li2Sx (6 ≤x≤4) and Li2S2/Li2S species during dis-

charge when using it as an additive in the cathode electrode. 

From the charge/discharge cycles – where a decrease in 

the potential barrier for the oxidation reaction of Li2S to S8 

species was observed – it can be stated that the presence of 

TCEP enhances the reaction kinetics due to the breaking of di-

sulfide bonds, even before electrochemical cycling. XPS re-

sults support this conclusion and shed light on the mechanism 

of TCEP, which is still under investigation. 
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1. Introduction

New generations of materials are necessary to provide
practical and economical solutions for electrode fabrication 
in lithium batteries. The major issue associated with Li metal 
anode is the uneven deposition/dissolution of lithium ion 
during the battery operation, which causes uncontrolled Li 

dendrite growth and subsequently cell shorting 1. Besides, 
Li metal can rapidly react with most organic electrolytes 
forming a solid electrolyte interphase (SEI) on its surface. 
The main problem is the instability of the SEI layer, which 
brakes during cycling resulting in a continuous Li corrosion 
and electrolyte consumption.  

Many strategies have been tested to avoid these 
problems. In fact, the use of solid electrolytes is the most 
promising one. However, most of the solid electrolytes have 
the weak point, of their low ionic conductivity which results 
in interfacial problems. Another strategy, based in a 
polymeric modification of Li metal anode has shown the 
potential of clamping the expansion and breakage of SEI 
layer but still presents some issues to solve related with the 
preparation of the corresponding polymers since today is 
not suitable for commercial applications. 

Recently, several studies have shown that lithium metal 
anodes coated with Al2O3 thin layers (2–14 nm) via atomic 
layer deposition (ALD) enhanced cycling performance and 
depressed dendrite formation [2–3]. In these articles it is 
explained that the Al2O3 thin film acts as a passivation layer 
preventing side reactions with electrolytes from the very 
early stage, avoiding the fresh lithium metal to instantly 
react with the electrolytes. However, the study of the 
impact of Al2O3 particle size as well as the thickness of the 
protective layer has not been reported yet for lithium metal 
surfaces.   

In this work, we present a methodical physicochemical 
and electrochemical study of the effect of Al2O3 particle size 
on the electrochemical performance of modified lithium 

anodes. 

2. Experimental

2.1 Surface modification 

A dispersion of commercial Al2O3 of different particle 
diameters (1 mm, 0.3 µm and 0.05 µm) in tetrahydrofuran 
(THF) was used to modify the lithium surface. Briefly, 4 mg 
of Al2O3 was mixed with 1 mL of THF and sonicated in an 
ultrasound bath for 20 min. Afterward, the alumina 
dispersion was used to modify the metallic lithium surface 
by drop casting technique. The obtained samples were 
named Al2O3-X@Li, where x denoted the size particle of the 
used Al2O3.  

The modified Lithium surfaces were studied by different 
techniques, such as XPS, SEM, EDS, among others. The 
electrochemical characterization of the surfaces were done 
in symmetric Al2O3-X@Li/Al2O3-X@Li coin cells, using lithium 
hexafluorophosphate (LiPF6) 1M in ethyl 
carbonate:dimethyl carbonate (EC:DMC) as electrolyte. Li  
without modification was used as reference for comparison. 

3. Results

3.1 Lithium surface modification 

Lithium metal anodes of 12 mm diameter were cut and 
modified with Al2O3 dispersions. All the used particle sizes 
formed a good quality coating onto the lithium electrode. 
The presence of the particles was confirmed by microscopy 
and XPS analysis, where no-spontaneous reaction between 
Li and Al2O3 was observed.  

The over-potential of lithium metal working electrodes 
and Al2O3-X@Li during constant current lithium deposition 
and dissolution in symmetrical cells were compared, (figure 
1). The positive potentials values of the working electrode 
against Li/Li+ represent the energy barrier that take place 
during lithium dissolution, whereas the negative potentials 
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represent the lithium deposition. Overpotentials during 
lithium plating and stripping processes, may include the 
lithium transport in the electrolyte and in the SEI, and the 
kinetic hindrance of the lithium ion reduction and oxidation 
processes at the electrode itself.  From the comparison in 
figure 1, we can observe that the presence of Al2O3 always 
reduces the overpotential, being the lowest the one 
obtained when 1 mm Al2O3 particles are modifying the Li 
surface.   Besides the difference, the time-voltage profiles 
show that all of these cells have an electrochemical 
activation process at the very beginning followed by a period 
of stable cycles (not shown). 
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Fig. 1. Potential vs. time profiles obtained for symmetrical cells 
prepared with Al2O3-X@Li being X = 1 mm (blue), 0.3 µm 
(yellow) and 0.05 µm (red) 

It is clear that the modified Li electrode with an 
optimized particle size of 1 mm possesses the best lifespan 
since it has de lower overpotential and the longest 
cyclability. However, this particle size was the one with the 
most heterogeneous coating on the electrode surface. For 
this reason, it was decided to study the electrochemical 
behavior of the system using a greater amount of 
suspension deposited as well as combining particle sizes. 

Further information about the role of the particles size 
on the lithium stripping/deposition profiles was obtained by 
XPS and SEM post mortem analysis of the cells. The lithium 
surface morphologies after cycling – observed by SEM – 
shows how the pristine lithium metal with original smooth 
surface evolves into porous and fractal-like lithium 
dendrites, while the Al2O3 modified lithium has a 
comparatively smooth surface. 

4. Discussion

The modification of Al2O3 particles on the top of lithium
metal electrodes enhance the electrochemical response of 
this anodes in lithium batteries. The principal observed 
result is related with the energy (overpotential) needed for 
the stripping/dissolution of lithium. Since Al2O3 is an 
insulant, the decrease in potential is attributed to the 
formation of a Li-Al-O layer which improves the conduction 
on the interphase. Besides this observation, we found that 
the size of the particles – and in consequence its coverage -  
play a determinant role in the cells performance.  

5. Conclusions

In this work, we have successfully modified lithium
surfaces by drop casting dispersions prepared with different 
Al2O3 particles of different sizes. Through the 
electrochemical characterization we demonstrated the role 
of these particles not only in the reduction of the 
overpotentials for the lithium stripping/dissolution, but also 
in the improvement of the cyclability.  
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1. Introduction

Vanadium redox flow batteries (VRFB) are one of the
most efficient technologies for large-scale energy storage 
due to their modular design that favours their scalability. 
Furthermore, the use of vanadium species as electrolytes 
has unique advantages such as: elimination of cross-con-
tamination through the membrane, short response time, 
and long shelf life [1]. 

One of the critical components of VRFBs are the elec-
trodes that contribute to the performance of the battery. On 
the electroactive surface of the electrodes, the electro-
chemical reactions responsible for the generation of elec-
tricity are carried out. However, improvements are still re-
quired to lower the costs of VRFBs and improve their specific 
power and energy [2,3].  

Redox flow batteries are based on redox reactions of 
different species of vanadium (Fig. 1). Being the species V2+ 
and VO2

+ in the negative and positive electrode respectively 
in a fully charged state of the battery and the species V3+ and 
VO2+ in a fully discharged VRFB. 

Fig. 1. Cathodic and anodic redox reactions in a VRFB. 

2. Objective

In this work we propose the modification of commercial
carbon felts with carbon nanofibers (CNFs) obtained by cat-
alytic decomposition of CH4 using a nickel-based catalyst.  

3. Experimental

To carry out the modification of carbon commercial felts
(GFD 4.6 IW1), supplied by Sigracell, we designed a method 
of modifying the surface of the felt with nickel oxide (NiOx) 
nanoparticles, followed by the growth of carbon nanofibers 
by catalytic decomposition of methane. 

3.1 Nickel deposition on the felt surface 

Firstly, nickel oxide (NiOx) nanoparticles were deposited on 
the carbon felts by wet impregnation using nickel nitrate. 
First a solution of 0.33 g of Ni(NO3)2·6H2O vas prepared in 32 
mL of MilliQ water. Then a 6x6 cm piece of carbon felt (GFD 
4.6 mm) (approx. 1.8 g) was immersed in the Ni solution,  

followed by ultrasonication for 30 min. Finally, the pH of the 
mixture was adjusted to 7 with a 1 M NaOH and sonicated 
for 1 hour. In another beaker we dissolved 23.4 mg of NaBH4 
in 1 mL of MilliQ water and added this solution to the 
mixture with the felt and Ni at a rate of 0.9 mL/min under 
sonication. Then the felt is washed with plenty of MilliQ 
water, and finally dried in an oven at 75 0C, to obtain a 
carbon felt with nickel oxide nanoparticles (GFD4.6-Ni) on its 
surface. 

3.2 Growth of carbon nanofibers 

The carbon felt with NiOx was treated under a H2 atmos-
phere at 550 0C in a horizontal reactor to reduce the NiOx to 
metallic Ni, which is the catalytically active form for decom-
position of CH4 into carbon, in the form of nanofibers and 
hydrogen. The catalytic decomposition of CH4 over the Ni-
modified graphite felt was carried out at 700 0C (labelled as 
GFD4.6-Ni-CNF). Finally, the modified carbon felt was 
washed with sulfuric acid to remove the traces of nickel on 
its surface (GFD4.6-CNF). 

3.3 Physical-chemical characterization 

The physical-chemical characterization of the materials 
was carried out by elemental analysis, inductive coupled 
plasma (ICP) and scanning electron microscopy (SEM). 

3.4 Electrochemical measurements 

The electrocatalytic activity of the felts was determined 
in a three-electrode cell, using the felt as a working elec-
trode, a Ag/AgCl (3 M KCl) reference electrode and a graph-
ite bar as counter electrode. The measurements were car-
ried out using an electrolyte with a concentration of 0.05 M 
of VOSO4 in 1M H2SO4 aqueous solution. 

4. Results

In the SEM images of the commercial felt, GFD 4.6 (Fig-
ure 2a) the fibers composing the electrode with a smooth 
surface are clearly seen. Figure 2b shows the felt with the Ni 
deposits on the surface of the felt compared to the pristine 
felt (GFD4.6, Fig. 2a). Figure 2c shows the presence of the 
carbon nanofibers on the surface of the fiber-felt.  The 
incorporation of CNFs leads therefore to an increase of the 
roughness compared to the original felt. 

Catholyte: VO2
+ + 2H+ + e- ⇌ VO2+ + H2O 

Anolyte: V3+ + e− ⇌ V2+ 
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Fig. 2. Scanning electron microscopy images of (a) GFD4.6, 
(b) GFD4.6-Ni and (c) GFD4.6-CNF.  
 

In the electrochemical measurements (Figure 3), cyclic 
voltammetry studies show an improvement in the electro-
catalytic behavior of the felt modified with nanofibers, since 
it presents a higher current for both the oxidation and re-
duction reactions for both the negative and positive elec-
trodes of a VRFB (Fig. 3a and 3b, respectively). In addition, 
in the Randles-Sevcik fit (Fig. 3c and 3d), the oxidation and 
reduction peaks of the positive electrode reaction show how 
they have an excellent linear fit, indicating that the reaction 
is controlled by diffusion.  

 

 
 
Fig. 3. (a) Cyclic voltammetry for negative (V2+/V3+) and (b) 
positive (VO2+/VO2

+) electrode redox couple reactions. (c) 
Cyclic voltammetry for positive electrode reactions at differ-
ent scan rates and (d) fitting of the oxidation and reduction 
peaks of the positive electrode to the Randles-Sevcik equa-
tion. 

5. Discussion 

In the modification of commercial felt with nanofibers, 
the deposition of Ni is of key importance since the growth of 
the nanofibers takes place in these active centers, where the 
Ni nanoparticles remain encapsulated in the tip of the nan-
ofibers where the catalytic decomposition of methane takes 

place, increasing the length of the filament with growing 
process. This justifies that after washing with sulfuric acid, 
most nickel residues that are not part of the nanofibers are 
removed, but the nanoparticles remain encapsulated in the 
head of the nanofibers. In addition, the acid wash allows to 
eliminate the remaining metal traces on the surface of the 
felt that, if not washed, could cause contamination of the 
acid electrolyte of the battery. 

The GFD4.6-CNF composite presents a greater electro-
catalytic behavior due to the increase of the surface of the 
felt thanks to the incorporation of carbon nanofibers. This 
better behavior is accentuated in the positive electrode re-
actions, possibly due to a greater affinity in the coordination 
of the oxocations involved in the positive electrode reac-
tions compared to the free cations involved in the negative 
electrode reactions of a VRFB. 

6. Conclusions 

A commercial carbon felt has been modified with car-
bon nanofibers grown in situ on its surface using Ni nano-
particles as a catalyst. 

This material significantly improves the behavior of both 
electrodes of a vanadium redox flow battery. This effect is 
especially accentuated for the positive electrode reactions.  
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1. Introduction

A capacitor is a passive component that storages energy
in an electrostatic field, consisting of two parallel electrodes 
separated by a dielectric material, and storage energy by 
charge adsorption. Electrochemical double-layer capacitors 
(EDLC), built with C-based electrodes, work forming an elec-
trochemical double layer, allowing a fast charge and dis-
charge, high efficiency, and excellent performance with 
time. Carbon materials have been widely used in superca-
pacitors, due to their high, and tunable, surface area and 
texture, factors that increase the energy storage capacity. 
Activated carbon is the most used material due to its high 
surface area, electrical properties, and moderated cost [1]. 
There are abundant reports and reviews of the use of differ-
ent types of carbon materials (both pristine and modified) in 
supercapacitor applications [2]; thus, showing the im-
portance of these materials in energy storage. Metal-Or-
ganic Frameworks (MOFs), as templates or C precursors to 
prepare high-surface porous carbons, present several bene-
fits, such as no need for an additional C source due to the 
presence of organic ligands, and control of the size, shape, 
and volume of the pore network. 

In this work, a carbon-based on MOF-5 derived from ter-
ephthalic acid obtained from waste plastic bottles is used as 
an electrochemical capacitor, and its behavior is evaluated 
in different electrolytes. To the best of our understanding, 
the MOF-5 here presented is the one with the higher re-
sistance to the environmental humidity, which can be detri-
mental to obtaining an ordered porous structure. 

2. Experimental

2.1 Synthesis of MOF-5 derived carbon 

MOF-5 was synthesized following the procedure re-
ported by Villarroel-Rocha et al. [3]. Here, Benzene 1, 4-di-
carboxylic acid (BDC) obtained from PET bottles was used to 
synthesize MOF-5 following the methodology reported by 
Kaye et al. [4] with some modifications. The synthesis con-
sisted of dissolving Zn(NO3)2·6H2O (5.45 g, 1 mmol) and BDC 
(1 g, 0.33 mmol) in 150 mL of DMF. The resultant solution 
was heated at 120 °C for 4 h in a digestion bomb and then 
cooled to room temperature. Finally, the crude product was 
washed with DMF and methanol several times and then 
dried at room temperature. MOF-5 synthesized was placed 
in a ceramic boat and was then transferred into a horizontal 
quartz tube and carbonized in the horizontal tube furnace. 

The carbonization was performed under an N2 atmosphere 
with a heating rate of 5 °C min-1 from room temperature to 
950 °C for 2 h, followed by natural cooling to room temper-
ature. The resulting carbon sample will be named CMOF-5.  

2.2 Characterization 

N2 adsorption-desorption isotherm was determined at 
77 K in an ASAP 2000 sorption analyzer from Micromeritics, 
and CO2 adsorption isotherm at 273 K until a pressure of 10 
bar in an ASAP 2050 sorption analyzer from Micromeritics. 
The samples were previously outgassed at 473 K in a vacuum 
for 12 h. The apparent specific surface area (SBET) was calcu-
lated by the BET equation using the N2 adsorption data. The 
micropore volumes (VμP-N2 and VμP-CO2), were obtained apply-
ing the aS-plot and Dubinin-Radushkevich methods, using 
the N2 adsorption and CO2 adsorption data. The total pore 
volume (VTP) was calculated using the Gurvich rule at p/p0 = 
0.98 from N2 adsorption data. The micropore size distribu-
tions of material were evaluated by the modified Horvath-
Kawazoe method for pores with slit geometries, using CO2 
adsorption data. Whereas, from N2 adsorption data, the 
mesopore size distribution was obtained by QSDFT method 
included in AsiQwin software, v. 4.0 (Quantachrome Instru-
ments) using the Kernel “N2 at 77 K on carbon (slit/cylindri-
cal pore, QSDFT, adsorption model)”. 

2.3 Electrochemical tests 

2.3.1 Ink preparation 
5 mg of the carbon from MOF-5 (previously ground in a 

mortar) were suspended in 25 mg of water, 25 mg of isopro-
panol, and a 16 mg of a 5 % Nafion solution, and set in an 
ultrasonic bath for 30 min.  2 µL of the ink were spread on a 
mirror-polished 3 mm diameter Glassy Carbon Electrode 
(GCE) and air-dried at room temperature for 30 min to en-
sure binding between the sample and the support. The typ-
ical mass loading was 1.8 mg/cm2. Before each analysis, the 
electrode was soaked in electrolyte overnight to ensure its 
infiltration in the active material. 

2.3.2 Electrochemical measurements 
Electrochemical measurements were carried out a 

room temperature in a potentiostat/galvanostat 
PGSTAT302 N (Metrohm Autolab). A three-electrode elec-
trochemical cell was used for the cyclic voltammetry, gal-
vanostatic charge-discharge, and impedance measure-
ments. The cell consisted of a Pt wire as the counter 
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electrode and an Ag/AgClsat electrode (+0.197 V vs. NHE) as 
the reference electrode. The working electrode was the car-
bon deposited on GCE. The experiments were carried out in 
0.5 M H2SO4. Cyclic voltammetry (CV) experiments were 
measured between -0.2 and 0.7 V at scan rates from 10 to 
500 mV/s; galvanostatic charge-discharge (GCD) curves 
were measured at the same potential limits as in the CV at 
current densities of 0.1, 0.2, 0.5, 1, 2, 5. 10 and 20 A/g. The 
cycle life test was carried out by GCD using a current density 
of 2 A/g for 1050 cycles.  

The specific capacitance (C) of the samples was calcu-
lated from the discharge processes according to: 

𝐶 =
𝐼∆𝑡

𝑚∆𝑉
        (1) 

where I (A) is the discharge current, m (g) is the mass of 
the active material, Δt (s) is the discharge time, and ΔV is the 
potential window [5]. 

3. Results

3.1 CMOF-5 Characterization 

Fig. 1. a) N2 adsorption-desorption isotherms at 77 K and b) PSD of 

MOF-5 and CMOF-5. 

N2 adsorption-desorption isotherm at 77 K of CMOF-5 
(Fig. 1a) shows that the carbon presents an isotherm Type 
I(b) with an H4 hysteresis loop, according to IUPAC classifi-
cation. This type of isotherm is characteristic of microporous 
materials having mainly narrow micropores [6]. The small 
hysteresis can be due to metal zinc aggregates belonging to 
MOF-5. The pore size distribution (PSD) of the material 

under study presents a peak of mesopore at 2.5 nm and a 
small secondary mesoporosity (Fig.1b). In the micropore re-
gion, a peak at 0.75 nm (inset in Fig. 1b) was observed. The 
textural properties of CMOF-5 are in Table 1. 

Table 1. Textural properties of MOF-5 and CMOF-5. 

Sample 

N2 at 77 K 
CO2 at 
273 K 

SBET 

(m2 g-1) 

VμP-N
2

1 

(cm3g-1) 

VMP
2 

(cm3g-1) 
VTP 3 

(cm3g-1) 

VμP-CO
2

4 

(cm3g-1) 

MOF-5 1600 0.58 0.04 0.62 0.59 

CMOF-5 2305 0.89 0.24 1.13 0.63 

1 Calculated with Dubinin-Rasdushkevich equation and aS-plot 
method 
2 VMP = VTP - VμP-N2 
3 Calculated with Gurvich rule 
4 Calculated with Dubinin-Rasdushkevich equation 

The results presented above demonstrate that direct 
carbonization of MOF-5 is enough to produce a nanoporous 
carbon with a high specific surface area, and a porous struc-
ture with both micro- and mesopores. 

Fig. 2. Cyclic voltammograms of CMOF-5 in 0.5 M H2SO4: a) scan 
rate of 5 mV/s, and b) scan rates from 5 to 500 mV/s. 
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3.2 Electrochemical characterization 

Figure 2 shows the CV of CMOF-5 in 0.5 M H2SO4. At 5 
mV/s (Fig. 2 a), the voltammogram presents a rectangle 
shape, typical of EDLC [2], with some distortion due to sur-
face functionalities that contribute with additional pseudo-
capacitance [2], also, the ZnO remaining from de MOF-5 car-
bonization show no contribution to the electrochemical re-
sponse of CMOF-5. At higher scan rates (from 100 mV/s) the 
voltammograms appear tilted, caused by increasing re-
sistance in the ion transfer from the bulk solution to the sur-
face of the electrode, apart from that, the shape of the volt-
ammograms remains unchanged. 

Fig. 3. Charge-discharge profiles at different current densities. In-
set: Variation of specific capacitance with the current density. 

The charge-discharge profile at different current densi-
ties is presented in Fig. 3, where the triangular shape of an 
ideal supercapacitor is clearly seen, and with higher current 
densities, the times for complete charge and discharge de-
crease. In addition, the specific capacitance values also de-
crease from 339.72 F/g at 0.1 A/g to 20 F/g at 20 A/g (Inset 
Fig. 3), this might be due to the previously mentioned ion-
transfer resistance. When compared with similar materials, 
the values here presented are higher; for instance, Liu et al- 
[7] reported capacitance values of 203 F/g at 0.1 A/g for a
MOF-5 derived carbon with furfuryl alcohol as an additional
carbon source and carbonized at 650 °C. For other MOF-5
derived carbons, the capacitance values are similar as re-
ported elsewhere [8].
Finally, the cycling stability of CMOF-5 was tested by GCD at
a current density of 2 A/g (Fig. 4) and the results show good
stability after 1050 cycles with a capacity loss of 2.7 %.

4. Conclusions

Nanoporous carbon was obtained by direct carboniza-
tion of MOF-5; this carbon exhibited high surface area, mi-
cro, and mesoporosity. In addition, CMOF-5 presented a 
good electrochemical performance, with specific capaci-
tance values of 339.72 F/g at 0.1 A/g and capacitance reten-
tion of 97.3 % after 1050 cycles at 2 A/g. The presence of 
ZnO did not interfere with the CMOF-5 electrochemical re-
sponse.  

Fig. 4. Cycling performance at an applied current density of 2 A/g. 

Currently, the behavior of CMOF-5 is being studied in an 
alkaline solution, in a three-electrode electrochemical sys-
tem, in addition to the performance of the CMOF-5 as a sym-
metric supercapacitor in a two-electrode cell using both 
acidic and alkaline media. 
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1. Introduction

Among the numerous transition metal oxides, manga-
nese-based oxides are particularly attractive as cathode ma-
terials for Li-ion batteries (LIB) due to their low cost and no 
toxicity. These transition metal oxides show interesting elec-
trochemical and surface properties that suggest their use in 
potential energy devices. Among them, the spinel-related 
oxide LiMn2O4 has been the most studied oxide for LIB, and 
its derivatives have been extensively studied as promising 
cathode materials due to its simple preparation and low cost 
[1,2] 

The performance of all oxides as electrodes depends on 
their purity, composition, structure, and morphology, since 
all these factors can modify the ion transport. It is well 
known that the synthesis method to prepare these materials 
plays a fundamental role, since the different morphologies 
and sizes obtained can lead to different electrochemical be-
haviors, modifying their performance as electrodes [3].  

In general, cathodes are made of transition metals that 
are toxic to the environment. In this context, the sonochem-
ical methods, and especially the ultrasonic synthesis (US), 
open a new route of synthesis of nanostructures of low cost 
and environmentally acceptable [4].  

In this work we show that LiFe0.25Zn0.25Mn4 oxides was 
successfully synthesized by the (DTN-UA) and subsequent 
heating to 800 °C. XRD and Rietveld refinement of X-ray data 
indicate that material crystallize in the Fd3m space group. 
SEM images show agglomerates of particles with sizes vary-
ing approximately between 500 and 1000 nm. The data 
have allowed to propose the cation distribution for each ox-
ide formulation.  

We will show studies of the electrochemical properties 
of the material as a potential cathode for lithium-ion batter-
ies. 

2. Experimental

2.1 Oxide synthesis 

      The powdered oxide of LiFe0.25Zn0.25Mn1.5O4 was synthe-
sized by an ultrasound-assisted thermal decomposition of 
nitrates (UA-TDN) route using the sonochemical method as 
it was previously reported [5]. Briefly, lithium nitrate 
(LiNO3), cinc nitrate hexahydrate (II), iron nitrate nonahy-
drate (III) (Fe(NO3)3*9H2O) and manganese nitrate monohy-
drate (Mn(NO3)2*H2O) (supplied by Sigma-Aldrich  98%), 
were used as precursors in stoichiometric quantities. These 
precursors were dissolved in 50 mL water under agitation 
during 30 min. Then the solution was placed in an ultra-
sound equipment (Sonic VCX) powered at 500 W, 20 KHz, for 
1 h. The obtained product was dried at 95 °C during 6 h and 
heated at a rate of 5 °C/min up to 800 °C and then main-
tained at this temperature for 6 h in air [6]. The black pow-
der obtained was quenched in air at room temperature.  

2.2 Characterization techniques 

     The phase identification and phase purity of the final 
products was checked by XRD using CuKα radiation (λ= 
1.5418 Å) in a Bruker D2 Phaser diffractometer (30 kV, 10 
mA). The crystal structure was refined using the Rietveld 
method. The sample morphology was examined by means 
of SEM using a Zeiss EVO MA10 apparatus at an acceleration 
voltage of 20 keV. The microscope was equipped with an Ox-
ford X-Act Energy Dispersive Spectrometer (EDS) for quanti-
tative elemental characterization.  

3. Discussion

3.1  X-ray diffraction 

After the synthesis of the material, the result was ana-
lyzed by X-ray diffraction (XRD) at room temperature. It was 
visualized that the structure presented by the new com-
pound of that LiFe0.25Zn0.25Mn1.5O4. crystallize in the Fd3m 
space group, with a cell parameter of a= 8.269(2)Å which 
was determined by the Rietveld method with the Fullprof 
program without appreciating impurities (see Fig.1). 
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Fig. 1. XRD profiles recorded from LiFe0.25Zn0.25Mn1.5O4 

3.2 Morphology characterization 

The morphology and particle size of the oxides was char-
acterized by SEM (see Fig. 2). SEM images showed that all 
the samples presented irregular polyhedral morphology [7], 
with particle sizes below the submicron range and forming 
agglomerates 1 μm in size. Yoon et al. [6] have observed sim-
ilar morphologies to those shown here. It is known that the 
application of ultrasounds in the synthesis of materials, pro-
motes the formation of nano-sized particles. Being a synthe-
sis route, which is carried out in solution it opens the possi-
bility of mixing the starting materials at the atomic level. 

Fig 2. SEM micrographs of LiFe0.25Zn0.25Mn1.5O4 

The EDS analysis (see Fig. 3) confirmed the presence of 
Fe, Zn, Mn and O. In addition, specific analyzes taken on the 
oxides verified the proportion of Mn/M cations according to 
formula 1.5/0.25= 6. Concerning the oxygen concentration, 
it is well-known that its determination by EDS is affected by 
a large error. Therefore, we will use an indirect determina-
tion method based on the total reduction of the oxide cation 
valences to the value + 2.  

Fig. 3. EDS spectrum of LiFe0.25Zn0.25Mn1.5O4 

4. Conclusions

      We have successfully synthesized, using for the first time 
an ultrasound-assisted thermal decomposition of nitrates 
(UA-TDN) method, spinel-related oxides of composition 
LiFe0.25Zn0.25Mn1.5O4 showing high purity and good crystallin-
ity and, more importantly, with the cations being in high ox-
idation states. This synthesis method can have promising ap-
plications in the preparation of oxide cathodes for Li batter-
ies. 
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1. Introduction
The history of YPF is the modern history of Energy in our

country. Today our company is a leader in exploration and 
exploitation of Oil & Gas resources, petrochemical refining, 
fuels and lubricants, service stations. It is the local oil com-
pany that is leading in actions related to a context of energy 
transition, from the generation of renewable energy and the 
incursion into the lithium value chain. 

Since its creation, YPF Tecnología (Y-TEC [1]) has consol-
idated a team focused on innovation in Lithium and in this 
journey, it has been supported by various teams from the 
national S&T system. Some researchers who specialized in 
Lithium in Conicet institutes joined us and work in R&D pro-
jects in our company. 

As a Lithium Mission, we intend to lead the process of 
Lithium technologies in the region, with high technological 
standards, according to the most advanced international in-
dustry. We are focused on the development of  the local lith-
ium value chain and cell manufacturing adding the largest 
proportion of local inputs and/or components in these pro-
cesses. Also, we are involved in the development of an in-
dustry of storage systems, based on Lithium-Ion batteries. 

2. Results

2.1 R&D activities 

Fine-tuning of work capabilities (laboratories and pilot 
plants). We have a unique capacity in the country: the pos-
sibility of designing new materials for lithium-ion battery 
cells in the laboratory, scaling them up and evaluating them 
in the cell electrode pilot plant itself. In figure 1, it can be 
observed some images from the Y-TEC lithium-ion cell pilot 
plant. 

Fig. 1. Y-TEC lithium-ion cell pilot plant 

We are developing and scaling up active materials from 
local raw materials: eg. LFP, LMNO, coke graphitization, sili-
con compound anodes. 

We are working on a method for direct extraction and 
purification of lithium rich brines, incorporating sustainable 
techniques. Also, in development and scale-up of LiPF6 elec-
trolyte salt production.  

We shared learning curve with diferent teams from the 
national S&T system (INIFTA, INQUIMAE, UNC, CIDMEJU, 
CEQUINOR, CNEA). 

Other activities: consulting for YPF on storage technolo-
gies (Bus line 59), storage system of digital control technol-
ogies and joint prospecting work with YPF Litio. 

2.2 Industral plant 

UNILIB Lithium-ion cells industrial plant in La Plata city: 
It is under construction in an UNLP area, and it will start 

production of Li-ion cells by the end of Q4 2022 with a total 
capacity up to 9 MWh/y. The Li-ion battery cells to be pro-
duced there will supply renewable energy storage facilities, 
demanded by public and government sectors (eg. rural 
schools, isolated small villages, Armed Forces teams, etc.). 
In figure 2 it can be observed a 3D model of the UNILIB lith-
ium-ion cells industrial plant.  

Fig. 2. 3D model of the UNILIB lithium-ion cell plant 

3. Conclusions

We have the R&D and  industrial capabilities, as well as
specialized human resources to promote and develop the 
entire lithium value chain.  

Y-TEC Lithium Mission is developing a fruitful network
of industrial and scientific partnerships all over Argentina, 
including universities and research centers, to develop lith-
ium-ion battery technologies. 
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