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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 Technology
Stuttgart, Germany
Hydrogen generation by electrolysis is expected to play an important role as a crosslinking technology between 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 excel 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 applications, e.g. fuel cells in transportation or water electrolyzers for production of green hydrogen, novel electrocatalytic 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 various 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 distinguishable. 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 aqueous 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 generate 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. Numerous and strict requirements concerning transport, electrocatalytic and thermomechanical properties need
to be fulfilled by the successful oxygen electrode material, and undoubtedly, perovskite-type and perovskiterelated 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 electrocatalytic 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 electrode 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 perovskites, 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 alternative, the copper-based RE1-x(Ba,Sr)xCuO3-δ oxides, having either RE-(Ba,Sr) cation-ordered or cationdisordered 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 physicochemical properties in such application. Finally, the high entropy approach to develop efficient oxygen electrode 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 important 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. Studies 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 improvements to neutron detectors and imaging facilities, providing significantly higher spatial and temporal resolutions. 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 electrochemical components.
A short introduction in neutron imaging will be provided with focus on the research of electrochemical devices. The advantages of neutron imaging will be discussed, whereby examples will provide a deeper insight into dynamic, multi-dimensional, complementary imaging and structural analysis. The main challenges for neutron imaging of electrochemical devices will be outlined and future developments of methods and their potential 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 emergence of a hydrogen economy. Hydrogen production is a key component of a hydrogen economy. Several production processes are commercially available, while others are under development including thermochemical
water decomposition, which has numerous advantages over other hydrogen production processes. Recent advances in hydrogen production by thermochemical water decomposition are reviewed here. Hydrogen production from non-fossil energy sources such as nuclear and solar is emphasized, as are efforts to lower the temperatures required in thermochemical cycles so as to expand the range of potential heat supplies. Limiting efficiencies are explained and the need to apply exergy analysis is illustrated. The copper-chlorine thermochemical 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 production 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 process 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 carbon-binder within the electrodes on the solid electrolyte interphase formation (for anodes) and the electrochemical 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 technology supported on the project results to optimize battery electrodes are illustrated through several examples.
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Molecular modeling of the nanostructure, mechanisms of mobility, and water uptake of anion exchange 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 simulations provide a versatile tool to disentangle these effects and elucidate the role of polymer chemistry and architecture on the water uptake, nanostructure, conductivity, electro-osmotic drag, and mechanisms of mobility 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 structural 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 thermodynamic 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 phthalocyanines 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 cycle of the battery. Replacement of liquid electrolytes with a polymer electrolyte has been recognized as an interesting approach to solve these problems because the possibility to design the properties from its composition, as well from inorganics additives. In this work we present results for a methacrylate-based polymer matrix 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 ambiguous 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 radical 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 oxygen (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-O 2 batteries with
limited capacity and full discharge will be presented. Recent experimental results with redox mediators to reduce 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 mediator 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 dissolved 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 subsequent 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 lithium recovery using a common battery host material, LiFePO 4, 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 (CO 2) 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. Conventional 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 produced.
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 optimizations 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 lower 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 electrochemical applications due to their electrical and mechanical properties. Here, recent results for the hydrogen 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 electrochemical 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 allows 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, nontoxicity 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, lowtemperature systems (< 100 °C) are more promising since they allow flexibility, high current density, and longterm 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 acceptable 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 NiCo 2O4 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-fuelcell 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 NiFe 2O4 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)
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methanation activity of the catalysts.
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 hydrogen 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 methanation reaction. Many authors focus their studies on promoting Ni-based systems through bimetallic catalysts supported
on different metal oxide materials. One of the multiple options 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 hydrotalcite 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.

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 synergistic 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.

2. Experimental
2.1 Catalyst synthesis
Nickel iron- structures derived from hydrotalcite precursors with different metal loadings were synthesized by coprecipitation 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 presence of air and reduced (25% vol H2/N2) at 1023K (10K/min)
for 2h. The 25Ni catalyst supported on y-Al2O3·was synthesized 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 conditions. Physicochemical characterization of catalytic samples
by N2 adsorption-desorption isotherms, ICP-OES, XPS, STEMEDS, 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
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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.

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 surface area and pore volume decreased while pore size increased. N2 adsorption-desorption isotherms obtained were
type IV, exhibiting H2 hysteresis loops typical of mesoporous
structure.

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.

Table 1. Specific area BET, pore volume and pore size.
Sample
HTC 27Fe-Ni
HTC 16Fe-Ni
HTC 6Fe-Ni
HTC 27Ni
25Ni/Al2O3

BET area
(m2·g-1)
135,6
166,0
214
95,6
191,8

Pore Volume
(cm3·g-1)
0,26
0,28
0,35
0,08
0,39

Pore size
(nm)
3,9
3,5
3,2
3,4
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
HTC 27Fe-Ni
HTC 16Fe-Ni
HTC 6Fe-Ni
HTC 27Ni
25Ni/Al2O3

Ni
23,40
25,34
27,01
23,20
26,1

Fe
26,9
15,95
6,21
26,3
-

Al
6,7
13,5
19,05
21,2
-

Mg
43,16
45,15
47,72
52,60
-

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 samples and the 25Ni/Al2O3 catalyst, with the exception of the
HTC Ni, with a smaller contribution.

Figure. 4. CO2-TPD profiles of all catalysts
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

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 precursors presented higher activity than the Ni alumina catalyst 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 activity 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 enhance activity and mainly photocatalytic activity.
Significant activity was achieved for the photocatalytic experiments 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.

Acknowledgements
This research was supported by the University of the
Basque Country (UPV/EHU), Basque Government (IT155422), the Spanish Ministry of Economy, Industry and Competitiveness (PID2020-112889RB-I00) and the European Regional Development Fund (ERDF).
References
1 P.Guerrero-Urbaneja, C. García-Sancho et al. Glycerol valorization by etherification to polyglycerols by using metal oxides
derived from MgFe hydrotalcites. Appl. Catal. A:Gen, 470
(2014) 199-205.
[2] David Méndez-Mateos, V. Laura Barrio et al. A study of deactivation by H2S and regeneration of a Ni catalyst supported on
Al2O3, during methanation of CO2.Effect of the promoters Co,
Cr, Fe and Mo. RSC Adv., 10 (2020) 16551-16564.
3 C.Mebrahtu, F.Krebs et al. Hydrotalcite based Ni_fe/(Mg,Al)Ox
catalysts for CO2 methanation-tailoring Fe content for improved CO dissociation, basicity, and particle size. Catal. Sci.
Technol., 8 (2018) 1016-1027.

022

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

Effect of sodium carbonate substitution and addition of inorganic particles on the
sodium manganese ferrite thermochemical cycle (O-2H-V)
J. Udaeta1*, M. Oregui1, F. Torre2 S. Doppiu2, N. Uranga3, M. Hernaiz3, P. L. Arias1 and E. Palomo2
1

2
3

Departamento de Ingeniería Química y del Medio Ambiente, Universidad del País Vasco-Euskal Herriko Unibertsitatea, Campus Bizkaia,
Bilbao, España
Centre for Cooperative Research on Alternative Energies (CIC enegiGUNE), Basque Research and Technology, Vitoria, España
Tekniker, Basque Research and Technology Alliance (BRTA), Eibar, España
(*) Pres. author: joseba.udaeta@ehu.eus

(**) Corresp. author: joseba.udaeta@ehu.eus

Keywords: Thermochemical cycles, Hydrogen, Water splitting, Cyclability, Manganese sodium ferrite

6𝑁𝑎(𝑀𝑛1⁄3 𝐹𝑒2⁄3 )𝑂2(𝑠) + 3𝐶𝑂2(𝑔) →
1. Introduction
Hydrogen will play a crucial role in the energy transition
due to its high potential to contribute to the decarbonization of the economy. Green hydrogen, produced from energy 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 important 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 electrolysis or direct thermal decomposition according to Reaction 1.
1
𝐻2 𝑂 → 𝐻2 + 𝑂2
(r.1)
2
One of the main drawbacks of direct thermal decomposition 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 thermochemical 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 reactions:
𝑀𝑂𝑟𝑒𝑑 + 𝐻2 𝑂 → 𝑀𝑂𝑜𝑥 + 𝐻2
(r.2)
1
𝑀𝑂𝑜𝑥 → 𝑀𝑂𝑟𝑒𝑑 + 𝑂2
(r.3)
2
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 splitting, the one proposed by Tamaura [3] exhibits a considerably low operation temperare, i.e. 973 – 1073 K [4]. This cycle
is generally depicted according to the following reactions:
2𝑀𝑛𝐹𝑒2 𝑂4(𝑠) + 3𝑁𝑎2 𝐶𝑂3(𝑠) + 𝐻2 𝑂(𝑔) →
6𝑁𝑎(𝑀𝑛1⁄3 𝐹𝑒2⁄3 )𝑂2(𝑠) + 3𝐶𝑂2(𝑔) + 𝐻2(𝑔) (r.4)

1

2𝑀𝑛𝐹𝑒2 𝑂4(𝑠) + 3𝑁𝑎2 𝐶𝑂3(𝑠) + 𝑂2(𝑔)
(r.5)
2
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 alkali 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 resulting 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 measured 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 studied 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

Fig. 1. X-Ray diffraction patterns for the different carbonate mixtures, Na, 0.07LiNa, 0.5LiNa and LiNaK.

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 decreases 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 H 2/gmixture for the fifth cycle.
Regarding the carbonate substitution, i.e. 0.07LiNa, 0.5
LiNa and LiNaK mixtures, the results suggest that substituting 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 significantly 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 mixture. The addition of CeO2 has a positive impact on the cyclability. It stabilizes the hydrogen production after the second 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. 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 substoichiometric 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 cyclability 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 secondary phases and the H2 yield of the different mixtures. For
instance, the Na-SiO2 shows the lowest amount of nonstechiometric phases but poor reversibility in terms of hydrogen production.
Complementary analysis are necessary in order to discover 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 under investigation.
4. Conclusions
The substitution of Na2CO3 by carbonate mixtures did
not improve the cyclability of the process in terms of hydrogen 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 SiO 2 has a
negative impact.
The XRD analysis suggests that the formation of substoichiometric 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 different 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 photolysis[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 reactions. These devices have attracted attention because of
their high energy density, safe operational mode, and high
abundance of water. However, this promising energy storage technology is limited by the sluggish kinetics of oxygen
evolution reaction (OER) [2]. The current benchmark of electrocatalysts 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 media 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 electocatalysts 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 limited stability. In this work, the synthesis of a trimetallic spinel (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 different 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 electrolyser based on an anion exchange membrane (FAA3-50
from FumaTech) as the electrolyte. Additionally, the performance 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.% Platinum on carbon (Pt/C), as the electro-catalyst, and the FAA3
ionomer (with an amount of 20 wt.% of the total solid content). 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 assembly, the anodes and cathodes were exchanged, separately, in a 1 M KOH solution for 1 h. Then they were coupled
by a cold-assembling procedure to realize a membrane-electrode 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 polarisation 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
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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 evaluated 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).

[6]

Volinsky, Solution combustion synthesis of
nanostructured iron oxides with controllable
morphology, composition and electrochemical
performance, Ceram. Int. (2017) 0–1.
J. Jiang, C. Zhang, L. Ai, Hierarchical iron nickel oxide
architectures
derived
from
metal-organic
frameworks as efficient electrocatalysts for oxygen
evolution reaction, Electrochim. Acta. 208 (2016)
17–24.

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 morphology showed an excellent actitvity towards OER in an anion
exchange membrane electrolyser, paving the way for decreasing 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 energies [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 realization of this work, which proposes to carry out a systematic bibliographic review, supported by bibliometric methods, of the scientific literature and the registration of patents on the production of green H2, in the period 20102020.

are biomass energy, direct solar energy, wind energy and hydropower; while its derived energies are thermal, biochemical, photonic, and electrical energy, from whose individual
or joint conversion 14 green H production processes are obtained 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].
2

Based on the bibliometric indicators generated, Figure 1
shows the green H production pathway for the five processes with the highest activity, having a scientific production of more than 300 articles in the study period. Conventional 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 technologies to produce green H , photoelectrochemistry, is included
in this group and with promising development prospects [3].
2

2

Hydrogen
production process

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 exploration results. These stages are associated with a set of activities, namely: analysis of review articles on green H 2 production processes; selection of production pathways and
processes to study; construction of keywords and search
equations; consulting selected scientific and patent databases; review, debugging and validation of the results;
downloading and processing of information in specialized
software (Vantage Point and VosViewer); generation of bibliometric indicators and their corresponding analysis and dynamic 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 production pathways.
3. Results and discussions
The preliminary bibliographic review of the production
processes of green H allows identifying the prioritized renewable primary sources (RPS), their ways of conversion
and the production processes associated with the greatest
activity and relevance at present. Thus, the selected RPSs

Renewable
primary
source

Form of
energy

Gasification

Thermal energy
Pyrolysis

Biomass energy
Biochemical energy

Dark fermentation

Solar energy
Renewables energies

Photoelectrochemical

Photonical energy
Wind energy

H
Y
D
R
O
G
E
N

Electrolysis
Electrical energy

Hydroenergy

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

In Figure 2, the evolution of the five aforementioned processes is presented, it can be seen that gasification and electrolysis are the processes that lead, in that order, the statistics 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 Hydrogen Economy, its participation has two distinctive aspects, the primary energy source that is the base of the process and its final uses.

2
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Fig. 2. Evolution of scientific publications of selected processes

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

high growth in the last five years and gasification has a pendular behavior. The results indicate the preponderance of
conventional H2 production processes, but with the sustained advance of emerging technologies, such as photoelectrochemistry 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 processes with new processes based on the use of innovative
types of RPS conversion. The results help to identify the current state and interpret the trends in the generation of
knowledge, technological development and innovation in
the production of green H 2 that support the formulation of
policies and actions for the incorporation of the Hydrogen
Economy in a given context.
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Fig. 3b. Evolution of patents for electrolysis.

The technological innovation curves show the usual behavior, with peaks and valleys in correspondence with the
behavior of the scientific literature. There is also a more pronounced 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 H 2 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. Regarding technological development, electrolysis has experienced
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1. Introduction
Hydrogen has become an energy vector of interest, because 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 cobalt, 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 electrochemical deposition coating by simply adding the precursor salts
to the traditional Watts bath.
NiCo alloys possess distinctive mechanical, thermophysical 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 alloy 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 activities of the alloys and the structural properties is not exhaustively 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 electrochemical study, using a modified nickel Watts bath, with a controlled pH.
2. Experimental
2.1 Materials
Hydrochloric acid (Cicarelli, PA grade), potassium hydroxide (Anedra, PA grade), nitric acid (Cicarelli, PA grade),
sulfuric acid (Cicarelli, PA grade), ethanol (Cicarelli, 96%), acetone (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 purchased, 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 insulating 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 NiSO 4·6H2O,
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 samples 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 includes 30 μm from the adhesion layer and 45 μm of the catalytic layer.
3. Discussion
3.1 Chemical and Structural Characterization
The morphology of the deposits obtained was established by SEM micrographs of the different NiCo alloy electrodes, 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 hinders 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.
a

b

c

d

e

f

contemplating a geometric surface of (258 µm) 2 and (130
µm)2, respectively. Table 1 shows the measurements obtained 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 content of less than approximately 32%, do not differ significantly 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 significantly, being 55.7% higher than that of Ni. Such an increase is consistent with what was observed in SEM micrographs where the surface shows pyramidal structures with
large unevenness.
Figure 3 shows the spectra obtained with Raman confocal 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 materials are analyzed. In all newly synthesized samples, the
spectra contain signals between 400 and 1100 cm-1 corresponding 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.

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.
Ni (200)

NiCo 98,5-1,5%
NiCo 96,5-3,5%
NiCo 85-15%

%Co+2
(mol bath)
0
1.5
3.5
15

%Co+2
(mol EDS)
0
20.86
31.93
57.22

Ni (111)

NiCo 98,5-1,5%
NiCo 96,5-3,5%
NiCo 85-15%

46

envejecida
fresca

440

cuentas (u.a.)

cuentas (u.a)

45

47

51

52

53

54

RMS
2132x (µm)
0.32
0.30
0.38
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 OH groups. The presence of hydroxides is associated with the
formation of passivation layers for HER.
527,5

44

RMS
1070x (µm)
0.35
0.35
0.39
0.54

296,9

558,8 702 859,1

1057,9
3000

3300

3600

3900

55

2 ()
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
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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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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
fresh
aged
fresh
aged
Electrode
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 obtained 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 CoSO 4·7H2O:

-1.5x10-3
-2.0x10-3
-2.5x10-3
-1.0x10-2

j (A cm-2)

3.1.1 Electrochemical characterization
Electrochemical experiments were performed in a threeelectrode 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 effects 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 active 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 variation is observed. This implies that, when using NiCo electrodes for hydrogen production, a deactivation is generated.
This may be due to the formation of passivating layers of hydroxides of Ni and Co. On the other hand, as with Ni-Watts
electrodes, it can be observed that the increase in temperature causes an increase in current density, and hence, the
increase in the amount of hydrogen generated.

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 hydrogen detachment in Ni cathode.
The presence of nickel and cobalt oxides, formed by exposure to air, was observed in all fresh electrodes. Once
aged, the plates developed surface nickel and cobalt hydroxides which are associated with the formation of passivation
layers.

-2.0x10-2

-3.0x10-2

Ni
NiCo 98,5-1,5%
NiCo 96,5-3,5%
NiCo 85-15%

-4.0x10-2

E vs SCE -1,5 V
T = 25 °C
t=4h

-5.0x10-2
0

2000

4000

6000

8000

10000
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14000
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Figure 4: Chronoamperometries performed on NiCo alloys and NiWatts 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 cuttingedge, 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 timedependent 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 electrodes
Fluorine doped tin oxide (FTO) nanoparticles were prepared using 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 solution 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 reduction was used to support IrO2 salt precursor - IrCl3·xH2O (Alfa
Aesar) on the prepared FTO powders, in an ethane-1-2-diol solution (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 temperature. 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 during 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 linear 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 unsupported IrO2 from PREMETEK. The CV spectra show that depending on the type of support, the initial Ir valence states differ from one another due to the peaks arising at different potentials. All synthesised catalysts reveal that mainly hydrous Ir
oxide (IrOx - 0.6 V to 1.0 V vs. RHE) was generated; these catalysts 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 performance of the prepared electrocatalysts. The Ir NPs supported
in FTO annealed at 500 °C unveil the earliest onset and therefore highest OER mass-activity (MA) at 1.51 V, Table 1. All the
synthetized electrocatalysts outperformed the commercial catalyst 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 catalysts, 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)

IrO2

15.5

30IrO2/FTO_N
C

27

30IrO2/FTO_3
00

6.9

30IrO2/FTO_5
00

77

30IrO2/FTO_7
00

17

Tafel Slope
(mV·dec-1)

OER activity
variation upon
the AST (+/- %)

83.7 ± 4

- 50

63.8 ± 7

- 41

186 ± 4

+ 74.3

59 ± 1

+ 0.41

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 support annealing step at 300 ◦C might have condemned the initial
microstructure providing insulating properties instead of electrically conductive features. The accelerated stress test produced distinct OER end of life activities depending on the type
of annealed FTO support. In fact, the cycling increased the activity 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 catalyst is highly stable under harsh acidic OER conditions. Regarding the non-calcined and calcined support at the highest temperatures, 700°C, the OER MA loss was 41 % and 25.5 %, respectively, suggesting that the catalyst-support interaction was
detrimental and the corrosion of the support was triggered influencing 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 masstransport resistances are noticed for Ir dispersed in FTO
nanoparticles annealed at 500 °C compared to the Ir
commercial catalyst.

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 under 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 anodes 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 physicochemical characterization (HR-TEM, XPS, TGA, EDS). The results accomplished, provide critical perspectives for the future
preparation of high-performing cost-effective and sustainable
PEMWEs, thus enabling the clean and efficient energy production and storage opportunities.
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1. Introduction
Due to the increasing consumption of fossil fuels and increasing 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 applications[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 electrolysis 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 reaction kinetics. Pt-based precious electrocatalysts have
shown excellent HER activity; however, their scarcity and
high cost limit their use for sustained large-scale applications [2]. As a result, designing and developing electrocatalysts with high performance, activity, and durability has become a hot spot in recent research studies to reduce the energy consumption of the HER process. The emerging earthabundant transition metal phosphides (TMPs) are considered as a promising electrocatalyst for HER [3]. However,
their performance and stability still need further improvement 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 stable electrocatalyst for alkaline HER. The surface of SSM was
modified by transition metal phosphide, NiCoP, through a
hydrothermal route followed by phosphorization. In situ fostering 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 hydrothermal 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 solution 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 mixture was transferred into a 50 mL Teflon-lined stainless autoclave 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 reactor. Then, under N2 flow, the reactor's temperature was increased 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 temperature, 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 performance of the as-prepared and the state-of-the-art Pt-based
electrocatalyst was measured using a three-electrode system controlled by a potentiostat/galvanostat AUTOLAB
PGSTAT302 at room temperature. Figure 1a shows the HER
polarization curve of the pristine SSM and the different active 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 toward 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 cm2
), 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 activity 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 electrolytes 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. Accordingly, 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
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the diameters of semicircles in Nyquist plots, the chargetransfer 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 reduced Rct value of NiCoP@SSM indicates an enhanced electron-transport efficiency at the electrode-electrolyte interface, 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 subjected to a stability test at -138 mV of overpotential for 24
h. As shown in Figure 1d, NiCoP@SSM exhibits excellent stability for HER, with a slight decline, during continuous 24 h
continuous operation.
In the meantime, physicochemical characterization, including X-ray diffraction (XRD), scanning electron microscopy (SEM), inductively coupled plasma (ICP), and X-ray photoelectron spectroscopy (XPS), will be performed to gain further 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 substrate, 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

2. Experimental

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 production 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 sustainable 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 influences both cell performance and conductivity, but this
technology suffers from low productivity and high maintenance 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 obtained [5][6]. At the cathode, the water is split to form H2
releasing hydroxide anions, which pass through the membrane and are oxydized at the anode producing O2. For the
latter reaction, good prospects are associated with electrocatalysts 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 deposited directly on a commercial anion exchange membrane
(FAA3-50 by FumaTech).

NiFe2O4 was obtained by a liquid-phase method, at atmospheric 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 sonication, an exact amount of the catalysts with 20 wt.% of ionomer. 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 technique 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 catalyst 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 diffractometer (Bruker, Billerica, MA, USA), scan type: Coupled TwoTheta/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 microscope. The analyses were performed with an accelerating
voltage of 20 kV and a spot width of 3.
Electrochemical characterizations were carried out in a temperature 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, confirming 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.
[2]

[3]

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

Electrochemical tests were carried out increasing the temperature 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).
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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 system can be easily further improved. Particularly relevant, at
60°C, is the value of 3.0 A/cm2 recorded at 2.2 V.
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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 massactivity.
Ceramic oxides, such as zirconium (IV) dioxide (ZrO2)
and cerium (IV) oxide (CeO2), are well known for their longterm 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 threeneck 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 rotating 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 producing a catalytic layer with ca. 0.015 mgIr∙cm-2.
The electrochemical characterisation, including cyclic
voltammetry (CV), linear sweep voltammetry (LSV) and electrochemical 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 saturated Ag/AgCl and a graphite rod were used as reference
and counter electrodes, respectively.
Prior to any electrochemical measurement, the electrolyte (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∙s1
; 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 N2purged 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 repeated 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].

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 onset at ca. 1.50 V vs RHE and a significant mass transport resistance, since the latter require a considerable overpotential to reach higher current densities. Regarding the commercial 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 activation energy barrier. These results suggest that the presence of silica particles not only decreases the ohmic resistance but also facilitates the kinetic mechanisms for OER
to occur.

3. Results and Discussion
3.1 Electrochemical characterisation of the synthesised catalysts
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 pronounced, 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 commercial 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. 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 electrochemical 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 variation between the background CV and the Cuupd CV. The dispersion 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. Moreover, the addition of SiO2 leads to a further increase in both
parameters.
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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 highest 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 obtained for the benchmark IrO2 catalyst.

Fig. 3. OER mass activity and electrochemical active area values
obtained for the prepared catalysts.

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

2. Microgrid

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 electrolysis 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 imposed 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 electrical grid. In this framework, the present work proposes
combining short-term battery energy storage system
(BESS) and long-term hydrogen-based energy storage system (HESS) to deal with excess or deficit of energy and
successfully integrate RES into the electrical grid. The system studied has a typical structure of electric-hydrogen
hybrid refueling station [2]. It consists of a DC bus connected to an external electrical network and renewable generation, 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 effectiveness of incorporate hydrogen energy storage systems with
IDA-PBC for this class of problems.

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 interfacing 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 possible hydrogen demand and supply the FC. The FC uses available 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 ensured by controlling the power converters. Each DC/DC
converter is controlled by a standard pulse width modulation (PWM) that generates the switching signals. Therefore, 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 mathematical model of the proposed DC MG is developed.

Fig. 1. Isolated DC MG scheme with a typical structure of electrichydrogen hybrid refueling station.
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Fig. 2 Electrical diagram with the variables involved of the MG.

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:
𝑉𝑓𝑐 = (𝐼ℎ + 𝐼𝑚𝑓𝑐 )
(1)
𝑉ℎ (𝐼ℎ ) = {
𝑉𝑒𝑙 = (−𝐼ℎ + 𝐼𝑚𝑒𝑙 )
where 𝑉𝑓𝑐 and 𝑉𝑒𝑙 are the voltages of the FC and EL respectively. 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 availability. Therefore, the current of the HESS 𝐼ℎ is the difference between the current of the FC or the EL with its respective 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 alkaline 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 voltage 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 considered 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 −

𝑄𝐾
𝑄−∫ 𝐼𝐵 𝑑𝑡

+ 𝐴𝑒 −𝐵 ∫ 𝐼𝐵 𝑑𝑡 − 𝐼𝐵 𝑅𝐵

(4)

where 𝐸𝑜 is a constant voltage, 𝐾 is the polarization voltage, 𝑄 is the capacity of the battery, 𝐼𝐵 is its current,
∫ 𝐼𝐵 𝑑𝑡 is the actual battery charge, 𝐴 is called the amplitude 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 capacitor 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
[𝑥3 − 𝑥5 𝑅𝑏ℎ − 𝑥7 ]
𝑥̇1 = [𝑉ℎ − 𝑥3 𝜇ℎ ] ; 𝑥̇ 5 =
𝑥̇ 2 =
𝑥̇ 3 =
𝑥̇ 4 =

𝐿ℎ
1

𝐿𝐵
1
𝐶ℎ
1
𝐶𝐵

[𝑉𝐵 − 𝑥4 𝜇𝐵 ] ; 𝑥̇ 6 =
[𝑥1 𝜇ℎ − 𝑥5 ]

; 𝑥̇ 7 =

𝐿𝑏ℎ
1

𝐿𝑏𝐵
1
𝐶𝑏

[𝑥4 − 𝑥6 𝑅𝑏𝐵 − 𝑥7 ]

[𝑥5 + 𝑥6 + 𝐼𝑛𝑒𝑡 −

[𝑥2 𝜇𝐵 − 𝑥6 ]

𝑥7
𝑅𝐿

]

(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:
1
𝑉
𝑥 ∗ = [ ∗ ( 𝑑 − 𝐼𝑛𝑒𝑡 − 𝜇𝐵 ∗ 𝑥2 ∗ ) ; 𝑥2 ∗ ; (𝑉𝑑 + 𝑥5 ∗ 𝑅𝑏ℎ )
𝜇ℎ

𝑅𝐿

; (𝑉𝑑 + 𝑥6 ∗ 𝑅𝑏𝐵 ) ; 𝑥1 ∗ 𝜇ℎ ∗ ; 𝑥2 ∗ 𝜇𝐵 ∗ ; 𝑉𝑑 ]
(7)
with 𝑉𝑑 the voltage reference of the DC bus. The control
variables at equilibrium are:
𝑉 (𝑥 ∗ ) 𝑉 (𝑥 ∗ )
[𝜇ℎ ∗ ; 𝜇𝐵 ∗ ] = [ ℎ ∗1 ; 𝐵 ∗2 ]
(8)
𝑥3

𝑥4

4. IDA-PBC
Given the nonlinear system 𝑥̇ = 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:
𝑥̇ = [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)𝑇 which, in this particular case, depends on the control variable. In this context, the equilibrium 𝑥 ∗ is locally
stable and it will be asymptotically stable if the largest invariant set under closed-loop dynamics contained in
{𝑥 ∈ ℝ𝑛 |∇𝐻𝑑 𝑇 𝑅𝑑 ∇𝐻𝑑 = 0} is equal to {𝑥 ∗ } [3].
1
The desired energy function is given by 𝐻𝑑 = (𝑥̃ 𝑇 𝑄𝑥̃) and
2
the diagonal matrix 𝑄 = 𝑑𝑖𝑎𝑔[𝐿ℎ ; 𝐿𝐵 ; 𝐶ℎ ; 𝐶𝐵 ; 𝐿𝑏ℎ ; 𝐿𝑏𝐵 ; 𝐶𝑏 ].
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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
𝑅𝐿 𝑉ℎ
𝜇ℎ = [(𝑅
∗
)𝑥 ∗
]
𝑏ℎ +𝑅𝐿

7 −𝐼𝑛𝑒𝑡 𝑅𝑏ℎ 𝑅𝐿 −𝑅𝑏ℎ 𝑅𝐿 𝑥2 𝜇𝐵

{
−𝑥7 ∗ +√𝑥7 ∗ 2 +4𝑥2 ∗ 𝑅𝑏𝐵 (𝑉𝐵 +𝑟2 𝑥7 ∗ (𝑥2 −𝑥2 ∗ ))
𝜇𝐵 =
(2𝑥 ∗
)

(10)

2 𝑅𝑏𝐵

and with 𝑥2 ∗ = 0
𝑅𝐿 𝑉ℎ
𝜇ℎ = [(𝑅
∗
𝑏ℎ +𝑅𝐿 )𝑥7 −𝐼𝑛𝑒𝑡 𝑅𝑏ℎ 𝑅𝐿 ]
{
𝑉𝐵
𝜇𝐵 = ∗ + 𝑟2 𝑥2

(11)

𝑥7

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:
𝜇 ′ = 𝜇ℎ + 𝑘ℎ ∫(𝑥7 − 𝑉𝑑 ) 𝑑𝑡 ; 𝑘ℎ > 0
(12)
{ ℎ′
𝜇𝐵 = 𝜇𝐵 − 𝑘𝐵 ∫(𝑥2 − 𝑥2 ∗ ) 𝑑𝑡 ; 𝑘𝐵 > 0

Fig. 3 24 hours profiles of: (a) Power irradiance, (b) Power of
wind turbine and (c) Load power consumption.

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 balance and ensures asymptotic stability of the closed-loop
system with strongly non-linear characteristics. In addition,
it has robustness and flexibility to modify the interconnection, 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 isolated DC MG with RES penetration.

Fig. 4 (a) FC power (b), EL power, (c) Bus voltage.
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1. Introduction
Although hydrogen is produced from many different
raw materials and using diverse methods, hydrogen production 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 dioxide (50-70% CH₄), but also a nutrient-rich digestate for land
applications. Biomethane with up to 97% CH₄ can be obtained through biogas purification[1].
In order to maximize H2 production, catalytic steam reforming of natural gas is preferred as it leads to the highest
H2/CO ratio. This reaction is strongly endothermic and presents equilibrium limitations, which determines that the
choice of the reactor results highly dependant on the process scale. For large-scale operations, a reactor with radiant
heat transfer is prefered, while, at smaller scales, convective-type designs become convenient. In the latter reactors,
heat is supplied through a stream of hot gases from a combustion chamber. The temperature of the hot gases is preferably selected under 1300 °C to preserve the mechanical
integrity of the the reformer tubes assuring long life operation. The combustion chamber could be fed by fuel cell output stream, PSA stage rejection or the retentate stream of
H₂ purifying membranes [2].
In order to improve energy integration and reduce reactor volumes, the implementation of two reactors showing
different types of process intensification are proposed: biomethane steam reforming is conducted in a bayonet-type
reactor while the water was shift reaction is performed in parallel with H2 purification in a membrane reactor.
HG
As shown in Figure 1 (see insert for
more details), the design of bayonet rewater
actors provides internal countercurrent
heat recovery [3]. Although the using of
convective heating implies lower heat
PMBG
fluxes when compared with radiant BG
BM
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].
PM
These facts point out the preference of
this compact design for small-scale instalations, 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 towards products in equilibrium-limited reactions. In particular, 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 studies 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 bayonet-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 (reaction 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 exchanger 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 subproduct. Both the biogas stream (BG), previously desulfurized, and the process water enters at 25 °C and 10 bar,
whereas the combustion air is fed at 25 °C and 1 bar.

steam

steam

HF

SG
Detail of a reforming
reactor tube

Detail of a cross section of the
WGS reactor

SG
Feed

shell
cat.

RT
HG

H2

H2

cat.
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Fig. 1. Process flow diagram.
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Reaction

The selected constraints are:

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 permeate stream (PM, up to 15 % CH4) from biogas PMBG are
used as fuel in the combustion chamber of the bayonet reformer.
2.2 Process modelling and optimization
For the bayonet-type reactor (BR), a pseudo-homogeneous 1-D model is adopted [5]. The BR contains outer and inner 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 diameter 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 reformer and the air stream required for the combustion
chamber. The heating gas circulates from the combustor located directly below the reformer in the shell (see Fig. 1).
The kinetic model proposed by Xu and Froment [6] is selected to evaluate the reaction rate and the global effectiveness 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 multitubular configuration is selected to carry out the WGS reaction (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 operation 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 hydrogen flowrate (HF) and minimize both reactors’ areas taking 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 accomplish the imposed lower and upper bounds (CLB and CUB,
respectively).
Both reactor’s geometric parameters (L/Ds) and operative variables (temperatures) are considered as control variables. Then, the problem can be represented as follows:
𝐹𝑜𝑏𝑗 = 𝑤1 ⋅ max 𝐹𝑠𝐻2 + 𝑤2 ⋅ min 𝐴𝐵𝑅 + 𝑤3 ⋅ min 𝐴𝑀𝑅
s.t.:
M(x) = 0
E(x) = 0
P(x) = 0
CLB ≤ C(x) ≤ CUB

(4)
(5)
(6)
(7)
(8)

1000 °C ≤ THG ≤ 1300 °C (9)
ΔTHX ≥10 °C (12)
Tw,BR ≤ 920 °C (10)
TsC ≥ 100 °C (13)
300 °C ≤ TMR ≤ 550 °C (11)
ξ ≥ 5 % (14)
The temperature of the hot gas stream leaving the combustion chambe (THG) as well as the tube-skin temperature
(Tw,BR) are limited in order to enlarge the service life of reactor materials. The operating temperature inside the MR
(TMR) is limited to guarantee the integrity of both the membrane and the WGS catalyst. The minimun temperature difference (ΔTHX) between the hot and cold streams in each
heat exchanger is defined at 10°C. The fluegas temperature
(TsC) leaving the process should exceed 100 °C to avoid
steam condensation. The minimum combustion oxygen excess (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 algebraic equations. The generated system of equations is
solved with the solver BDNLSOL of gPROMS 4.0. [11] Physicochemical 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 hydrogen is generated in BR at expenses of less hydrogen separated 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 temperature is equal to the maximum value imposed by the restriction, i.e., Tw,BR = 920°C. In this sense, designs that promote greater heat exchange between the flue and process
streams in the reformer should be developed in order to reduce Tw,BR.
Figure 3 shows the axial temperature profiles corresponding 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 inlet zone of the reactor. Then, further along the axial coordinate, 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 optimization 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 exiting 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.

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 process 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 areas 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 required summing both reactors to maintain the hydrogen
production flowrate. An economical analysis appears relevant to contribute in the final design.
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Fig. 3. Temperature axial profiles of the BR for the three cases under study.

Results related to CO conversion (XCO) and hydrogen re𝐺
𝑀𝑅
𝑀𝑅
coveries (𝑅𝐻2
, 𝑅𝐻2
) in the MR are presented in Table 1. 𝑅𝐻2
is calculated as the ratio between the H2 flowrate in the permeate stream to the sum of H2 flowrates in both permeate
𝐺
and retenate streams. Complementary, 𝑅𝐻2
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 membrane 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
𝑀𝑅
84
81
89
𝑅𝐻2
(%)
𝐺
99
94
100
𝑅𝐻2
(%)
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[5]. Additionally, a change in the reaction conditions was
also studied in order to improve the stability of the samples.

1. Introduction
Conversion of methane into H2 is a mature catalytic
process well known in the industry that employs a large variety 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 H 2 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 infrautilized biomass, food waste, or activated sludges. The gasification of solid biomass or the biogas directly obtained by
fermentation is a wet mixture of methane and carbon dioxide, which can be catalytic processed to obtain syngas of different 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 CO 2 concurrently obtained, which reduces the effiency of the process,
and the presence of poisons such as traces of sulphur compounds 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 methane, also known of birreforming reaction, Eq. (1) [3]. As an
additional consequence, a decrease in carbon dioxide emissions 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 remove these compounds, but the high cost associated to the
purification of the methane of the stream may be unaffordable for this process. A conceivable alternative is the employment of sulphur tolerant catalysts. As a result, a multimetallic 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 activating the oxidizing agents and, finally, very small amount
of Rh was included with the aim of gasifying coke deposits

2. Experimental
A multi-metallic NiCeSnRh/Al2O3 sample was obtained
by simultaneous incipient wetness impregnation of the alumina support (SBET=246 m2/g, Vp= 0.76 cm3/g) with an aqueous solution of the chemical precursors: Ni(NO 3)2.6H2O,
Ce(NO3)3.6H2O, Rh(NO3).xH2O, and a SnC2O4 solution in nitric 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 sulphur 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, bunsenite (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 species 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 perceptible 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

5.4

5.9

8.5 (NiO)

5.9 (Ni0)

dfluorite (nm)
dNi/NiO (nm)

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 impregnating a concentrated soution of DMS over a previously
reduced sample, achieving a value close to 0.1 wt.% (sulphur/catalyst mass ratio). The results of methane conversion, Figure 1, showed three stages: an initial decrease present in both samples (t<2 hours) probably by the stabilization 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 agreement with the CH4 conversion plot suggesting catalyst deactivation. 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 reaction 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 deactivation. Therefore, a BRM reaction stage was followed by
SMR; the results are reported in Figure 2. Methane conversion 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 sulphurized 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 stable molecule at 700°C during the entire test.
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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 simultaneously 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 deactivation 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 deposition as it was observed for the clean sample in Figure 1.
4. Conclusions
The catalyst presented a relevant performance in sulphur-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 conditions, is a promising technology capable of carrying out biogas self-reforming process without any pretreatment or
composition adjustment
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1. Introduction

2. Controller design process

On-site and on-demand hydrogen production from liquids 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 production, separation and purification phase in the same reactor volume [2].

2.1 Experimental set-up

There are 3 main reactions in the methanol steam reforming process:
CH3 OH(g) +H2 O(g) ⇋ CO2(g) +3H2(g)
°
∆H298
= +49.4 kJ mol-1
(1)
°
CH3 OH(g) ⇋ CO(g) +2H2(g)
∆H298
= +92 kJ mol-1 (2)
°
CO(g) + H2 O(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 reaction and Eq. 3 is the water–gas shift reaction (WGS).

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 information about the behaviour of the system. The dynamic behaviour 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 carbon ratio of 1 (S/C=1) was used in all the experiments. A set
of experiments were performed and registered under dynamic conditions at different operating pressures (6, 8, 10
and 12 bar). These tests have been carried out applying steptype variations in the inlet liquid flow (mixture of methanol
and water). Three step variations have been made at the different 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.

These reforming units can be portable and produce hydrogen on-site with only a heat source and a liquid methanol
reservoir. However, a control system is necessary to maintain 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-pressure liquid pump that injects the methanol and water into
the CMR.

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 behavior 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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System
identification

Experimental
controller
validation

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 affects the inlet mass flow ), the digital pressure regulator
(which affects the reactor pressure) and the electrical resistance 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 efficiency changes with the pressure, so a high pressure is necessary to achieve a high separation efficiency of the membrane. 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 systems since the metallic membrane of the reactor does not
manage to separate more hydrogen after a certain inlet liquid flow. This occurs because mass transfer limit problems
appear. This phenomenon is also called membrane saturation. 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 pressure 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 using SIMULINK®. With the simulation model, the PI controller
parameters were obtained and then, simulations were
made to test the robustness of the PI controller.

Hydrogen Flow (mln/min)

Dynamic
behaviour of
the system

Controller
validation
through
simulation

Hydrogen permeated flow
70

Liquid Pump flow setpoint
70

65

65

60

60

55

55

50

50

45

45

40
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35

35

30
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1500

3000
4500
Time (s)
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7500
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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 piecewise 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 different PI controller was tuned (Eq. 5) using the Ziegle Nichols
second method criteria. Then, a PI control with gain scheduled 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.
1

Finally, experimental PI tests were carried out using LabVIEW® to control the high-pressure liquid pump. Thus, is was
verified the operation of the real PI in contrast to the modeling in SIMULINK®.
3. Experimental results and discussion
3.1 Dynamic behaviour of the system

Liquid Pump flow setpoint (µl/min)

controller was incorporated. Finally, the PI controller was
tested in the experimental plant.

PI control=Kc (1+τi )

(5)

s

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.

The behaviour of the system against step changes in the
inlet liquid flow are shown in Fig. 3 for inlet flow step of 5065 µLliq/min at 12 bar.
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Table 1. Optimal Kc values of the PI controller modelled at different
pressures and inlet flows.
Pressure
Kc Low
Kc Medium
Kc High flow
(bar)
flow
flow (100 –
(150 – 195
(50 – 60
130 µLµLliq/min)
µLliq/min)
liq/minl)
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
3.42
3.22
2.74
values
Table 2. Optimal 𝜏i values of the PI controller modelled at different
pressures and inlet flows.
Pressure
𝜏i Low
𝜏i Medium
𝜏i High flow
(bar)
flow
flow
(150 – 195
(50 – 60
(100 – 130
µLliq/min)
µLliq/min)
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
0.014
0.034
0.051
values

3.4 Experimental PI controller
The commercial software LabVIEW® was used to implement 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 hydrogen flowrate. The controller actuated on the liquid pump
which modified the inlet liquid flow to ensure following the
set-point.
hydrogen flow

liquid pump setpoint

Gas flow/Hydrogen set point
(mln/min)

100

640
560

80

480
60

400
320

40

240
160

20

80

0

Liquid pump setpoint (µl/min)

Hydrogen setpoint

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 transfer 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 manages to maintain the set-point for any operating range with
an acceptable response time and remarkable robustness.
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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 setpoint. There was a small ripple of about ±5 H 2 mL/min, but
an average of the data gives the value imposed by the setpoint. When changing the set-point from 40 H2 mL/min to
80 H2 mL/min, a small overshoot is observed, which is normal due to the large change in operation range, being
quickly attenuated in the subsequent seconds.
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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 energy 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 increasing interest in renewable energy sources' role in the future.
Photoelectrochemical (PEC) water splitting (WS) is considered the most promising solar process for hydrogen production and represents a proper backup solution to store
energy[3,4]. The research on PEC WS relies on semiconductor electrodes that exhibit appreciable photogenerated
charge separation at the solid/liquid interface when illuminated by sunlight. To the best of our knowledge, studies on
PEC cells were conducted, even recently, in a liquid electrolyte, 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 hydrogen-powered vehicles, which shall complement batterypowered 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 investigating non-critical raw materials (non-CRM) for the European 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 photoanode 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 substrate for the CuO photocathode, produced a relevant increase in efficiencies, doubling the performance of the conventional 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, internal connectors, gaskets, photocathode/GDL, membrane,
photoanode/drilled FTO, glass frame, current slab, and closure frame is reported.

2. Experimental
2.1 Synthesis of Photoelectrodes
Hematite-based photoanodes were prepared by a chemical bath deposition procedure followed by a thermal treatment. 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 treatment 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 between photoanode and photocathode. Before the cell assembly, 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 inserted into the plastic case; the H2 gasket, the porous hydrophobic photocathode and the membrane were stacked. A
drilled TCO glass supporting the photoanode and the relative 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 using a Cu-Kα source operating at 40 kV and 20 mA. The morphology 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 potential 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.

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 throughput 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.
Vbias (V)

3. Results and discussion

Jph (mA cm−2)

ɳenth (%)

ɳthroughput (%)

−0.4

1.73

2.03

2.76

−0.6

1.97

1.89

3.13

−1.225

7.33

2.03

10.75

3.1 Polarization measurements in 0.25 cm2 PEC cell

3.2 Scaling up of the main components

To obtain suitable performance for the WS, the approach of using a co-catalyst based on Ni or NiCu at the cathode side was employed. Polarization curves illustrated in
Figure 1 were carried out in the dark (dashed lines) and under 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-effectiveness and performance. The bare PEC, without a cocatalyst, was investigated for comparison and was characterized by a lower value of the photocurrent density Jph (difference between current density under illumination and in
the dark) than those obtained with a Ni co-catalyst-based
PEC.

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 interfaces. 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 prototype was based on the GEMA concept (Glass Electrode
Membrane Assembly). This approach improved the interfacial contact between membrane and photoelectrodes with
a simplified current collection in the module.
4. Conclusions

0

Current density (mA cm-2)

-2
-4
-0.6 V
henthalpic = 1.89 %

-6

-0.4 V
henthalpic = 2.03 %

Bare PEC dark
Bare PEC light
Ni PC 8 dark
Ni PC 8 light
Ni PC 12 dark
Ni PC 12 light
NiCu PC 8 dark
NiCu PC 8 light

-8
-10
-12
-14
-16
-18
-20
-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

Voltage (V)

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), enthalpy (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 increases from 1.73 to 7.33 mA cm−2 in the potential range

A small amount of homemade Ni-based co-catalysts was
deposited onto a CuO/GDL-based photocathode of a photoelectrochemical 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 under illumination with the achievement of 10.75% in throughput 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 photoproduction from a renewable source. This process has been
largely studied over TiO2-based systems but less research related with the use of ZnO-based photocatalysts has been
performed. Most of the uses of nanostructured ZnO in photocatalysis 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 3Dnanostructured ZnO has been prepared with different morphologies such as nanorods, nanowires, nanotubes,
nanosheets and nanoflowers, among them, 1D nanostructures 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 pristine ZnO NWs. The characterization of the ZnO NWs, was
carried out combining different techniques as FESEM, XRD,
HRTEM), XPS, PL and Raman spectroscopy. The photocatalytic process was followed by in-situ diffuse reflectance infrared spectroscopy (DRIFTS) coupled to on-line mass spectrometry (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 prepared from a polycrystalline zinc target of 99.99% purity and
Ar/O2 atmosphere over a Si(001) single crystal. For the insitu 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 ethanol/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 between 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 presence of mainly wurtzite ZnO (space group P63mc, JCPDS 00036-1451), with cell parameters a3.25 Å and c5.20 Å, with
very high [0001] preferred orientation and significant anisotropic 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 complex 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 oxygen-deficient regions [2]. The O 1s component centered at
530.1 eV is related with lattice O2- and the very small component 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 observed 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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Finally, the Raman spectrum of the ZnO NWs (Fig. 3B)
shows a wide band of low intensity at 400-500 cm-1 corresponding 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.
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-reaction.

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 under continuous flowing of the ethanol/water vapor. Besides
H2, CO and CH4, CO2 and acetaldehyde were the main products; 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 illumination and the blank cell test, carried out without photocatalyst 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 corresponding as(COO) and s(COO) modes of different acetate adsorbed species. Moreover, the contribution of different 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 CO32- 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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spectroscopy. No significant changes in the ZnO NWs were
observed in morphology, structure and surface characteristics. On the other hand, Figure 3A and 3B show the PL emission 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 observed, due to a slight modification of the energy band structure of ZnO; the broadening observed on the FWHM indicates 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; existence of defects would result in a broadening of the peak
at around 580 cm-1 [4].
4. Conclusions

Fig. 4. A) Mass spectra profiles of different products evolved during
the irradiation of ZnO NWs under a He flow saturated with ethanol/water vapor; B) in-situ DRIFT spectra of ZnO NWs: a) under irradiation and a He flow saturated with ethanol/water vapor; b) after (a), light off and switch the reactants flow to He flow.

On the other hand, a definite band centered at 1647 cmhas 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 processes that could take place over ZnO NWs during the irradiation of an ethanol/water flow at room temperature. The
first step could be the photocatalytic transformation of ethanol 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 adsorption of ethanol/water over ZnO NWs, are easily phototransformed at room temperature, and contrarily, irreversible 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
1

ZnO nanowires with wurzite structure and a very high
[0001] preferred orientation were active in the photocatalytic 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 vacancies, which are related with their catalytic performance. After 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 presence of water vapor could produce acetic acid and H2. However, acetaldehyde also decomposes forming CO and CH 4.
The acid acetic photo-decomposition or photo-reforming results in the CO2 formation. The characteristics of ZnO NWs
resulted almost unaltered after the photocatalytic process.
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S.Trocino1* **, C. Lo Vecchio1, G. Giacoppo1, O. Barbera1, V. Baglio1, A. S. Aricò1
1

Consiglio Nazionale delle Ricerche, Istituto di Tecnologie Avanzate per l’Energia “Nicola Giordano”, CNR-ITAE, Via Salita Santa Lucia sopra
Contesse 5, 98126 Messina, Italy
(*) Pres. author: stefano.trocino@itae.cnr.it

(**) Corresp. author: stefano.trocino@itae.cnr.it

Keywords: Dry hydrogen, photoelectrochemical cell, photoelectrolysis, semiconductors, photoanode, photocathode

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 efficiencies [2] the choice of photoelectrodes and cell configuration (tandem or with dark electrode), in design of photoelectrochemical (PEC) cells [3], is of great importance.
For what concerns the backing layer of the top high-energy 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 semiconductors are deposited on a conductive transparent glass: fluorine-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 requirements are high conductivity and proper work function
if the intention is to use direct illumination only and no diffusive light. Thus, in this case, it is possible to use a dark metallic-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.

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 containing 5% of PTFE (subsequently named 0% of FEP) and further hydrophobised by a FEP treatment showing thus different 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 substrate was also examined.
2.2 Photoelectrochemical cell configuration
For the investigated PECs, only the cathode substrate
was varied while the other components remained unchanged.
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)

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, however, for both substrates a further hydrophobisation treatment, with fluorinatedethylenepropylene (FEP), was carried
out to understand how this process could influence the electrical and wettability characteristics.
The procedure for the carbonaceous backing layer waterproofing consisted of different steps, particularly, the diving 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.

Fig. 1. Schematic sketch of the photoelectrochemical cell (PEC).
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3.1 Photocathode substrates characterisation

Electrical conductivity (S cm-1)

Figure 1 shows a plot of electrical conductivity vs diving
time.
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3. Results and Discussion
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Fig. 2. Electrical conductivity vs diving time of different gas diffusion layers under different hydrophobisation conditions.

For the Spectracarb sample, the electrical conductivity
was 20 S cm−1 without any treatment (0 min). After treatment with FEP, it was registered an important decrease of
conductivity to about 5 S cm-1, quite independently from immersion time, both for full and for one-layer immersion,
whereas, for the Sigracet substrates, the conductivity decreased 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 conductivity 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. 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 varying 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 relevant 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 sampling range.

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 different 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
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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).

4 B. Han, M. Risch, S. Belden, S. Lee, D. Bayer, E. Mutoro, Y.
Shao-Horn, Screening Oxide Support Materials for OER Catalysts in Acid, J. Electrochem. Soc., 165 (2018) F813-F820.

Fig. 6. Schematic sketch (a) and photograph (b) of the photoelectrochemical 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 operation”.

4. Conclusions
The concept of a porous hydrophobic carbonaceous
backing layer as a photocathode substrate in a photoelectrolysis cell to get dry hydrogen is here demonstrated.
Two different carbonaceous gas diffusion layers based
on low-cost carbon paper and carbon black, were hydrophobised and studied to achieve the best compromise between hydrophobicity and electrical conductivity.
These new porous hydrophobic substrates were
demonstrated as cathodic gas diffusion layers in tandem nFe2O3 / transparent FAA-3 membrane / p-CuO photoelectrolysis cells.
A short-term durability test indicated a good stability of
the cell as long as a good hydration of the membrane is assured.
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.
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1. Introduction

2. Experimental

The serious effects of global warming make the transition towards renewable energy sources a crucial step for society. 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 sluggish 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-theart catalysts can only reach overpotentials about 0.3 V at 10
mA.cm-2, a value very close to that given by theoretical volcano 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 further.[4] Here, illumination of a light-absorbing semiconductor 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 titania thin films (MTTF) have high surface areas, which can be
easily tuned or functionalized.[5,6] This makes them a promising semiconductor platform for the integration with electrocatalysts.
Ni-Fe oxyhydroxides (NiFeOx) are excellent OER electrocatalysts in alkaline conditions.[7] Iron content, i.e., the
Ni:Fe ratio, is a critical variable in the response of these catalysts. Even low amounts of iron impurities in KOH electrolyte 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 nanostructured photoanode aimed at photo-assisted water splitting.
Highly ordered thin mesoporous TiO2 films were prepared
via a sol-gel approach and further electrochemically modified by NiFeOx. The structural and (photo)electrochemical
properties of these materials were systematically studied,
by changing the Ni:Fe ratio and concentration.

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, acetylacetonate (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 solution 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 containing 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 mesoporous layer. FE-SEM images of NiFeOx modified MTTF show
no significant change in the morphology after 10- and 30seconds deposition, while flakes of NiFeOx appear after
longer deposition times.

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

3.2 Electrochemical characterization
Cyclic voltammetry measurements of the modified electrodes 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

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

We have developed a promising nanostructured material through a facile and scalable method, composed of mesoporous TiO2 thin films and Ni-Fe oxyhydroxides, to be used
in photo-assisted water splitting. This material shows a synergy 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 nanostructures for photo-assisted oxygen evolution.

Ni0.9Fe0.1Ox Ni0.8Fe0.2Ox Ni0.7Fe0.3Ox

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.
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The growing concern about global warming and climate
change has driven many countries to take action and generate new policies for environmental protection. Among human activities which generate greenhouse gases (GHG), energy 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 production have been raised. Between these technologies, hydrogen production through reforming of bioethanol is an interesting alternative due to the low cost and high disponibility 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 Enhanced Steam Reforming of Ethanol (SESRE), which could
yield higher concentrations of H2 [2]. For this purpose, combinations 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 capture tests were performed for the sorbent, while for the
evaluation of the SESRE reaction, a mixutre of catalyst+sorbent was employed.
2. Experimental
2.1 Material synthesis
The catalyst and sorbent were synthezised by coimpregnation of nickel acetate and alkaline carbonates, respectively, in a colloidal suspension of ZrO2 nanoparticles stabilized 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 (HoribaJobin-Yvon) spectrometer coupled to an Olympus (50X) microscope equipped with a CCD detector cooled at -70 ºC using 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 Programed 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 capture experiments were performed in a Mettler Toledo Star,
TGA/SDTA 851, using the same capture/regeneration conditions.
Table 1. Syntesis details of the catalyst and sorbent
Sample

Composition

Reagents

KLiZr-AC

K:Li:Zr=0.01:1.2:1

KNiZr-AC

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

Li2CO3, K2CO3, Nyacol-AC

For the SESRE reaction, 120 mg of well mixed catalyst: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 Shimadzu 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 Figure 1. The catalyst presented signals corresponding to c-NiO
along with m-ZrO2 and t-ZrO2, while t-Li2ZrO3, m-ZrO2 and tZrO2 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).
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Fig. 1. XRD patterns of KLiZr-AC and NiKZr-AC samples.
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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 theoretical 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 capture properties remained almost constant, showing excellent stability.
3.3 Catalytic activity
The NiKZr-AC+KLiZr-AC system evaluated in SESRE resulted 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 values of conversion and H2 yield during at least 7 hours.
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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 confirmed through XRD analysis. However, only zirconia and zirconate 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 catalyst 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 species 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 synthesized through wet impregnation. The NiO, zirconate and
zirconia phases were confirmed through Raman spectroscopy 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 catalytic systems for the SESRE process.

Time (h)
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 product (above 70%), with around 20% CO2, and CH4 and CO <5%.
Additionally, negligible amounts of CH3COH and C2H4 were
present in the reaction products.
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1. Introduction

2. Experimental

In order to mitigate the environmental impact generated 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 reforming 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 selective under moderate temperature conditions (450-600
°C ).
The most studied materials for this reaction are catalysts based on noble metals, which exhibit excellent catalytic
properties [2,3]; however, their high cost represents a disadvantage for their use on a larger scale. Therefore, catalysts 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 properties, it has been suggested the use of supports that provide a higher interaction with the active phase, a high specific surface that favors dispersion, and promote the oxidation of carbonaceous deposits. In addition, it has been reported that the use of binary systems can improve the properties of CeO2 as a support [5].
Furthermore, in order to increase the dispersion and reducibility of Ni particles and favor hydrogen production, it
has been reported that increasing the concentration of SiOH 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 hydrogen production.

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 between 10° and 80°.
Raman spectroscopy was employed to characterize the
catalysts calcined and used in reaction, using a LabRam spectrometer (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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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.
4.0
3.5

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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Figure 1 compares the conversion of the ethylene glycol
modified and unmodified catalyst. A marked difference can
be observed, resulting in the Ni/CeO 2-SiO2(EG) being more
active during the 7 hours of reaction.
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Fig. 2. Hydrogen performance for Ni/CeO2-SiO2(EG) and Ni/CeO2SiO2 . 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 catalyst, 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. 4. Raman spectra of A) calcined and B) used in the steam reforming 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.
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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 oxide phase, which indicates a very small crystallite size, lower
than the detection limit of the technique.

Intensity (U.A)

CeO2
NiO

Ni/CeO2-SiO2(EG)

By pretreatment of silica with ethylene glycol it was possible 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 CeO 2-SiO2(EG) binary 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 catalytic behavior of these catalysts.
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Fig. 5. Diffractograms of calcined Ni/CeO2-SiO2(EG) and Ni/CeO2SiO2 catalysts.

Signals corresponding to the CeO2 phase are detected,
and the crystallite size was calculated by the Scherrer equation to be approximately 3.5 nm in both catalysts. The amorphous 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 catalyst for hydrogen production using the steam ethanol reforming 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 reaction.
On the other hand, Figure 2 shows that the hydrogen
yield obtained by the Ni/CeO2-SiO2(EG) catalyst in the ethanol 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 absence of oxygenated compounds such as ethylene and acetaldehyde 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 beginning of the reaction.
On the other hand, by Raman spectroscopy it was possible 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.

The authors are grateful for the financing received from
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Raman equipment, from CONICET and from the Universidad
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1. Introduction

2. Experimental

Polymer Electrolyte Membrane Fuel Cells (PEMFCs)
have been considered a promising alternative to replace fossil fuels in the transport sector. Nonetheless, maintaining
high performance at the cathode side after extensive use remains a key challenge for meeting the strict performance
demands of automotive applications[1]. Typically, the cathodic oxygen reduction reaction (ORR) requires the use of
Pt-based catalysts - usually, Pt dispersed over carbon (Pt/C).
Particularly during long-term operation, ORR electrocatalysts become less electron-conducting due to the transformation of graphitic carbon into amorphous domains upon
uptake of capacitive groups. Moreover, carbon corrosion
can lead to the detachment of the metal-active (Pt) nanoparticles from the support, which might result in system failure[2]. Therefore, different strategies have been introduced
to prevent the adverse effects of the poor stability of
PEMFC. An interesting strategy consists of using corrosionresistant 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 promising alternatives[3]. However, the development of ORR supports using metal oxides can be challenging since most of
them reveal poor conductivity and low surface area. Typically, metal oxides performance improves when dopants are
used to increase their conductivity. In this work, Pt nanoparticles 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 applications 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 fluorine doping level in improving the electrical conductivity of
SnO2 to be used in hybrid supports for Pt-based ORR catalysts. 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.

2.1 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 dispersed in 60 mL of ultra-pure water @ pH 8. The solution
was stirred for 2 h at 90 °C. The obtained powder was redispersed 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 filtered 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 refluxing the colloidal solution for 6 h under continuous stirring. The reacting mixture was cooled down and the obtained catalyst was filtered under vacuum, washed with MilliQ-water, and dried at 100 ˚C overnight. The produced catalysts were denoted as 4Pt/C/FTO, 8Pt/C/FTO, 12Pt/C/FTO,
and 16Pt/C/FTO, according to the amount of NH4F used during 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 rotating 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 sample 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 solution. Then, 20 µl of catalyst suspension was deposited
onto the glassy carbon electrode (0.196 cm2; working electrode) 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 impedance assigned to the electrolyte. Cyclic voltammograms
(CVs) were obtained by sweeping the potential of the working 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 performing Linear Sweep Voltammograms (LSVs) in O2-saturated 0.1 M HClO4(aq) electrolyte at 25 °C. LSVs were obtained 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 electrolyte.
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 assembled in a fuel cell (Pragma cell) with carbon-based bipolar
plates grooved with a single serpentine flow field. The operating 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 considered completed when the cell achieved a stable current
density at 0.6 V. The polarization curves were recorded in
the galvanostatic mode under stoichiometric H 2/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 (Fumatech; 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 observed on Pt-based catalysts between 0.05 and 1 V vs RHE.
The performance dependence with the loading of F is evident, which is particularly noticeable in the ohmic region.
The catalyst 8Pt/C/FTO showed higher ECSA, ORR mass-activity, and ORR diffusion-limited current at 0.4 V (vs RHE), as
well as lower ohmic drop. Thus, this was considered the optimal 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 supported 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 catalysts. This behavior is linked to a modification of Pt surface
by the redox couple Sn (II)/Sn (IV)[7], enhanced by the presence of the highly electronegative F in the SnO2 lattice. This
effect shows the strong interaction between Pt and FTO nanoparticles, 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 produced using distinct loadings of fluorine, compared to that obtained 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 considered 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 electrochemical results. In fact, higher amounts of F can create interstitial 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 catalysts exhibit a well-defined volcano-type dependency between contraction percentage and ORR activity. At a critical
FTO contraction point, the Pt-Pt (dispersed over the support) distance is lower, and thus, the adsorption of the oxygenated species becomes less strong, enhancing the ORR kinetics.
Fig. 2 shows the thermal behavior of the most promising
samples. Thermogravimetric analyses (TGA) were performed using a thermogravimetric analyser (TG 209 F1 iris,
NETZSCH). The highest mass loss observed between 350500 °C is related to carbon decomposition. According to TGA
residual weight, Sn content is approximately 15 %; consequently, 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 completely outperformed upon accelerated degradation. In detail, 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 catalysts, before and after applying the degradation protocol; considering RDE measurements.
Catalyst
8Pt/C/FTO
8Pt/C/FTO 6k
Pt/C/SnO2
Pt/C/SnO2 6k
20 % Pt/C
20 % Pt/C 6k

ECSA
(m2∙gPt-1)
28.0
31.5
20.1
24.5
34.9
23.8

Mass Activity
@ 0.9 V

(mA∙mgPt
58.8
58.8
49.0
39.2
58.8
39.2

-1)

j @ 0.4 V
(mA∙cm-2)
5.56
5.45
5.39
5.31
5.25
4.89

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.

4. Conclusions
The stability and ORR activity of Pt/C/FTO are highly dependent on the F doping level, following a volcano-type behavior. When the optimal content of F is used - F/Sn 2:1 molar 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 applied 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 mobile 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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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 design, development and operation of these platforms, taking
into account its direct impact on their endurance and, consequently, overall performance. Nowadays, the electric propulsion is predominant in small size unmanned vehicles (aerial, ground and marine platforms), and the only feasible solution in some cases, as in unmanned submarines. Usually,
their energy storage systems are based on lead-acid or lithium-ion batteries. Despite the rapid progress of these technologies, there are still some gaps to overcome in the electric 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 integration of fuel cells and batteries in hybrid configurations,
which have been successfully tested and evaluated in mobile 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 develop three PEMFC-based flexible hybrid powerplants with
optimum control strategies, which will be integrated into
several electric vehicles remotely operated, including an unmanned 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 configurations, in order to evaluate and optimize their performance for real applications.
The power systems are based on the coupling of a polymer electrolyte membrane (PEM) fuel cell and Li-ion batteries, either directly or through DC/DC converters. They are
tested according to the specifications of both the power system 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 operate at low speed in shallow fresh water reservoirs and lakes,
especially for monitoring tasks in wetlands, integrating scientific 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 typical 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 between 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 operating point of the main components is limited, and a careful
design and integration of the fuel cell and batteries is required 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 possible 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.

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 performance 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 cathode 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 nominal electric power of 500 W at 70 A. Bipolar plates have
been manufactured in JP-945 graphite [8], and parallel channel 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 axial 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 3: Electric circuit of the active hybrid power system

The main disadvantages of indirect hybrid (active) configurations 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 involves 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 particular 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 technology. 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 system is the pressure regulator, because its weight and size

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 integrated 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 recommended operating range for these cells.
3. Components characterization and preliminary integration
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 according 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, connecting 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 (approximately 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.

adapt the output voltage of the DC/DC converter to the battery 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 shallow 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 integration of energy systems with the coupling of clean
sources to produce electricity represent a solution to problems 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 efficiencies in energy conversion and the notable decrease in pollutants emitted into the atmosphere. Fuel cell technology requires an interdisciplinary involvement, which ranges from
the use of different fuels, mainly hydrogen, and it´s processing, through knowledge of basic concepts in electrochemistry, chemical and mecanical engineering. Hydrogen,
a clean energy source with the highest specific energy density, 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, H 2/O2
PEMFC-Li ion batteries, considering reliability as well as sizing space, taking into consideration that the use of this technology 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 resistivity 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 assembly, MEAs, in a single cell with an electrode surface geometric area of 100 cm2 for anode and cathode sides. This
configuration creates a stack for feeding a serpentin channels for feeding humected hydrogen and horizontal channels for feeding air over the cathode. Figure 1 shows a compact block of the stack which favor electric current passes
efficiently. The edges of the electrodes were sealed with silicone 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. 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 twoswitch buck-boost converter as PCU used to tie the PEMFC
source to the powertrain, where FS is the switching frequency, La refers to the main inductor, C is the output capacitance, and Q1-Q2 refer to the suitable power transistors.
Table 1. Requirements of PCU for fuel cell hybrid electric vehicle.
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.

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 cycles 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

Fig. 4. Performance of 24 MEAs of a H2/O2 PEMFC stack.

PEMFC applications show good performance at low operation T, small design, and no undermining difficulties under 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 followed for the electric vehicle prototype. The pair motordrive and brushless DC (BLDC) electric motor provides the
necessary electromagnetic torque (τm) to overcome the
equivalent vehicle torque (τL) -static friction, aerodynamically 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.

A hybrid vehicular transport prototype with H2/air
PEMFC and Li-ion batteries was designed and manufactured. 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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2.2 Equipments
1. Introduction
The use of fossil fuels as the predominant source of energy 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 limitations 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 reaction [2]. Most of the time, maximal catalyst efficiency is pursued without regard for the energetic aspects of the synthesis. 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 treatment 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 autoclave, which is heated at 180 oC for 48 h in an oven. Afterwards, the autoclaves are cooled in an ice bath. Then, the
material is washed, filtered and dried at 100 oC. Finally, depending on the type of sample, it is calcined at 200 or 600oC
for 6 h. The as-obtained samples are mixed with Vulcan XC72R 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".

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 diffractometer (Billerica, USA) with a Goebel mirror (non-planar samples) 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, controlled by a thermostatic bath, in a three-electrode cell in
0.1 M KOH solution using an Autolab PGSTAT302 potentiostat (Metrohm, The Netherlands). A rotating ring-disk electrode (RRDE) from Pine Research Instruments (Durham, NC,
USA) equipped with a glassy carbon (GC) disk (5 mm diameter) and a Pt ring were used as working electrodes. 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 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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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). Mn200 is not able to reach a similar limiting current density to
the rest of the other samples (Fig. 2), although it has a similar 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. Interestingly, 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.

Fig. 3. LSV at 1600 rpm in 0.1M KOH electrolyte of the 600oC calcined 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, pathways with close to four electrons are obtained, and the performance of La/Mn/Co-200 should be highlighted. This sample has an electron value of about 3.4, which is close to Mn600 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.
4.0

n (number of electrons)

Fig. 1. XRD diffractograms of the samples containing Mn/Co, Mn,
La/Mn/Co and La, thermally treated at 200 °C after the hydrothermal treatment.
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Fig. 4. Number of electrons transferred at 1600 rpm in 0.1M KOH
electrolyte.
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Fig. 2. LSV at 1600 rpm in 0.1M KOH electrolyte of the 200oC calcined samples and La(OH)3 uncalcined. (v= 5 mV/s).

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 similar 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.
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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 electrolyte.

It is also possible to study the stability of the cations involved in the reduction process. Fig. 6 shows cyclic voltammograms of Mn-600 performed before and after ORR. It can
be observed that the intensity of the redox processes associated to the Mn4+/Mn3+ redox couple decreases after ORR,
showing the instability of this redox couple.
7
6

Mn-600

5
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j (mA/cm2)

4
3

Fig. 7. Steady state cyclic voltammetry at 50 mV/s in N2 atmosphere for La/Mn/Co-200. 0.1M KOH.

4. Discussion
The as-obtained ORR-active material based on non-noble metals, synthesized by a hydrothermal method at 180 °C
and a posterior 200 °C heat treatment, has a remarkable activity 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) materials 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.

2
1

5. Conclusions
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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 chronoamperometry (Fig. 5).

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 catalysts. It has been shown that the stabilization effect of the
cations involved in ORR plays a fundamental role in the catalytic activity.
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1. Introduction
Technological breakthroughs and their constant innovation have meant a major revolution in people’s lives. The
current growth in global energy demand, the overexploitation 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 relevance 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 extraordinary electrocatalysts [3], especially in alkaline medium. Particularly, carbon nanotubes (CNTs) have placed
into the focus of recent studies for the immobilization of catalysts 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 coordination of non-modified FePc with the supports.
Following with the last approach, one promising strategy consists of the incorporation of coordination sites to anchor metals by the functional polymer wrapping on the
CNTs. Interestingly, the incorporation of suitable axial ligands 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 materials based on non-pyrolyzed FePc immobilized on modified CNTs with a low content of metal (~1 wt. % Fe). Two
different structures of CNTs are studied as support, SingleWalled Carbon Nanotubes (SWCNTs) and Herringbone Carbon Nanotubes (hCNTs). Phosphate species electrochemically 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 commercial Pt/C catalyst. In order to better elucidate the origin

of the improved ORR performance, density functional theory (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 incorporation 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 appropriate 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 Transform 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 electrocatalytic 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)

3.2 Electrochemical studies

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 BeckeJohnson damping function (D3-BJ). The effect of the aqueous 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.

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 experiments 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 supports in terms of half-wave potential (E1/2), number of electrons transferred (n) and selectivity towards the most energy efficient four-electron process for the ORR in alkaline
medium, which is induced by the synergistic effects between both components after the possible formation of axial interactions.

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 interaction 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.

Fig. 2. A) ORR polarization curves, B) number of electrons transferred (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 optimal 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 presence 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 affected by a total deactivation of the active sites towards the
ORR.

The interaction of FePc molecules with functionalized
carbon nanotubes results in covalent interaction of the central 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 results. Moreover, the aggregation of FePc is less stable when
phosphate ligands axially interact with one FePc.
Such strong interactions gave rise to molecular reorganization by breaking the symmetry of electronic density that
favors the oxygen reduction by stabilizing the catalytic centers and lowering the stability of ORR intermediates.
4. Conclusions

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) Chronoamperometric 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

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 improvement of the ORR electrocatalytic activity and stability in alkaline 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 supports and metallic complexes through the axial coordination
between FePc and phosphate groups. This approach offers
a new scalable alternative for catalysts with better ORR performance and inspires for designing new FePc-based materials with high electrocatalytic activity, selectivity, good stability and methanol-tolerance, showing a competitive performance 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]. Carbonbased 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 Ptbased 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 hydrothermal 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 adsorption equilibrium on the carbonaceous materials. After
this time, the mixture was subjected to microwaves through
a heating ramp that brought the mixture from room temperature to 110 °C in 5 min, and then was kept isothermal for
5 or 10 min. The samples were repeatedly washed with deionized 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 (JEM1400 Plus) operating at 120 kV. Pt content was determined
by inductively coupled plasma-optical emission spectroscopy (ICP-OES) with a PerkinElmer Optima 4300 system. The
electrocatalytic activity towards the ORR and HER was evaluated 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 electrolyte 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 dispersion 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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in nitrogen between 0.2 and -0.15 V without rotation, and at
a scan rate of 2 mV s−1.

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. Results and discussion
3.1 Physicochemical characterization

3.3 Electrocatalytic activity towards ORR

Fig. 1 shows the TEM micrographs of M1F5 and M1V5
electrocatalysts. The results indicate that the samples exhibit very small Pt particles (average particle size of 1.0 nm)
which are highly dispersed on the surface of the carbon materials. Similar results were achieved for all the samples prepared 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.

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 obtained 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 electrocatalyst. 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 potential values obtained are close to that of the commercial
Pt/C electrocatalyst, which indicates the excellent electrocatalytic behaviour towards the ORR. Concerning the number 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 peroxide.

b)

a)

0,96
0

-0,1

Fig. 1. TEM images platinum nanoparticles on: (a) M1F5 (b) M1V5.

M1V5
M1V10
M1F5
M1F10
Pt/C
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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 electrocatalysts 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 electroactive 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

-2

j(mA/cm2)

XPS has been done to determine the composition and
electronic properties of the Pt surface species. Table 1 includes the percentage of Pt(0) and Pt(II) detected on the surface 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 significantly lower than that of the commercial material (Pt/C).

-3
-4
-5
-6
-7
0,2

0,4

0,6

0,8

1,0

E/ V vs RHE
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 evaluated at potential values lower than -0.15 V because the hydrogen evolution caused the detachment of the material deposited 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-supported Pt nanoparticles, which presents small average particle size and high dispersion. These Pt-based electrocatalysts showed significant electrocatalytic activity and high selectivity 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 electrocatalysts with much lower loadings than that of Pt/C
(used as reference material) but with much higher electroactive surface area. Such as-prepared Pt-based electrocatalysts 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 different 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 material degradation, abrupt volume changes leading to mechanical rupture, among others. Currently, the worldwide
effort is focused on developing materials that allow to operate efficiently at intermediate temperatures (500-750 °C)
where the reaction kinetics decrease, intensifying the polarization problems and increasing the associated resistance.
CeO2 is a widely used material due to its excellent ability to store or release oxygen from its structure depending
on the surrounding atmosphere. Doping with ZrO2 promotes 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 incorporate 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-xSmxO2x/2 mixed oxides on their electrochemical performance as
anode materials in several fuel compositions and temperatures.
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 combustion
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) measurements were carried out in a symmetric cell configuration (anode/electrolyte/anode) with a AUTOLAB
PGSTAT302N potentiostat/galvanostat provided with a
FRA32 frequency analyzer module. A 20 mV AC perturbation and a frequency range between 1MHz-1mHz were
used in the experiments. EIS spectra were collected at isothermal and steady state conditions. Measurements started 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 atmosphere 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 species. The ASR was calculated with the expression ASR =
0.5 ∙ R p ∙ Ae where Ae is the electrode area and R p 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 demonstrated in two different measuring cells.
2. Results and Discussion
Figure 1 shows ASR values acquired in a 7 vol.% H2 atmosphere. The 6SmCit anode presents the lowest ASR value 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 analysed using Distribution of Relaxation Time (DRT) deconvolution method and Equivalent Circuit (EC) fitting process.
DRT calculations [6] indicate that there is one limiting process 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 included to fit the data. Figure 2 compares the DRT profiles
calculated 1) from experimental data, 2) from the EIS spectra 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 incorporated by Sm doping. Results also show that this process is thermally activated with a decrease in the resistance
and an increase in its characteristic frecuency with temperature.

cient, increases. This could indicate that oxygen diffusion is
slower due to aggregation of defects in reducing atmospheres. 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 mentioning 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. 1. ASR values for XSmCit in 7vol.% H2 atmosphere.

Samples 0SmCit, 4SmCit and 6SmCit were tested under
several reducing atmospheres. Figure 3 shows that, regardless of the Sm concentration in the oxides, the ASR decreases with increasing H2 concentration in the fuel, compatible with diffusion of gaseous species that benefits the
electrochemical reaction. On the other hand, the L2/D parameter of the Warburg element, where L is the effective
diffusion thickness and D is the effective diffusion coeffi-

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 concentration 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 vacancies due to the incorporation of Sm decreases the resistance 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 processes. These observations imply that in CH4, the limiting
process could be due to the dissociation and electrooxidation of CH4 on the surface. However, the contribution of
oxygen diffusion and charge transfer processes cannot be
discarded at low temperatures.

3. Conclusions
The results indicate the existence of a mixed oxide
compositionally homogeneous, formed by the three cations, 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, respectively. Moreover, its response was stable after three consecutive 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 devices that oxidize a fuel to produce electricity, also generating high-quality heat in the process. Their remarkable conversion 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-ofthe-art Ni cermet anodes, their performance can be dramatically 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 reducing atmosphere, diffuse to the surface and form homogeneously distributed metallic nanoparticles.
The process of exsolution depends on many factors
that can be divided in two major categories, namely internal 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 conditions to which the electrode is exposed such as temperature, O2 partial pressure or applied cell voltage. Most works
on exsolution focus on internal factors, i.e. comparing differences 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) perovskite, and we will study the process of NiFe exsolution and
its effect in the anodic behaviour for two different preexsolution 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 conditions. 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 better 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 external conditions.
In the present work, we face the task of evaluating preexsolution 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 electrochemical 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 previously 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 obtained after ignition of the gel was treated at 850 °C for 6 h
in air. STFN pellets were also fabricated for structural characterization 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 (samples 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 buffer 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 thichness. 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 resulting 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.

group Fm3m (#225), and the cubic perovskite phase of the
parent oxide remains stable after reduction (as in the prereduced sample, not shown in this abstract). The Ni-Fe
nanoparticle composition, calculated with the peak position 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
2
see that the amount of nanoparticles per μm , i.e. the nanoparticle density, is much larger in the STFN-r700 electrode. More specifically, the NP density in the STFN-r700
2
sample is ~400 NP/μm whereas in the STFN-r750 it is only
2
~66 NP/μm . We can also observe that the STFN-r750 electrode presents a rougher surface, forming surface ‘ledges’
that appear to reflect a more tense structure after reduction. 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 stable after reduction at 750 °C but (ii) on the other hand, the
nanoparticle density is significantly decreased and the surface roughness is increased, reflecting that the sample
starts to face instability issues for higher temperatures.

2.3 Electrochemical characterization
The symmetrical cells were used to measure electrochemical 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 reducing 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 spectra 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 composition, 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

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 respectively. The Ni-Fe stoichiometry was calculated from the Ni-Fe peak
position according to Vegard’s law [5]. (c) and (d) show SEM images 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 differences 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 measured 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
2
resistance is RP~0.88 Ω.cm in the cell with STFN-r700 elec2
trodes and RP~2.1 Ω.cm in the cell with STFN-r750. This
indicates a better global response for the STFN-r700 electrodes. 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 contribution 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 considered 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.

with the adsorption-dissociation of the H2 molecule (MF)
over the metallic nanoparticles, and with the hydroxyl OH
group formation, recombination and H2O molecule desorption (LF) [7]. These processes are significantly improved in
the STFN-r700 which has a much higher nanoparticle density. Also, the STFN-r750 parent perovskite oxide presents a
higher number of O vacancies (determined by thermogravimetric 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 frequency 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, lower2
ing the RP from 2.1 Ω.cm (for the STFN-r750 electrode) to
2
0.88 Ω.cm (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 OHgroups. We also observed that the higher reduction temperatures result in more O vacancy formation, which also
limits the LF processes in the reaction.
Acknowledgements
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1. Introduction

2. Experimental

Solid Oxide Fuel Cells (SOFCs) are considered an excellent alternative 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 focused especially in the intermediate temperature SOFCs (ITSOFC) 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 necessity for new materials with sufficient electrochemical activity in this temperature range besides chemical and thermomechanical stability. Some cobalt-based oxides with perovskite structure, such as AxA’1-xCoO3-δ (A = Ln, Y; A’ = alkaline 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 ITSOFC due to their mixed ionic electronic conductivity (MIEC)
and good oxygen reduction reaction (ORR) catalytic properties. 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 materials, 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], La1xSrxCuO2.5-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 nonstoichiometry, 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 characterization, TEC calculations and a complete electrochemical study of REBCO series where performed. Therefore, in
this work we present a systematical research about the influence of the lanthanide ionic radii on the electrochemical
performance of this triple perovskite structure.

2.1 Materials preparation
REBa2Cu3O6+ (RE= Ln, Nd, Sm and Gd) samples were prepared using a novel two-step autocombustion route. Stoichiometric amounts of hexahydrates nitrates of rare earth
(Sigma-Aldrich >99.0 %), barium and copper nitrates, were
dissolved in distilled water at room temperature. After obtaining a blue clear solution, EDTA (sigma Aldrich > 99.4 %)
1:1,1 molar ratios were added as a chelating agent and ammonia nitrate as a combustion trigger. Small aliquots of ammonium 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 temperature was taken to 300 ºC and the gel auto-ignited directly in
the beaker until a black foam-like ash was obtained. The resulting 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 diffraction (XRD) using a Rigaku ULTIMA IV diffractometer operating 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 Synchrotron 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 pellets and sintered at 1400 ºC for 6 h. The slurry solution used
was prepared by mixing alfa-terpineol (Sigma Aldrich), polyvinylpyrrolidone (Aldrich), polyvinyl butyral (Aldrich), isopropanol 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 between 600 and 800º C using a potentiostat/impedance analyzer Autolab PGSTAT30 potentiostat/galvanostat between
1 mHz and 1 MHz with 100 mV sinusoidal amplitude. Platinum grids were used as current collectors and the samples
were kept 1 h at each temperature before measuring to ensure 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 anode 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 orthorhombic Pmmm triple perovskite structure, while RE = La
and Nd could be indexed as a tetragonal P4/mmm structure.

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. 1. XRD of the REBCO samples prepared by autocombustion 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 formulated slurry and deposited by spin coating on electrolytre
GDC dense pellets. Fig. 2 shows a SEM image of the elecctrode surface for NBCO sample. It can be clearly seen a porous microstructured uniform ceramic layer with an apparent sub- micrometric particle size.

Fig. 3. EIS spectra of GBCO symmetric cell tested under air atmosphere and 10 mV of voltage amplitude.

The power tests of the full cell configurations (cathode
electrode/electrolyte/anode) are shown in Fig. 4. The maximum power density value corresponds to the YBCO sample,
showing a peak at 430 mW/cm2 at 800 C.
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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 ionicelectronic conductivity, high electrocatalytic activity and resistance to coke deposition when hydrocarbons are used as
fuel.
Nanostructured CeO2-ZrO2 (CeZr) exhibits excellent redox properties and electronic conductivity in reducing atmospheres due to the presence of the Ce4+/Ce3+ couple and
high oxygen mobility in its lattice that enhances the materials resistance to carbon and/or sulfur formation from the
fuel [1]. In order to improve oxygen mobility and redox capacity, aliovalent doping can help to introduce additional oxygen vacancies in the crystal lattice and is expected to improve 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 resistance 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 temperature and variation of the fuel atmosphere.

was determined by Electrochemical Impedance Spectroscopy (EIS) technique performed with an Autolab
PGSTAT302N with a frequency analyzer module (FRA32M).
The experiments were performed with 20 mV of AC perturbation, in the 1MHz to 0.01Hz frequency range. The impedance spectra were collected at isothermal conditions, beginning at 750 °C and cooling down to 500 °C in 50 °C steps. At
each temperature, the dwell time was large enough to assure 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 circuits 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 functions value of FWHM = 0.5 and a regularization parameter
value of 10−3.
3. Results and discussion
3.1 Characterization

2. Experimental
Ce0.9Zr0.1O2 (CeZr) and Ce0.9Zr0.04Sc0.06O2-δ (CeZrSc4) nanomaterials were synthesized by the citrate-complexation
route [2]. The solids were fired at 1000°C 2 h and characterized by x-ray diffraction (XRD), temperature programmed
reduction (TPR), Raman spectroscopy and Transmission
Electron Microscopy (TEM). Electrocatalytic tests were performed in symmetric cell configuration with the anode material deposited over electrolyte disks of 20 mol%Sm2O3CeO2 (SDC) by the thick-film technique. The disks were prepared by uniaxial pressing of the SDC powder at 1.5 ton.cm2
and afterwards sintered at 1450 °C for 2 h. The electrodes
were fired at 1000 °C and a thin grid of Au paste was deposited as current collector. The anode polarization resistance

Results from XRD and TEM characterization indicate
that the powders synthesized are nanostructured and homogeneous in microstructure and composition (Fig 1). Sc incorporation in the lattice of CeZr is confirmed both by conventional 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. Raman spectroscopy characterization (not shown here) confirmed the increase of extrinsic oxygen vacancies upon incorporation 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 markedly when CH4 is used as fuel. Results with higher CH 4 concentration (10%CH4/N2, not presented here) are consistent
with these results, indicating a reduction of almost two orders of magnitude in polarization resistance at low temperatures (550-600°C) when Sc is incorporated in the lattice of
CeZr.

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 performed 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 additional processes at low frequencies (ca. 0.1 Hz) is evidenced
for sample CeZr that is almost negligible for sample CeZrSc4.

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 reduction in the polarization resistance for sample CeZrSc4
compared to CeZr both in diluted H2 and, particularly, in diluted CH4. SEM results (not presented here) showed no degradation due to microstructural change after experiments
performed in both atmospheres. An increase in oxygen mobility in the lattice can favor the gasification of carbon species in the electrode surface. This is particularly beneficial
for the design of anodes suitable for operation with hydrocarbons (HC) and, particularly, for Ni-based electrodes in
which carbon formation due to HC cracking is promoted [4].

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 represent 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 sample an additional process was included resulting in the following 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 calculated 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 resistance. Results reveal that all processes are thermally activated with a decrease in resistance when temperature is increased. In the inset of Fig 5 activation energies values for
each process are reported. These results indicate lower activation energy values both for oxygen transfer processes
between electrode/electrolyte (RHF) and for oxygen
transport in the bulk of the material (RMF). The low frequency 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 vacancies in the surface that act as active sites for fuel activation
[8].

especially when using CH4 as fuel thus implying that the incorporation of additional oxygen vacancies in the lattices
improves the electrode activity for fuel oxidation and its resistance towards carbon formation. Furthermore, SEM images showed no morphological changes in samples after
electrochemical testing. These results reveal that CeZrSc
electrodes stand both as promising metal-free anodes for ITSOFC operation or as highly active redox supports for Nibased cermets.
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1. Introduction
PEMFCs have been extensively studied in recent decades and are currently considered to be a mature technology.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 inaccessible 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 surface, electron transfer to form H+ and subsequent conduction 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, humidity 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. Therefore, understanding, characterizing, and optimizing the
variety of factors that affect the TPB content in fuel cells
provide excellent opportunities for performance enhancement. 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 electrochemical studies of macroscopic electrodes and single fuel
cells. From those systems, it is very difficult to acquire atomistic information, which is important to make conclusions separating the contributions of the different parameters 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 interfaces. Overall, this investigation allows us to rationalize

how the catalyst utilization is affected, which is an important step in establishing the relationship between the
environment and the effectiveness and durability of the
PEMFC system. It is important to consider that when experimentally analyzing the changes originating from the different experimental parameters in the operation of a fuel cell,
only the average effect of the catalyst, flow field and membrane 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 parameters 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 nanoparticles (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 temperatures. 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 variety 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 hydrated 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 performed for 1 ns, and after that, production runs of the
equilibrated system were performed for 4 ns at temperatures 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. Partial 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 graphene 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 potential, with parameters obtained from Brunello et al. 11

shots taken from the MD simulations of systems with different hydration levels after equilibration.

2.3 Electrochemical measurements
In order to analyze the changes in the electrochemically 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 nanoparticles as dispersed as possible trying to avoid agglomerates
that can generate underestimates in the area. For this purpose, 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.

Our results show that the percentage of catalyst
utilization in the nanoparticles is affected due to the ionomer content and the hydration level (Fig. 2).

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.

Fig. 2. a) Comparison between theoretical and experimental percentages 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).

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-

Fig. 3. Segmented analysis of the water regions. A) hydratedNafion /Pt/Graphene (12 oligomers) and B) Full hydrated- Graphene. 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 important factor in catalyst utilization. We observe in our simulations that at low hydration levels NPs surface is covered by hydrophobic 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 behavior 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 studies 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 utilization was greater than 80% when 7 wt% to 14 wt% of Nafion content 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, covering the active area with hydrophobic Nafion chains, and increasing the inactive area. The trend found in electrochemical experiments is the same as that presented in the results of the computational 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 operating 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 simulation 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 computational cost of combining CFD simulation models with optimization algorithms is a strong limiting factor. Most researchers 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 electrochemical reactions, Appleby et al. [4], as well as on degradation processes Harikishan et al. [5]. Therefore,
knowledge of the temperature distribution is essential in order to analyze the local behavior of the device.
This study deals with the development of a methodology capable of characterizing the fundamental electrochemical 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, current 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 layers, single-phase gas flow and constant electrical potential
along the electrodes. The equations governing the operation 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 membrane. The implemented electrochemical processes are described by the Butler Volmer model at the anode, and by the
agglomerated model at the cathode. More details on the numerical 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 membrane.
The external heat boundary conditions have been established assuming a convective model with an ambient temperature of 25 °C and estimating a variable value of the convective 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 electrochemical 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, especially 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 corresponding 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 genetic algorithm only needs to solve the electrochemical
equations when evaluating each individual, that is computationally very efficient.

Fig. 1.

Outline of the characterization methodology.

The stack domain simulation includes the parts described 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 procedure is explained in more detail below.
Experimental stack data: Steady-state operating conditions 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.

3.

genetic algorithm to perform a new optimization of
the electrochemical parameters.
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 example of the locations selected for the G. A.

Fig. 3. Stack simulation domain parts and example of obtainded
thermal distribution.

3D Stack simulation: The purpose of this characterization 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 conditions 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 convective coefficients of the walls are adjusted so that simulation
matches the experimentally provided temperature map, Fig.
5. For subsequent iterations the current and voltage distribution are provided by phase C (Fig. 1).
Cell 3D simulation: An isothermal simulation is performed in all the cells of the stack using the temperature distribution 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 optimization process.
1. Evaluate the agreement between simulated and
experimental voltage values.
2. Calculate the intensity distribution and species concentration in the catalytic layers, (phase D), for the

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 representative 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 updated by a new full 3D analysis (phases B and C).
The iterative process ends when the global voltage values 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 representative points of the polarization curve used in characterization 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 simulated 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 between the temperature map obtained experimentally, upper left, and its counterpart in the simulation, upper right.
In addition, the lower graph of the image shows the reference line used to consider the temperature convergence between 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.

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 characterize them. These are, the reference exchange current densities at 298 K, jc,0 and ja,0. The anode and cathode charge
transfer coefficients, αa and αc, the radius an of the agglomerates, ragg, the thickness of the ionomer film over the agglomerates δi, the volume fraction of ionomer in the catalyst
layer Li, the activation energy of the cathode, Ec, the thickness of the catalytic layer, tcl, and the phosphoric acid doping level in the membrane DL.
4. Discussion
The values obtained for the different parameters, as depicted in Table 2, show that the described methodology allows to obtain a valid set of realistic electrochemical parameters 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 methodology described in this article has been validated as a tool
capable of, by combining 3D simulation and genetic algorithms with easily measurable experimental data, characterizing 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 localized basis.

Fig. 5. Outside stack temperature comparison between simulated
and experimental data.

3.3 Cell Simulation and G. A. optimization

References

By applying the methodology described above, the values 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 values 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

m-3

2 110

5 480

5 471

A

Jc,0

600-6 000

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

%

0.45

0.31

0.19

Mean deviation
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1. Introduction
Two parameters commonly used to describe the cathode’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, respectively 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 decorated LSCF electrodes. The study was carried out using the
3DT-EIS method, which combines Electrochemical Impedance 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 decoration 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 decoration 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.

The specific surface area (𝑎), porosity (𝜀) and tortuosity
factor (𝜏) values of the reference LSCF electrode were obtained by performing a FIB-SEM tomography to an LSCF sample as shown in Ref 4. For the Co3O4 decorated sample, considering that the effect of the decoration on the microstructural parameters is within the range of uncertainty of the
FIB-SEM reconstruction, it was assumed that the microstructural parameters were not significantly modified (see Ref 3).
2.3 Electrochemical characterization.
EIS was used to study the mechanism of the oxygen reduction reaction (ORR) of the electrodes. All impedance
spectra were fitted using a series combination of an inductance, a resistance, a Transmission Line Model –TLM– element 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 decorated LSCF electrode, where the ~ 200 𝑛𝑚 sized particles
are the LSCF electrode grains, while the small ~ 10 𝑛𝑚 sized
particles are the Co3O4 decoration.

2. Experimental
2.1 Cells preparation
Symmetric cathode/electrolyte/cathode cells were prepared using La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) as cathode scaffold
and La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) as electrolyte. The symmetrical 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.

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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thermodynamical parameters, the equilibrium molar exchange rate of O2 between the gas and the surface -ℜ0 - and
the oxygen chemical diffusion coefficient -𝐷𝑐ℎ𝑒𝑚 -, were calculated. Note that ℜ0 is proportional to the surface exchange rate -𝑘𝑐ℎ𝑒𝑚 - through:
ℜ0 =

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 obtained 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.

𝑘𝑐ℎ𝑒𝑚
𝐴0

𝑐𝑣 𝑝𝑂𝑛2

(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 hypothesis.
Figure 4b shows the dependence of ℜ0 as a function of
𝑝𝑂2 for each sample. ℜ0 increases around one order of magnitude or more for Co3O4 decorated LSCF when 𝑝𝑂2 <
10−2 𝑎𝑡𝑚, as a consequence of a difference in the pO 2 dependence.
For LSCF, the value 𝑘𝑐ℎ𝑒𝑚 = 1.7. 10−5 cm. s −1 was obtained 700 °C in air, and 𝑘𝑐ℎ𝑒𝑚 = 1. 10−5 cm. s −1 for LSCF +
Co3O4, in the same conditions.
The values of the surface exchange rate -𝑘𝑐ℎ𝑒𝑚 - in air remain 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.

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
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a

b

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, estimated as proposed by Adler et. al.1,2,9.

5. Conclusions

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 similar 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 obtained 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 information about the speed of the reactions, which can be extracted from the values of ℜ0 in Figure 4b.
These values are compared with the expected pO2 dependencies for different controlling surface mechanisms (represented 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 surface 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 limited 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.

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 resistance (ASR) was produced by the Co3O4 nanoparticles
decoration, at 700° in air, which also produced a change in
the surface limiting mechanism from O 2 dissociation to Oion incorporation.
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1. Introduction
The performance of solid oxide fuel cells (SOFCs) is determined 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 conductivity, sufficient porosity to allow the diffusion of the gas phase,
high electrochemical activity for the oxygen reduction reaction (ORR) at the cathode, and for the oxidation of the fuel
at the anode. Intrinsic reaction kinetics and transport coefficients are properties of the materials. However, the net
rate of the electrochemical reaction at the electrodes also
depends on microstructure. The connectivity of the different phases and the abundance of reaction sites also determine the electrochemical performance of the electrode. In
the electrodes, the reaction occurs in the so-called triple
phase boundary (TPB) where the three different percolating-phases are in contact: ionic conductor, electronic conductor 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 mechanical 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 composite electrode, this process produces electro-catalytic particles of smaller size and increases the TPB length. In addition, the thermal expansion coefficient of an infiltrated electrode is similar to that of the electrolyte material and does
not show great dependence on the proportion of the materials as in a composite electrode.
Enormous progress has been made in numerical, analytical and experimental modeling of SOFCs. An accurate SOFC
model is dependent on the understanding of the phenomena that occur in the cell. The physical and electrochemical
phenomena, in addition to the large number of variables involved, 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 characteristics in the experiment. All this makes the numerical modeling of SOFC an attractive area.
Simulations of the infiltrated electrodes can be represented using the finite element method, Monte-Carlo stochastic simulation technique or the random packing spheres

method. These representations must consider the parameters and variables that characterize the electrode geometry.
In that sense, phases proportions, dimensions of the backbone, 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 observe 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 skeleton and the percolation of the phases occurs independently of several parameters of interest. For this reason,
the TPB length computation is not necessary and the electro-catalytic proportion and particle size are not considered
as variable parameters for the simulation.
In works with infiltrated electrodes, the study of performance focused mainly on the computation of TPB length,
percolation thresholds and effective medium theory to deduce effective conductivities. Zhang et al. [3] simulated infiltrated 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 nanometric 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 account the process of charge transfer through a resistor network. 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.
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2. Methodology
2.1 Microstructure Generation
Fig. 1 shows the schematic model of the infiltrated electrode. It consists of three phases: the backbone of the electrolyte material (gray color), the pores with the gas phase
(black color) and the electro-catalytic or electronic conductor phase (white color). The generated electrode is a 3D-matrix that contains all three elements.
The initial matrix only contains elements of electrolyte
material. Spherical pores of radius rG are included in this matrix, 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 similarly 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 interface 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 process. The three-phase cubic matrix (electrolyte-gas-metal)
that represents the electrode gives rise to a network of resistors, which is generated by assigning a resistor to the contact 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 electric potential V = 1 V is applied between the current collector 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 procedure 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 connecting 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 infiltrated 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<< ee (curve 1), the RP decreases with increasing electrode thickness until it reaches a constant value. The plateau value, the
thickness at which it is reached, and the rate of variation depend on the conductivity values of the materials, the CT resistance, 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 distance 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 resulting 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 electrodes, 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 R P. 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 backbone 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 magnitude between the value of a conductivity and the one immediately following. Hence, the RP curve decreases until it
reaches a plateau, whose value is lower as the RCT decreases. 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 similar to that observed in the curve 2 of the Fig. 2a. As e-e increases 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 material (rM). As it is expected to happen in infiltrated electrodes, 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 surface 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 performance 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.

e-e= i-i= e-i

a)

b)

e-e= i-i >> e-i
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this model to other types of electrodes in addition to allowing the use of experimentally obtained tomographic data.
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account the charge transfer process on the interface of the
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Figure 2- Rp as a function of the electrode thickness. a) For different 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 electrodes 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 characteristic parameters and makes it possible to extend the use of
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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.

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.

2. Experimental
2.1 Set-up
The experimental campaign was carried out in a homemade 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

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.

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
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

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.
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1. Introduction
Among all types of energy storage systems (ESS), vanadium redox flow batteries (VRFB) stand out for their high efficiency (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 performance through mathematical models. The importance of
developing mathematical models is reflected in the literature, where numerous studies widely validated and referenced can be found, such as the electrochemical model developed 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 mechanisms [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 understanding and analysis. This is the case of Skyllas-Kazacos electrochemical models mentioned, where the same flow rate is
considered in both semicells, same species concentration inside 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 divided into four submodels, according to the previous parameters, which are: electrochemical, voltage, thermal and hydraulic ones.
This model has been developed in a Matlab-Simulink environment 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 variables, 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 between anolyte (-) and catholyte (+) semicells, as well as cell
and tank components 𝑐 𝑐 and 𝑐 𝑡 , respectively. Moreover, as
an improvement over other works, it considers the real temperature 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 hydrogen 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 convection [6].
On the one hand, the evolution of species concentrationinside the cell can be formulated by the following differential equation:
𝜕𝑐𝑖𝑐
𝐼
𝑣𝑘𝑐
= 𝑞𝑘 (𝑐𝑖𝑡 − 𝑐𝑖𝑐 ) ± + 𝛻𝑛⃗𝑖
𝜕𝑡
𝐹
where the subscript 𝑖 defines the species, subscript k is
used to differentiate between anolyte and catholyte semicells, 𝑣𝑘𝑐 is the electrolyte volume of the semicell, 𝐹 is the
Faraday constant and 𝛻𝑛⃗𝑖 represents the ion transport
mechanisms.
On the other hand, the behaviour in the tanks is defined
by the expression:
𝜕𝑐𝑖𝑐
𝑣𝑘𝑡
= 𝑞𝑘 (𝑐𝑖𝑐 − 𝑐𝑖𝑡 )
𝜕𝑡
where 𝑣𝑘𝑡 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 𝑇 𝑐 . 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:
𝜕𝑇 𝑖
𝑣𝑘𝑖 𝑐𝑝 𝜌
= 𝑞𝑘 𝑐𝑝 𝜌(𝑇 𝑖𝑛 − 𝑇 𝑖 ) + 𝑢𝑖 𝑠 𝑖 (𝑇𝑎𝑖𝑟 − 𝑇 𝑖 )
𝜕𝑡
where superscript 𝑖 is used to distinguish between the
system part, 𝑐𝑝 is the specific heat capacity of the electrolyte, 𝜌 is the electrolyte density, 𝑇 𝑖𝑛 is the temperature of
the inlet electrolyte flux, 𝑢𝑖 is the overall heat transfer coefficient that depends on each material and 𝑠 𝑖 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 · 𝐼 2 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:
𝑐 )3
𝑅 · 𝑇𝑐
𝑐2𝑐 · 𝑐5𝑐 · (𝑐𝐻+
𝑉 = 𝐸𝜃 +
𝑙𝑛 ( 𝑐 𝑐 𝑐 ) + 𝜂
𝐹
𝑐3 · 𝑐4 · 𝑐𝐻−
𝐸 𝜃 being the standard electrode potential, 𝑅 the ideal
gas constant and 𝜂 the overpotentials [9].

On the other hand, the pressure drop inside the electrodes can be calculated using the expression:
𝜇𝑞𝑘 𝐾𝑐𝑘 (1 − 𝜀)2 ℎ𝑘𝑒 𝑤𝑘𝑒
∆𝑝𝑘𝑒 =
𝑑𝑘𝑒 𝜀 3
𝑙𝑘𝑒
where 𝜇 is the electrolyte viscosity, 𝐾𝑐𝑘 is the KozenyCarman constant, ε is the electrode porosity, 𝑑𝑘𝑒 is the diameter of the electrode fibres and ℎ𝑘𝑒 , 𝑤𝑘𝑒 and 𝑙𝑘𝑒 are respectively, 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:
𝑓
𝑊𝑘 = (∆𝑝𝑘𝑙 + ∆𝑝𝑘 + ∆𝑝𝑘𝑒 ) · 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 carbon 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.

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
(∆𝑝𝑘𝑙 ) can be computed by means of the following equation:
𝑙𝑘𝑙 𝜌𝑣𝑘2
∆𝑝𝑘𝑙 = 𝑓 𝑙
𝑑𝑘 2
where 𝑙𝑘𝑙 is the length of the pipes line, 𝑑𝑘𝑙 is the diameter and 𝑣𝑘 is the electrolyte velocity that can be computed
as:
𝑞𝑘
𝑣𝑘 = 𝑙
𝑠𝑘
𝑠𝑘𝑙 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:
𝑓
𝑙 𝜌𝑣𝑘2
𝑓
∆𝑝𝑘 = 𝑓 𝑘𝑓
𝑑𝑘 2
𝑓
𝑓
where 𝑙𝑘 and 𝑑𝑘 are the same variables of length and diameter but for the flow frames.

3.1 Experimental validation
Despite the fact that many of the variables and parameters 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 Particle 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 mathematical algrithms or heuristic techniques [11].
The parameters and variables that have been considered 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 coefficients 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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𝑛𝑗

𝑚𝑖𝑛𝒑

∑|𝑉𝑗 − 𝑉̂𝑗 |
𝑗=1

𝑉̂𝑗 = 𝑓(𝒑)
𝒄(𝒑) ≤ 𝟎
where 𝒏𝒋 is the number of samples of the output measure 𝑽𝒋 , which must be equal to the total points of the estî𝒋 that is computed by means of 𝒇(𝒑), which is
mated one 𝑽
the voltage function used in this work that depends on the
complete model variables. Finally, 𝒄(𝒑) is the constraint
vector of parameters.
𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜
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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 photovoltaic and wind technologies are the most promising renewable energy resources to reach this goal. However, intermittency in the energy supply due to uncertain lulls and/or stationality, 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 devices have a large cyclability that means a very long lifetime,
and their power and capacity range can be sized independently, 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, respectively. 1
Although the stack in a RFBs comprises membranes, current colectors and bipolar plates, the electrocatalytic reaction occurs at the electrodes. The appropriate selection of
the electrode material is crucial for the overall battery performance because it has great impact on the activation overpotentials, electrochemistry polarization as well as ohmic
and concentration polarization. The most common electrodes used for VRFBs due to their high surface area, mechanical stability and catalityc sites are the carbon felt (CF)
and, specifically, those formed by carbonized or graphitized
Rayon (cellulose) and PAN (polyacrylonitrile) fibers 2. 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 include 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 VRFB 3. Moreover, different techniques oriented to increase the surface area 4,5,
metallic modifications 6,7, chemical and electrochemical oxidation 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 sites 8. 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 lowconcentrated (0.4 M) vanadium-acid electrolyte. With this
potential value in such positive electrolyte it is ensured high
stress on carbon materials 9 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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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.

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 region.
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 carbon felts.
3,0

SGC non activ. end cycle
SGC Activ. end cycle

2,5

-Z´´(Ω·cm2)

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®.
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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 electrode.

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 cycles 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

The Nyquits plots for activated and non-activated PANbased 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

119

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

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.

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 mitigate 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(trifluoromethanesulfonyl)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, SmallAngle Neutron-Scattering (SANS), conductivity, diffusion,
viscosity and transport numbers results of superconcentrated aqueous solutions based on lithium trifluoromethanesulfonate (LiTf), LiTFSI and LiTFSIm + LiTfm/3 (where
m is molality) as a function of concentration and temperature 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 molalities, all the solutions were prepared by weighing the required amounts of salts and ultrapure (milliQ) water for
transport measurements or deuterated water (D2O, deuterium 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 concentrations were measured with a capillary rolling ball viscometer (Anton Parr, Lovis 2000 M/ME) at 298.15, 308.15,
318.15 and 328.15 K (accuracy 0.01 K). Two capillaries, having diameters 1.59 mm and 1.80 mm were used to accurately cover the entire range of viscosities. The densities of
the solutions as a function of the concentration and temperature, 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 platinum 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 impedance 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 super-concentrated solutions
Diffusion-ordered (DOSY) NMR spectroscopy of 1H, 19F
and 7Li has been used for determining the diffusion coefficients of the solvent, the anions, and the Li+ ion, respectively, 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
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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 coefficients were obtained at 298.15 K and 328.15 K, and the
gradient strength was calibrated using the known self-diffusion 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 solutions ( 7 m ) were performed at the monochromatic instrument 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 momentum transfer vector and 2θ is the scattering angle). The 1D
scattering patterns were obtained by converting the isotropic 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, covering 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.

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 conductive 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 temperature 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 Angle Neutron Scattering in the concentration and temperature 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 nanostructuring 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.

4m
5.5m
7m

3. Results
3.1 Transport properties
Figure 1 shows that the conductivity of LiTf, LiTFSI and
LiTFSIm-LiTfm/3 super-concentrated aqueous solutions decreases with increasing molality for m > ≈ 4 mol.kg−1. This
behaviour is, in part, a consequence of the increasing viscosity of the solution and also due to the anticorrelated motion
of ions of the same charge.

21m

Figure 2: Normalized dispersed intensity as a function of Q vector 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.

100

k (mS.cm-1)

4. Discussion
4.1 Decoupling of ionic mobility from viscosity in WiS electrolytes
The usual way of analyzing the relation between the viscosity and the ionic mobility is by resorting to the fractional
Walden law (WL) or the Stokes-Einstein relation (SER), representred by equiations 1 and 2, respectively:
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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]

𝐷𝑖𝑠  
𝑇

= 𝑐𝑡𝑒

(1)
(2)

where  represents molar conductivity,  the viscosity, Dis
is the self-diffusion coefficient of the species i in solution and
T the temperature.  and  are the conductivity and diffusion decoupling factors, respectively. In an ideal solution
with no ionic interactions,  and  are equal to 1 (usually
only at very dilute concentrations). A deviation from those
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values implies a decoupling between ionic mobility and viscosity 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 conductivity 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 percolating 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 electrolytes.
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 electrolytes. These heterogeneities were ascribed to the aforementioned “water rich” and “anion rich” phases, responsible 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 domains were found to decrease in size with concentration,
while for LiTf they seemed to remain the same size. Interestingly, at high concentrations LiTf and LiTFSI WiS electrolytes
seem to have identical morphologies.
A common monotonically descendent trend of the surface 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 parameter 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 compared 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 measurements and scattering techniques.
The trends found for the morphological parameters led
us to propose a picture of these solutions as nanometric water-rich channels penetrating a 3D anion-rich matrix, responsible for the decoupling of Li+ and water mobility from
the viscosity. We propose that the salt volume fraction determines 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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during ORR chronoamperometry using an electrochemical
fluorescence cell without stirring(12).

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 limits 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 detection of singlet oxygen during the discharge of an aprotic LiO2 battery. The first electron transfer step to molecular oxygen 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 reactive singlet oxygen (1O2 or 1∆g ) and Li2O2(1):
[LiO2 ]surf + [LiO2 ]surf → Li2 O2 ↓ +x 1O2 + (1 − x)

3

O2 (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-peroxide (DMA-O2) and can be detected in operando following
DMA fluorescence decay.
+

1

O2

O

O

(3)

Gasteiger et al. showed that singlet oxygen is formed during Li2O2 oxidation at potentials above 3.5 V vs. Li/Li+(2).
Freiberg et al. showed that 1O2 generated by photoexcitation 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 metaloxygen 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 photosensitizer(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-dimethylanthracene (DMA) due to its specific reaction with singlet oxygen(11).
We have reported experimental evidence of 1O2 formation during oxygen reduction on carbon electrodes in
LiTFSI in DMSO by following the fluorescence decay of DMA

2. Experimental
2.1 Chemicals:
Bis-(trifluoromethanesulfonyl) imide (LiTFSI, 99.995%),
anhydrous dimethyl sulfoxide (DMSO, ≥99.9%), N-Methyl-2pyrrolidone (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 oxygen. 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 measurements:
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 operando 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 comprised 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
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DMA fluorescence was measured in DMSO solution and
in the battery Li-O2 battery before, during and after discharge 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 discharge. 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 optical 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 laboratory. 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 excitation light reaching the detector.

1 mM DMA in solution
Before discharge in battery
After discharge in battery

1.0
0.8
0.6
0.4

0.1mA, 500 s

2.5 Fluorescence Measurements:

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 solution 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 battery 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 cycles while in the absence of the physical quencher, NaN3, after 40 cycles an important increase in the charge and discharge overpotential was observed fading away after 90 cycles.

IF (a.u)

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 analized 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).

+

1

O2

O

O

Non fluorescent

0.2
0.0

420 440 460 480 500 520 540 560 580 600

wavelength (nm)

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

Figure 1. Experimental set: split cell, bifurcated optical fiber, spectrofluorometer 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 excitation 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
1
O2 that results from the Li-O2 battery discharge under operation conditions.

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 inspection of DMA fluorescence decay by formation of non
fluorescent endoperoxide with singlet oxygen. The fluorescence 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 Li 2O2 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 firstprinciple 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 Li 2O2 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, E n is the
total energy of the configuration at that step. ΔN Li 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 oxygenrich 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
Termination
γGGA[meV/A2]
γHSE[meV/A2]
tion
[0001]
[1100]
[1120]

O-rich-1

17.0*

50.8

ST-4

47.8

44.2

O-rich-2

31.5

43.7

ST-3

33.5

37.5*

O-rich-1

40.4

49.4

O-rich-2

34.3

50.4

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 (subsurface) 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 [1100] 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).

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

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.
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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 lowcoordinated 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 LiO 2 intermediate is
found to be the limiting step during charge, in both Nadoped and pristine Li2O2 surfaces. We have found that Nadoping 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

130

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

2.

3.

4.
5.

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.
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.
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.
Both reaction steps, (1) and (2), are assumed to be
reversible.
The discharge model does not take into account
diffusion through the electrolyte, or double-layer
dynamics in the electrode-electrolyte interface.

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
-11

1·10

k1
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 .

mol/(s·m2)

k2

6.31·10-15 mol/(s·m2)

ρ𝐿𝑖 𝑆

3.98·10-11 Ω·m

ρ𝐿𝑖 𝑆

1.99·10-12 Ω·m

2 2

2

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:

𝑆𝑥 =

1
50

50

∑
𝑛=1

2

( )
𝑄𝑟𝑒𝑓−𝑄𝑛
𝑄𝑛

𝑥𝑟𝑒𝑓−𝑥𝑛
𝑥𝑛

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
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1. Introduction
Transport, domestical and technological activities depend 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 electrical devices are being developed. Considering its high theoretical energy density, lithium-air batteries (LAB) are promising 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 requirements, including low volatility, low viscosity, high ionic
conductivity and high chemical and electrochemical stability. 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 diglyme, and analyzed the speciation of the salts as a function 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 electrolytes 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 confinement on the transport properties of lithium salts has
been scarcely studied. For instance, only the effect of confinement 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 developed in our group [4], and self-diffusion coeficients were
1
7
measured by H and Li 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 diameter 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 distribution, the desorption isotherm was analyzed with the Barrett, 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 diglyme

For the diffusion measurements, the mesoporous carbon samples were filled with 0.1 M LiTf and LITFSI diglyme
solutions by embebition of the samples in the corresponding 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 corresponding electrolyte solutions, were placed in an air-tight
glass conductivity cell, with platinized Pt electrodes, filled
with pure solvent, and under continuous stirring. The electrolyte 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
7
diglyme and the relaxation time T1 for Li 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
1
to 20.3 MHz for H, 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 samples (Pore diameter (d), BET surface area (SBET), total volume (Vtotal), micropores percentage (% Vmic) and total surface 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/
2 -1
m ·g

Vtotal/
3 -1
cm ·g

%
Vmic

Surface charge/
-1
µmoles·g

C4/
NaOH

4

521

0.38

26

151 ± 7

C4/HF

4

589

0.48

23

115 ± 8

10

633

0.79

15

------

25

636

0.82

13

------

C10/
NaOH
C25/
NaOH

3.2 Diffusion of confined LiTf and LiTFSI dissolved in diglyme.
Sample

Salt
LiTf

C4/NaOH
LiTFSI
C10/NaOH
C25/NaOH
bulk solution
at infinite
dilution

2

D/ cm ·s

-1

micropore:
-9
4.21x10
mesopore:
-8
1.51x10
micropore:
-9
9.17x10
mesopore:
-8
6.54 x10

porosity

tortuosity
334
93

0.395
149
21

2.60x10

-7

LiTf

2.67x10

-6

LiTFSI

3.97x10

-6

LiTf

3.56x10

-6

-----

-----

LiTFSI

3.45x10

-6

-----

-----

LiTf

0.510
0.534

7.0
0.71
0.46

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 diffusion 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 confinement, in relation to the diffusion in bulk, can be quantified 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 samples with pores between 10 and 25 nm diameters, increasing 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 compared, 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 dilution and 1 M samples. This implies that in bulk, the diffusion 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 conductivity 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 confinement 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 cationanion inside the pores.
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1

Table 3 shows the diffusion constants of H, and T1 val1
7
ues for H and Li obtained from NMR, in bulk and confined
C4 samples for different surface charges.
1

H
T1/ms

2 -1

D/cm .s

bulk
2620

1.05.10

tortuosity

7

Li
T1/ms

3700

-5

C4/NaOH
micropore:
450
mesopore:
1300
micropore:
-7
1.9.10

C4/HF
micropore:
340
mesopore:
1900
micropore:
-7
4.5.10

mesopore:
-6
3.3.10
micropore:
55
mesopore:
3.2

mesopore:
-6
3.6.10
micropore:
23
mesopore:
2.9

micropore:
50
mesopore:
400

micropore:
170
mesopore:
1100

7

NMR T1 measurments for Li 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 density on this carbon sample. Moreover, the diffusion con1
stant of the glyme, corresponding to the H 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 micro/mesoporous structure plays a critical role on the
transport properties of the electrolyte, producing a decrease up to 3 orders of magnitude on the salt diffusion
coefficient when it goes from bulk to a pore with a diameter 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 tortuosity 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 order 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 critical influence in electrolyte transport behavior. The
+
knowledge of the diffusivity of Li ions in mesoporous carbons is also relevant to improve the predictions of LABs
performance using multiscale modeling [10], which currently use bulk-solvent diffusion coefficients as input parameters. In these work, we demonstrated that the rela-

tionship observed between the diffusion coefficients of
two salts (LiTf and LiTFSI), dissolved in diglyme, are different in bulk and under confinement, demostrating that the
interactions of the ions with the pore wall probably compete with the interactions cation-anion.
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1. Introduction

2. Experimental

Metal-air batteries (MABs) are promising energy storage systems due to their predicted high theoretical energy
densities (from 1000-11000 W h kg-1). MABs consist of a negative 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, magnesium, 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. Although IABs have the lowest open circuit voltage and theoretical 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 energy storage solutions of the future. Iron is abundant, economic, safe to handle and easy to refine and recycle.
The two reactions that take place in the negative electrode of these batteries (shown in the discharge direction)
are the following ones:

2.1 Synthesis of iron oxides and iron-sulphur/carbon composites

𝐹𝑒 + 2𝑂𝐻 − ⇌ 𝐹𝑒(𝑂𝐻)2 + 2𝑒 −
3𝐹𝑒(𝑂𝐻)2 + 2𝑂𝐻 − ⇌ 𝐹𝑒3 𝑂4 + 4𝐻2 𝑂 + 2𝑒 −

(1)
(2)

The standard potentials of these reactions are -0.878 V
and -0.762 V vs. SHE, respectively. There are two main problems 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 charging and diminishes the coulombic efficiency of the system.
The second problem is the loss of capacity of the iron electrode upon long-term cycling. The iron electrode deactivates 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 electrolyte, 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.

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 ratio 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 Photoelectron spectroscopy (XPS), nitrogen physisorption, Elemental Analysis (AE), Inductive Coupled Plasma spectroscopy (ICP), and Scanning and Transmission Electron Microscopy (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 different 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 effect of high-temperature thermal treatment. The precipitation 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 capacity of the electrodes starts slowly decreasing. As can be
seen in Fig 1, the maximum discharge capacity of the electrodes 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-TARair shows around half of the capacity of the aforementioned,
but retains almost all of it upon cycling.

Table 1. Maximum capacity and stability factors of the electrodes.
Sample

Maximum discharge 𝒇 factor
capacity (mAh·gFe-1)

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 applied 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, after 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.

700
600
500
400
300

Fig. 2. Nyquist diagram and equivalent circuit for the second charge
step (equation 1) of the electrode S-Fe2O3-TAR-N2 after 15 cycles.

Fe2O3-TAR-air
200

S-Fe2O3-TAR-air
S-Fe2O3-TAR-N2

100
0
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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 ∗ 𝑓 𝑛−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 discharge 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 applying 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.

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 stability of the electrodes, as can be seen in the electrode SFe2O3-SHX-air – the one with the highest amount of sulphur.
Long-run tests must also be performed to prove the validity
of these results.
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1. Introduction
Many countries have developed legislation, like the
Clean Air Act and the Energy Policy Act in the USA, to promote 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 energy 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 reliability 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 electrolyzers as smart loads compensating for the electrical variability 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 compensation 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 damaging 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) = (𝜏

𝐾𝑝𝑟𝑜𝑐 𝑒 −𝑠𝑇𝑑
1 𝑠+1)(𝜏2 𝑠+1)

Kproc = 1; constant times τ1 = 6.9 ms and τ2 =69.75 ms; time
delay Td = 19 ms. When considering only the slower constant time, the nominal rate of change (r.o.cN):
𝑟. 𝑜. 𝑐𝑁 =

0.632 𝑝.𝑢
0.06975 𝑠

=9

𝑝.𝑢

(2)

𝑠

Even when Kproc depends on the quiescent point of operation [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 electrolyzers as compensation devices. In [5], a detailed model of an
alkaline electrolyzer, compatible with a transient system
simulation program, predicts the cell voltage, hydrogen production, 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 𝑝.𝑢
40

𝑠

= 0.021

𝑝.𝑢

(3)

𝑠

Note that r.o.cE <<< r.o.cN. Hence, only analyzing time responses, 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

1

𝑠 900

= 0.1667

𝑝.𝑢

(4)

𝑠

Hence, r.o.cw = 7.94 times the r.o.cE of expression (3).

(1)

Expression (1), obtained using least squares from time
responses depicted in [4], has the next parameters, gain

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
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problem objective is to regulate the electrolyzer behavior in
a vicinity of an equilibrium point given by a reference of hydrogen generation. The control design approach takes the
process without restrictions, its mathematical model around
an equilibrium point (expression (1)), and calculates the controller. 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.

The Passivity Based Control (PBC) theory allows calculating u1(t). PBC assures stability properties demonstrating that
the Energy (Lyapunov) Function decreases towards the equilibrium 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:
𝑥̇ = (𝐽 − 𝑅)∇𝑥 𝐻 + 𝑔(𝑥)𝑢1 = 𝑓(𝑥) + 𝑔(𝑥)𝑢1

(6)

𝑥̇ = (𝐽𝑑 − 𝑅𝑑 )∇𝑥 𝐻𝑑

(7)

to

with x being PI variables and rate and output limits ones (Figure 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 subscript‘d’ indicates desired (design) values. After mild conditions [9], the AW control u1(t) is:
𝑢1 = [𝑔𝑇 𝑔]−1 𝑔𝑇 {[(𝐽𝑑 − 𝑅𝑑 )𝛻𝑥 𝐻𝑑 − 𝑓(𝑥)]}

Fig. 1. Delivered power of a wind generator on 37.5 minutes [3]

(8)

The AW is applied on the PI plus actuator models. Due to
AW acts when constraints are met, the mathematical descripcion involves the deviation of variables from the unconstrained (equilibrium) operation:
𝑥̃1̇ = −
1

𝐾𝑁 𝐾𝑎𝑑
𝜏𝐴𝑐𝑡

𝑥̃1 +

𝐾𝑁 𝐾𝐴𝑐𝑡
𝜏𝐴𝑐𝑡

𝑥̃2

(9)

𝑥̃2̇ = − 𝑥̃1 + 𝑥̃1 + 𝐾𝑝 (𝑟 − 𝑦 + 𝑢1 )
𝜏𝑎
𝑥̃1̇ = 𝐾𝑖 (𝑟 − 𝑦 + 𝑢1 )

(10)
(11)

wiith Kad and KN desing (chosen) gains, Act the actuators
constant, and 𝑟 − 𝑦 from Figue 2. Then, the AW action is:
Fig. 2. PI control of an electrolyzer including constraints

𝑢1 =

The mathematical description of the control is:
𝐾𝑝 𝑠+𝐾𝑖

𝑃𝐼(𝑠) = 𝑠(𝜏

𝑎 𝑠+1)

(5)

where Kp =0.225 and Ki = 2.89 are the proportional and integral 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 electrolyzers 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 (𝑦̇ 𝑃𝐼𝐷 ) is bigger
than the rate of change of the electrolyzer (𝑦̇𝐴𝑐𝑡 ), 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 𝑦̇ 𝑃𝐼𝐷 is included in Figure 2. Hence, when the AW scheme detects limits are surpassed, u1(t) is added to the control loop forcing
the internal variables to be correlated.

1
𝑥̃ −𝑥̃1 )
𝜏𝑎 2
2
2
𝐾𝑝 +𝐾𝑖

𝐾𝑝 (−𝑅22 𝑘2 𝑥̃2 +

−

𝐾𝑖 𝑅33 𝑘3 𝑥̃3
𝐾𝑝 2 +𝐾𝑖 2

(12)

with coefficients 𝑅22 and 𝑅33 belonging to the diagonal matrix 𝑅𝑑 , 𝐻𝑑 = 0.5𝑘1 𝑥̃1 2 + 0.5𝑘2 𝑥̃2 2 + 0.5𝑘3 𝑥̃3 2 , being
∗
𝑥̃1,2,3 = 𝑥1,2,3 − 𝑥1,2,3
with the superscript ‘*’ indicating the
equilibrium point. Finally, 𝑘1,2,3 (>0) are chosen for modifying the speed of convergence to the equilibrium.
4. Results
To analyze behaviors, Figure 4 presents simulation results 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 noting that part (b) depicts the problem when not considering
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rate limits in the control system. Consequently, a lack of synchronization 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), indicates 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 controller keeps the electrolyzers output closer to the variable
power reference r(t).
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Fig.
5. Electrolyzer’s response when used as a smart load. System behavior with AW (blue line) and r.o.cE = 0.021 p.u.
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Fig. 4. Electrolyzer operated as a smart load. System behavior without (orange line) and with (blue line) anti windup scheme
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1.

Introduction

Green hydrogen production using highly efficient yet lowcost, 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 lowtemperature 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 ultrapure water, of membrane electrode assemblies (MEAs)
consisting of pyrrolidinium functionalized styrene-ethylenebutylene-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
characterization

assembly

and

electrochemical

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.

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 Nibased 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 counterproductive 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.

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·

Fig. 2. Polarisation curves for AEMWE cells using several anode current
collectors (Ni felt, SS felt and carbon paper) using NiFeOx and Mo 2C
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 OHtransport 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

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, however recently research have been intensified on its production 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 decline 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. H 2 can
be transform into energy in fuel cells, such as PEM ones,
which demands high purity H2 to be effective.
𝐶2 𝐻5 𝑂𝐻 + 3𝐻2 𝑂 ↔ 2𝐶𝑂2 + 6𝐻2
(1)
Taking into account that the H2 produced from this process 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 contains 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 Preferential 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 reforming (MSR, Equation 3). This process is known as sorption enhanced ethanol steam reforming (SE-ESR). Therefore, in
presence of CO2 sorbent material, not only CO content is reduced but also H2 production is increased.
𝐶𝑂 + 𝐻2 𝑂 ↔ 𝐶𝑂2 + 𝐻2
(2)
𝐶𝐻4 + 2𝐻2 𝑂 ↔ 𝐶𝑂2 + 4𝐻2
(3)
In last years, SE-ESR has become an interesting approach 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, lithium 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 basicity 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 process 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 hydrotalcite (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 aqueous solution of K2CO3 of known concentration, which is determined 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 temperature 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 composition 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 characterized by: BET surface area and pore size distribution by
N2 sorption on a Quantachrome Autosorb; elemental analysis by inductively coupled plasma- optical emission spectrometry (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 temperature programmed desorption (CO2-TPD) and CO2 sorptio-desorption 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 following expression:
𝐶𝑖 =

𝑃 𝑉𝐶𝑂2
𝑅 𝑇 𝑚𝑠𝑜𝑟𝑏

(4)

Where: 𝐶𝑖 : sorption capacity in i cycle (mol CO 2/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 purities in dry basis, as expressed in Equation 6.
𝑦𝑗
𝑃𝑗 =
100
(6)
1−𝑦𝐴𝑟−𝑦𝑁2

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 consists 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

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 surface 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 intermediate strength are located between 300 and 700ºC, and in
accordance with Walspurger et al. [12] this peak is broadened with its maximum shifting to higher temperatures as K
loading increases.

Textural properties of unpromoted hydrotalcites with
different K loadings are shown in Table 1. For the unpromoted hydrotalcite, a small reduction of BET area is detected with calcination temperature. When comparing the
promoted hydrotalcites, BET area and poral volume significantly 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 hydrotalcites with K.
Table 1. Textural properties of hydrotalcites fresh and spent in 19
sorption-desorption cycles, determined by N2 physisorption.
Average
BET Area Poral Volume
pore
radius
Sample
(m2/g)
(cm3/g))
(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 promoted hydrotalcites. For all the samples diffraction signals
occur at 2Ɵ = 37º, 43º and 62º, corresponding to MgO

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 attributed 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 CO 2TPD 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
0KHT(500)

Proportion of basic sites (%)
Weak (%)
Interm. (%)
Strong (%)
64.9
25.1
9.9
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10KHT(500)
15KHT(500)
20KHT(500)

27.7
12.5
8.9

60.3
42.1
35.5

12.0
45.4
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 Figure 3. Based on sorption results, the pre-breakthrough period, is longer for K promoted hydrotalcites compared to unpromoted one, which confirms that addition of K enhances
CO2 sorption capacity. Concerning breakthrough period, although the differences between sorption capacities are relatively 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).

4. Conclusions
Potassium promoted materials have higher CO2 sorption
and desorption capacities compared to unpromoted solids.
Moreover, CO2 sorption multicycle tests denote the existence 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; meanwhile, 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 materials, with minimal discern between K loadings.
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The K promoted hydrotalcites presented higher H2 purities and lower CO2 purities during the pre-breakthrough period. Additionally, in accordance with CO2 sorption test, prebreakthrough period is longer for promoted sorbents compared to unpromoted ones. Finally, no significant difference
is observed in the performance of promoted hydrotalcites in
SE-ESR, related to K loading.
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1. Introduction
Kesterites Cu2ZnSn(S,Se)4 (CZTSSe) are promising earthabundant element-based alternatives to the existing chalcogenide 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 devices for water splitting. Photocathodes have been fabricated with the same configuration of a solar cell, with photocurrents for hydrogen generation comparable to the
short-circuit current (Jsc) values obtained from a photovoltaic 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 devices suffer from low open-circuit voltage associated with
the high density of defects due to the multielement composition 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, consequently decreasing the solar-to-hydrogen conversion efficiency (HC-STH). The partial substitution of Cu+ by Ag+ in
Cu2ZnSnS2 (CZTS) has been successfully demonstrated to enhance onset potential due to the annihilation of the CuZn and
ZnCu antisites. Because of the benefits caused by Ag-substitutions 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-substitution 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 sequentially 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 dimethylformamide, 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 described 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) technique [5]. The substrates were immersed in 150 ml of deionized 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 TiO 2 was deposited 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 photoelectrodeposited at 0 V vs Ag/AgCl under 100 mW cm-2 during
30 s. The photoelectrodeposition was carried out in a threeelectrode 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 performance
(SEM) micrographs and energy-dispersive X- ray spectroscopy (EDX) were collected with a FEI microscope. X-ray diffraction (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 selenization of solution-processed nanocrystalline CZTSSe precursor films. Figure 1 shows the profile of the chemical composition 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 spincoated and selenized CZTSSe and Ag+-substituted one,
ACZTSSe, thin films were characterized by X-ray diffractometry. These samples exhibit diffraction peaks at 2 corresponding 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 detected 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 CZTSSebased 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 nanoparticles cocatalysts covered the photocathode surface to
increase the kinetic charge transfer on the interface semiconductor/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 (HCSTH) plot was obtained according to the equation below and
it is shown in Figure 2b.
𝐻𝐶 − 𝑆𝑇𝐻(%) =

𝐽𝑃𝐻 × (𝑉−𝑉𝐻2 ⁄𝐻+ )×100%
𝑃𝑡𝑜𝑡𝑎𝑙

The Pt/TiO2/CdS/CZTSSe photocathode exhibited a photocurrent density of -6.2 mA cm-2 at 0 VRHE and an onset potential 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]. Furthermore, the increased photocurrent for Pt/TiO 2/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 absorption 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 photocathode (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 solution (pH 0.4) under chopped simulated sunlight (1.5G filter and
100 mW cm-2) and the correspondent (b) Half-cell solar to hydrogen efficiency (HC-STH)..

4. Conclusions
In summary, we have demonstrated that the partial substitution of Cu+ by Ag+ in CZTSSe thin may mitigate the presence 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% substituted ACZTSSe thin films was confirmed by the elemental
profile obtained by GDOES and DRX, which show no significant impurity phases. In terms of photoelectrochemistry,
the partial substitution of Cu+ by Ag+, increases the onset potential 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 solar-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 generation 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 geological 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 approach 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 reservoirs, 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 understanding of local geology (because this knowledge is acquired in
the oil exploration process) and the existence of a transportation 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 largescale and long-term storage, having lower costs than using
tanks [8].
2.2 Hydrogen in Brazil
Due to favorable climatic conditions, a competitive industrial 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 hydrogen 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 development of the hydrogen economy [10]. PNH2 also sought
to map existing laws and regulations to support and promote 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 support for international partnership and project initiatives
aimed at accelerating the formalization of the national hydrogen 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 incipient, and competition issues may be addressed from the beginning [11], [12].
In-depth geological characterisation is important to understand 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 understand 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 interaction. In this work, we seek to ascertain the traditional methodology 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) hydrogen storage capacity estimate.The reservoir hydrogen storage capacity is determined by replacing the recoverable natural gas volume in the gas field with hydrogen using Eq. (1),
assuming that the reservoir natural gas has methane properties [12]:
𝐸 𝐻 = 𝐻𝐻𝑉𝐻 × 𝜌𝐻,𝑠 × 𝑂𝐺𝐼𝑃 ×

𝜌𝐶𝐻4 ,𝑠𝑡𝑝
𝜌𝐶𝐻4 ,𝑠

× 𝑈𝐺

(1)

Where 𝐸 𝐻 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 pressure (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 calculating the CO2 storage capacity, whose storage capacity
calculation also considers the switch from using porous natural gas spaces to injected gas.

Table 1. Possible most suitable oil and gas fields for hydrogen
storage.

4. Results
4.1 Depleted oil and gas fields distribution
Figure 1 shows the 85 studied fields and their location in
the Brazilian offshore.

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

Carapebus Formation

Campos

5. Discussion
Several reasons lead one to believe that offshore southeastern Brazil has the greatest potential for hydrogen storage: greater infrastructure, proximity to consumption centres, 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 basins stand out with their large oil and gas production fields.
However, it is important to mention that, even though storage capacity is relevant knowledge, it is possible that fields
with smaller capacities serve different purposes. For example, 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 interactions with hydrogen, resulting in reduced pore space occupancy and greater storage costs, as well as the lack of a
cushion gas already in place [12].

Fig. 1. Brazilian offshore fields. Source: [7].

6. Conclusions

The Brazilian offshore fields are not equally distributed
along the country's coast, being concentrated in the southeast 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 consumer centres in this location. However, this does not preclude the use of different regions for hydrogen storage,
given fields in the northeast offshore region.

Brazil begins to analyse the introduction of hydrogen
into its energy matrix, and doing this in an integral way requires 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 indicating the capacity to store CO2. It is also pertinent to consider hydrogen as a long-term, large-scale energy storage
solution, especially when coupled with renewable energy
sources or grids with dynamic electricity pricing schemes.

4.2 Possible reservoirs
Considering the impossibility of compiling all the necessary 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 candidates for hydrogen storage. This fields, possibly the most
suitable hydrogen storage sites in the Brazilian offshore, are
shown in table 1.
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1. Introduction
Anion exchange membranes (AEMs), key component in
zero gap alkaline water electrolyzers and fuel cells, have attracted growing interest because of the advantages of alkaline conversion devices [1]. AEMs containing cationic groups
(CGs) bounded to a polymer backbone are usually employed. 1,4-diazabicyclo (2.2.2) octane (DABCO), having geometric restrictions unfavorable for hydroxyl attack, was
proposed as alternative to poor stable in alkaline media trimethylamine based CGs. Poly[2-2´-(m-phenylene)-5-50bibenzimidazole] (PBI), crosslinked with poly (vinylbenzyl
chloride) (PVBC) quaternized by DABCO [2] attained an acceptable performance in Hydrogen AEMFC testing. Then, a
similar AEM quaternized with BDABCO [3], a N1-butyl substituted 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)-cPVBC/OH membrane [4], quaternized with DABCO. Then, we
go further in DABCO substitution by alkyl halides, by studying a similar membrane, quaternized with 1-tetradecanyl-4aza-1-azaniabicyclo [2.2.2] octane bromide (TDABCO).

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-cPVBC/CG/Cl films were then converted to the OH- form immersing them in a 1M KOH aqueous solution, to obtain the
ABPBI-c-PVBC/CG/OH membranes. The preparation pathway is schematized in Fig. 1.

2. Experimentale
2.1 Preparation of ABPBI-c-PVBC/CG/OH membranes
ABPBI polymer, averaged Mw 23,200 g·mol-1, was sintethyzed 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 precipitated, 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. %), LiNO 3 (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

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, employing deuterium chloroform as solvent and TMS as internal standard.
Fourier transform Infrared spectra (FTIR) measurements were taken before and after the quaternization stage
of the membranes, by means of a Thermo Scientific Nicolet
6700 FTIR spectrometer.

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.

2.3 Ionic exchange capacity and conductivity measurements
For ionic exchange capacity (IEC) determination, membrane samples immersed in 50 mL of 1M NaCl aqueous solution 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 between 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% respectively. 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, assigned to CH2 groups adjacent to nitrogen atom, were not
observed, indicating a succesfull substitutionof DABCO head
group.

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-cPVBC/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 account in alkaline water electrolysis measurements, that areshown in Fig. 5, current potential and chronopotentiometric
curves (a) and (b), respectively.

Fig. 2. 1H NMR spectra of alky BDABCO.

Fig. 3 shows the FTIR spectra of ABPBI and PVBC polymers and crosslinked ABPBI-c-PVBC membrnas, before and

Fig. 4. Ionic conductivity of ABPBI-c-PVBC/CG/OH membranes.

154

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

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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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 results show the trend: IECBDABCO > IECDABCO > IECTDABCO, indicating that the extra CG increases the CG density in BDABCO
compared with DABCO membranes, but some factors possible related with the lengh of the alquidic chain in TDABCO
decreases the CG density compared with DABCO, thus cancelling the advantage of adding an extra CG.
The same tendency is observed in conductivity measurements, 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 quaternization 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
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1. Introduction
Hydrogen is a convenient way of storing the intermittent 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 vector [1]. In particular, hydrogen can be used in transportation, 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 operation 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 renewable sources in situ.
In order to manage this kind of stations, a control system is needed, to optimize energy transfer and ultimately
maximize the economic output of the facility. This is a problem 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 different devices of the installation, providing satisfactory results for various scenarios.
There is a general lack of work in the literature describing 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 deterministic 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 station is shown in Fig. 1, where the blue arrows represent hydrogen 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 inside 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 direct 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 controlled 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 indicates that a vehicle has arrived and needs to be served. The
signals used for demand are D_HDV and D_LDV, respectively.
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 coolers are implicitly considered)
 Output compressors flow rate is linearly dependent
on input pressure, only ON/OFF control logic is possible.
 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 vehicles 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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Fig. 1: System topology diagram

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 capacity 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 strategy 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 decision 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 developed to guarantee demmand supply, which has been implemented 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 irradiance 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 production. If the result is negative, the difference will be covered
with FV_FG along the minimum energy cheapest hours with
irradiance
below
IRTH.

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 Zaragoza, 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 Workstation (i7-10700 CPU and 16 GB of RAM). Complete simulation 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 corresponds to 30 kg and 7 kg supplied H2, respectively.
As it can be seen in Fig. 3.5, the output of our distribution strategy and our predictive strategy has correctly supplied all HDV along the complete year simulation, which is the first purpose of our distribution strategy, since T3_i are always prioritized in the filling process. 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. 2: Decision tree for H2 distribution strategy
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5. Conclusions and future work

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 under 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.

In this work a flexible and fast simulation model of a hydrogen 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 machine. 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 expansion cases and filling/emptying priority order. This
model serves as a quick and flexible simulation testbench for
component dimensioning (tanks and compressors) and control 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 parasite comsumptions, pressure drops, thermal inestability in
compression, variable service flow rate, minimum input
pressure for compressors, etc. Also a photovoltaic and battery 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 hydrogen adoption towards such scenario still finds bottlenecks
either in the infrastructure development, clean hydrogen
production costs and the use of hydrogen in new applications.
Efficient hydrogen storage is among the technical issues
that need to be solved to drive such adoption of clean hydrogen. 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]. Although these materials are widely investigated, there are
some gaps between technical targets –e.g for onboard Hydrogen Storage- and their achieved operational conditions,
that have limited the expansion of its use on a larger commercial 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 constitutes 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 increased, the phenomenom still has been scarcely reviewed
[10–12] and further systematic research is needed to facilitate vessel design and optimization. Because most HFM decrepitate with cycling, changing particle size, porosity and
effective density, the study of morphological changes , powder flowability and stress induced on the container walls depends on initial material properties and geometrical characteristics of the reservoir: slenderness, wall thickness, filling
level, among others.

Neutron radiography is a useful technique for direct observation 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 decomposition [13]. While in the hydride state the HFM occupied the volume up to the wall, after decomposition its volume reduction is observable, both in the gap between the
material and the walls and in the vertical crack near the center of the bed.
We have been studying the phenomenon by using LaNi 5
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 complementary use of neutron radiography technique.

Fi g. 1. Vol ume reduction a fter HFM dehydriding observed by
neutron ra diography.

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 significant 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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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 exhibited a dependence with the hydrogen content, direction,
hydriding or dehydriding reaction and number of cycles.
Figure 4 displays in a comparative way the filling level of
the material inside RC2 before and after the hydriding/dehydriding cycles.

1,4

Fi g. 3. Stra i n gauges s ignals (sg0, s g1, s g2, s g3, expressed i n mi livolt)
a nd the calculated strains ε (expressed in microstrain units, 1µs=106m/m). They were obtained from the calibration that links the voltage
cha nge ∆𝑉 𝐻𝐹𝑀 in the strain gauge s ensors a nd the mechanical strain
𝜀𝐻𝐹𝑀 exerted by the HFM on the walls of RC2. The strain evolves with
hydrogen concentration, which is related to the vol ume occupied by
the ma terial and therfore to the mechanical s tress. Furthermore, the
ma gnitude and evolution of strains depends on cycl ing and wall locati on (a and b). Pressure inside the reactor (Preactor) and flux (F) were
mea sured simultaneously wi th the voltage signals. The figure corres ponds to the PCI (a and d) and kinetics absorption/desorption (b and
c) experi ments performed with the thinnest reactor.

tangential and axial strain were monitored. The measurement 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 conventional cantilever beam method for calibration, it is possible to convert the voltage signal in the corresponding
strain exerted by the powder samples. Several hydriding/dehydriding 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 filling level of the vessels. We have used the neutron
radiography facility of RA-6 experimental nuclear reactor at
Centro Atómico Bariloche, Argentina.

Fi g. 4. Ima ges obtained with neutron i maging: RC2 before (left)
a nd a fter (ri ght) cycl ing. The compaction of the MFH a fter severa l cycles is evident from the decrease of the filling l evel of the
powder, as i ndicated with the arrow. Furthermore, i t could be
es timated quantitatively by ca l culating the effective porosity
∅ of the material that gives the void fraction inside the effective
vol ume occupied by the material. It resulted that ∅ decreased
a round 20% due to the compaction, which va ries as 1-∅.

4. Discussion

Fi g. 2. (l eft) reactors dimensions, (ri ght) i dentification of the loca ti on of the strain gauges in the wall a nd botton of the reactors .

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 towards the bottom of the vessels and this effect is more pronounced increasing the number of cycles 2) this effect occurs at the first few cycles and the powder must be shaken
in order to recover the storage properties 3) there is a dependence between the hydriding process and the strain on
the walls 4) there is a dependence between the magnitude
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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 effect of the material reaches at least 10 MPa, leading to the
cracking of the vessel during the 100th cycle.

Study on Meta l Hydride Performance for Purification and
Stora ge of Bi o-H2 , J. Ja pa n Inst. Energy. 96 (2017) 300–
306. https ://doi.org/10.3775/jie.96.300.
[8]

A. Ka rma kar, A. Ma l lik, N. Gupta, P. Sha rma, Studies on
10kg a l loy mass metal hydride based reactor for hydrogen
s tora ge, Int. J. Hydrogen Energy. 46 (2021) 5495–5506.
https ://doi.org/10.1016/j.ijhydene.2020.11.091.

[9]

M. Lotots kyy, B. Sa tya Sekhar, P. Muthukumar, V. Li nkov,
B.G. Pol l et, Ni che a pplications of meta l hydrides and
rel a ted thermal management issues, J. Al loys Compd. 645
(2015)
S117–S122.
https ://doi.org/10.1016/j.jallcom.2014.12.271.

[10]

F. Heubner, A. Hilger, N. Ka rdjilov, I. Ma nke, B. Ki eback, Ł.
Gondek, J. Ba nhart, L. Röntzs ch, In-operando s tress
mea surement a nd neutron i ma ging of meta l hydride
composites for s olid-state hydrogen s torage, J. Power
Sources.
397
(2018)
262–270.
https ://doi.org/10.1016/j.jpowsour.2018.06.093.

[11]

O. Gi l lia, Review about effect of stress Hydride breathing
a nd i ts consequence on s tresses a pplied to containers_ A
revi ew.pdf, Int. J. Hydrogen Energy. 46 (2021) 35594–
35640.

[12]

B. Sta ndards, BS ISO 16111:2018 Tra ns portable gas
s tora ge devices. Hydrogen a bsorbed i n reversible metal
hydri de - European Standards, (2018) 19–22.

[13]

A. Ba ruj, Borzone. E. M., M. Ardi to, J. Ma rín, S. Rivas, F.
Rol dán, F.A. Sá nchez, G.O. Meyer, Neutron ra diography
a na lysis of a hydride-based hydrogen storage s ystem, Int.
J. Hydrogen Energy. (2015) 1–8.

5. Conclusions
Measurements of strain exerted on the walls of thick cylinder reactors were performed during hydriding/dehydriding 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 respond to a strict linear behavior with the hydrogen content.
Both the strain gradient towards the bottom vessel and the
appreciable decrease of the powder filling level reflect the
decrepitation process responsible of the significant stress
and the cracking of the vessel. Measured mechanical effects
combined with a strategi c 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 nuclear fusion reactors, such as the International Thermonuclear
Experimental Reactor (ITER) [1]. Since hydrogen has a very
sensitive (desired and unwanted) interaction with tungsten, 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 H 2
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 gradient approximation (GGA), using the Perdew-BurkeErnzerhof (PBE) functional [3], and ultrasoft pseudopotentials 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 integration 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 perpendicular directions (010), and (100), as shown in Figure
1. In each of these three crystallographic directions of
tungsten, we studied different sites and angular dependences. 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 atoms 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 according 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 differentes angles of orientation of the molecule, with respect to the W
surface.
Site
Top
Hollow
Bridge

0°
0.507
0.006
0.507

45°
0.508
0.008
0.514

90°
0.009
0.010
0.011

From Table 2, it can be seen that the hydrogen molecule 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 adsorption 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 analyzing 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 tungsten 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 hydrogen when they strike on a tungsten surface with different crystallographic direction are under way, as well as the
findings and challenges of developing a 3-D predictive capability 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 scenario, using fossil fuels to supply this demand is insufficient,
resulting in pollution, global warming, climate change, and
natural disasters. As consequence more restrict global emissions legislation are being implemented in several markets
requiring further complex developments on the engine design to attend the CO2 emissions limits.
Align with emissions legislations, several countries are
adopting incentive programs to drive further automotive industry development with focus on the Greenhouse gases
emissions reduction. With the same target Brazillian government 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 currently in Brazil around 61% of the passenger cars sold in the
market are equipped with flex fuel engine and even the gasoline 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 gasoline and ethanol under same engine operating conditions,
improving ethanol operation according to INOVAR AUTO.
It is known that about one-third of fuel energy introduced 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 hydrogen-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 vapor 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 flammability limits of a hydrogen-rich reformate) that leads to reduction of heat transfer energy loses and a possibility of increasing 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 customer perspective. Full load performance will be maintained.
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 reformer 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 observed:
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. Moreover, 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. Therefore, 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 maximized pressure ratio in turbocompressor operation area due
to the low atmospheric pressure at compressor inlet compared to intake manifold boost pressure levels. However, a
liquid condensation trap must be considered to avoid compressor wheel damage from droplets collision
th

2.5 5 phase
In this phase, it was performed the simulation of different 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 reformer 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 previously, in correct some path on the internal combustion engine and the tests of the ethanol reformer coupled on the
ICE.
During the tests in the engine test bench, could be observed 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 reformer evaluation focused on the determination of its characteristics. 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 reformer’s behavior:
1. Baseline BSFC measurement
2. Steady state reforming measurement → The measurement starts only when all parameters are already stabilized
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 recovery device has been proven as a potential technology to enhance global ICE efficiency, therefore reducing fuel consumption.
The efficiency of the reformers proposed were simulated 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 vaporizer
• C3 – Catalyst brick coupled with an electric heater
(e-cat)
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• C4 – Heat exchanger: Single stage reformer recovering the heat after the TWC catalyst to improve the reformer process
• C5 – 2 stages heat exchanger: 1st stage reforming
the ethanol using the heat in the EGR gas and 2nd stage recovering heat from the TWC catalyst installed in the opposite face of the reformer

Figure 3 - Results of simulation between different types of reformers. 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 powertrains. Several discussions are turning around electrification,
nevertheless, due to the high cost of production, complexity, 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 modification reflects in fuel saving for both fuels.
It was proved that using reformed-exhaust gas recirculation (R-EGR) and recovering the wasted heat available in
the exhaust gas to improve the reforming process, it is possible 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 exchanger.
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 reduction. If the conditions for wasted heat recovery are met,
the benefit of standard technologies combined with the ethanol heat exchanger reformer can reach a 9% to 12% range
of reduction in fuel consumption running on ethanol (FTP &
HW combined cycles).
Acronyms
Acronyms
EGR
FTP-75
ICE
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Exhaust Gas Recirculation
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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 possibility 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 photocathode capable of absorbing light and generating a potential difference capable of driving the reaction forward.
Studies of catalytic material properties are of vital importance for advancing in their development. One key parameter in the material characterization is to verify and
quantify the electrode product [6]. The use of photocurrents to directly quantify the studied reaction is complex as
a portion may dissipate as heat. Generally, gas chromatography or mass spectrometers are used for the determination 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 equipment. 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 possible through the measurement of currents in the order of
µA (figure 1.B). It was confirmed that what is being registered is hydrogen with the use of a differential electrochemical mass spectrometer (DEMS) accumulating the
produced gas for 1 h.

A

B

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 polypropylene 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).
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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 carried 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 measurements 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 measurements, the photo-anode (NT) was set as the working electrode 1 (W1), the ring electrode (Pt) as the working electrode 2 (W2), and the disc electrode (Pt) as the counter
electrode (CE) (Figure 1.B). Prior to the photo measurements, 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 quantification 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 electrochemical mass spectrometer (DEMS) was employed. A chronoamperometry 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.

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 different rotation speeds.

3.2 Collection efficiency (N) for the H2 evolution
The relationship of the ring and disk current was analyzed. 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 illumination 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 spectrometer corresponding to the m/z 2 (H 2).

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. 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 currents of the NT with the current of the ring Pt electrode
(figure 5).

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 H 2
produced at the CE.
5. Conclusions
A 4 electrodes photo-electrochemical cell was designed for the measurement of H2 in real-time. The generation of H2 in the CE was corroborated with a mass spectrometer. 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 corresponding to a current of 45 µA.
Acknowledgements

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 potential and RPM, for the rotating ring electrode were determined. 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 rotation 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
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(1)

Figure 3 shows the measurements carried out for
the N value calculation from the rotating ring-disc electrode 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 allowed us to follow, in real-time, the evolution of H2 (figure
5). The current value calculated for the CE (disk), where the
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1. Introduction
Currently, the electrochemical reduction of CO2 is considered as an attractive way for obtaining fuels. The method 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 challenge 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 electrocatalyst are typically composed of transition metals. For
example, Cu and Cu based compounds produces hydrocarbon 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 catalyst 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 mesoporous 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 quantification 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, respectively. The synthesis was carried out in basic medium, using hydrazine as reducing agent at 80ºC. Finally, the product was washed and dried for 24 hours at 80°C.
Co/Ni nanoparticles supported on mesoporous carbon
were obtained using NaBH 4 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 precursors at 0 °C. The reaction flask was stirred while the temperature was manteined at 0 °C for 6 hours. The powder
obtained was washed with milli-Q water in a Soxhlet apparatus 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
2
2
cm and a platinum ring of 0.110 cm . The reference electrode 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 catalyst, 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 products of CO2 reduction, ion chromatography (IC) was performed 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, quantification 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 relation 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 material.

4. Discussion
The TEM images inserted in figure 1 show the distribution and size of the nanoparticles. In the CM Co/Ni system
can be see a homogeneous distribution of the nanoparticles 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 density at potentials close to –0.9 V in both systems. Being 3.0
2
2
mA/cm for CM Co/Ni and 3.5 mA/cm for NTC Co/Ni when
the solution is saturated with CO2. This indicates the existence of additional reduction processes that do not occur in
a solution rich in N2, where the current density is 2.0
2
2
mA/cm in CM Co/Ni and 2.7 mA/cm in NTC Co/Ni. These
is indicative on the ability of the catalysts to electrochemically 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 appearance 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 reduction of CO2, we proceed to quantify and determine the
faradaic conversion efficiency (f) by applying equation 1
[7].
| |

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

Where iR is the ring current, iD the disk current and N is
the collection efficiency of the rotating electrode. N depends 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

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.

Electrochemical studies of catalysts based on Co/Ni nanoparticles supported on CM and NTC show catalytic activity towards the CO2 reduction reaction. CO and HCOOH
were generated in considerable amounts. The quantification of the soluble products by IC and the RRDE experiments 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 climate change and contribute to economic growth and technological progress. H2 has emerged as a potential energy vector
for a clean energy transition [1]. However, an inexpensive infrastructure 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]. Methanol 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 products through an aqueous phase. Therefore, it becomes necessary to evaluate the effects of operating conditions on
methanol APR for optimal performance.
The purpose of this study is to explore methanol APR kinetic 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 operating temperatures, operating pressures, residence times,
and feedstock concentrations in methanol APR.

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 velocity (WHSV) between 0.1 h-1 and 21.2 h-1. All these experiments 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 reforming 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 methanol feed concentration of 5 wt. %; and 6.0 Mpa for methanol feed concentration of 55 wt. %. These conditions warranty liquid phase reaction for methanol and water.
(b)

(a)

2. Experimental
An in-house designed set-up was used to evaluate the performance of APR catalysts under different operating conditions. 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 temperaturecontrolled oven. The catalyst was reduced in-situ at 300 °C
for 2 h in a flowing H2/N2 (1:1) atmosphere. Afterward, the

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
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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 catalyst decreases, which adversely affects the H2 production
rate [7]. For lower operating temperatures, the reforming
reactions are inhibited and catalyst deactivation due to carbon deposition becomes possible [8].
3.2 Effect of pressure
(a)

(b)

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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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 concentration, 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 concentration on the catalyst surface) [6,9]. The catalyst is more sensitive to changes in the pressure near the bubble point pressure of the aqueous feed, as the H2 production stays nearly
constant beyond 4.0 MPa, even for high WHSV. This indicates that APR may suffer from mass transfer limitations as
operating pressure is increased. Additionally, N2 has a critical 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 reason for this could be decreased mass transfer limitation, due
to the formation of smaller gas bubbles with increasing pressure. 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 production rate.
4. Conclusions
Kinetic characterizations were performed for methanol
APR over Pt/Al2O3 catalyst using two different feedstock
concentrations at various temperatures, pressures, and residence times. H2 production increased with the temperature
and decreased with the operating pressure for methanol
feed concentration of 5 wt. %. However, the effects of pressures were less pronounced for feed concentration of
55 wt. %.
Using various dopant and novel supports for catalyst development can yield a higher H2 production rate since the
current APR catalysts suffer from poor performance. Mass
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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-1,3,5tricarboxylic 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-1,3dicarboxylic 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, Ndimethylformamide (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
HKUST-1
SSC-1-91
SSC-1-87
SSC-1-82
SSC-1-67

XBTC
1.00
0.91
0.87
0.82
0.67

VµP
0.77
0.74
0.71
0.65
0.62

VTP
0.77
0.74
0.74
0.69
0.68

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-191 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-187/82/67 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

Fig. 2. Argon adsorption (solid marker) - desorption (empty marker)
isotherms at 87 K for HKUST-1 and SSC-1 series.

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 interesting due to their similarities with the platinum electronic
structure close to the Fermi level. Then, similar catalytic performances are expected from these compounds towards
HER [1]. However, some issues are still needed to be overcome to improve the activity of TMCs. This imply understanding 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 conductivity and hydrophobic character. The latter is important
for the integrity of an IL-based catalyst to face an electrochemical reaction in aqueous solution [2].
An important characteristic of HER is related to the kinetics 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 involves the electroreduction of water producing an adsorbed
hydrogen atom and a hydroxide anion. In the Heyrovsky
step (2), another electrochemical reduction of a water molecule occurs near the previous adsorbed hydrogen to generate 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, respectively.
The target of the current work is to synthesize new W2CILs 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 electrochemical 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 modification 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 tubular furnace. The resulting material is tagged as WC1. To obtain the composite material an IL (octylpyridinium hexafluorophosphate; OPy) was used [2]. The obtention of the
composite material (WC1-OPy) has been achieved by an ultrasound-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 membrane (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 referred 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 potential of 0.1 V and the potential was sweep towards cathodic
potential at a scan rate of 1 mV·s-1 (LSV) while the spectrometer was set to detect the m/z = 2 (MSLSV).

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/Heyrovski steps for the WC1 to a pure Heyrovski step for the
composite material.

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 crystallite size of 19 nm was obtained from Scherrer’s approximation. 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 signals 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 accurate 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 values of 67 mV·dec-1 has been determined for WC1 changing
to 38 mV·dec-1 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 materials 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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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 atmosphere. 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 material. 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
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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 consequences. The burst of the human population in the second
half of the XX century was accompanied by a growth in human activities and an increase in the demands of food, energy, 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 presentday economy has reached a limit as to the amount of harm
that the Earth can absorbe and neutralize. This linear economy in which everything is exploited, produced, used, and
discarded is exerting an irreversible damage to the ecosystem, 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 reused 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 century. Efforts are being made worldwide to lower its extensive use as the main source of energy and progressively replace them with renewable energy sources. Solar and wind
energy have seen, in the past 10 years, a very important expansion, with many parks and farms built in most coutries5.
In this sense, hydrogen (H2) is seen as the fuel of the future, 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 communities 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 lignocellulosic litter from crops or animal residues from livestock,
among others. Hydrogen producing bacteria can be collected 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 required 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 belongs to the Argentine Navy, the ARA Almirante Irízar. It was
stored at room temperature until needed.
Firstly, a modified plate count agar medium8 was prepared (PCA), replacing casein with meat peptone, and without 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 micronutrients, 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).

solution was added to each reactor according to Table 1 defined final concentration. The same was done for ammonium with a concentrated solution of ammonium bicarbonate. Solid sucrose was added directly in the reactor according 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”. Impurities were discarded by an initial centrifuge spin, performed after temperature selection, this supernatant was
cultured in a modified liquid anaerobic PCA medium, and after 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 absorbance fits the readable scale. When the amount of biomass 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 distilled 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 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 monopotassium 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

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 interaction of micronutrients with sucrose (Table 2).
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The complete regression equation to calculate the volume 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 H 2 produced, can
be seen in Figure 1.

sucrose in the production medium, and the amount of biomass necessary to seed a reactor.
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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 optimal 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 fermentation tank is complex and comprises many variables. It is desirable 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 process: micronutrients, ammonium ion and sucrose concentration, and also the amount of initial bacterial biomass necessary to obtain the most efficient growth. With the design
of experiments protocol presented here, it is possible to obtain 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.

[4] S. Jørgensen, L.J.T. Pedersen, The Circular Rather than the
Linear Economy. RESTART Sustainable Business Model
Innovation. Palgrave Studies in Sustainable Business In
Association with Future Earth. Palgrave Macmillan, Cham.
(2018).
[5] H. Ritchie, How have the world’s energy sources changed over
the last two centuries?, Our World in Data, (2021).
[6] US Department of Energy, Hydrogen Strategy: Enabling A LowCarbon Economy, (2020).
[7] V.L. Martinez, R. Garcia, G. Curutchet, A. Sanguinetti, H. Fasoli,
J.I. Franco, Demonstration of the possibility to power a fuel
cell with hydrogen derived from the fermentation of sugar,
International Journal of Hydrogen Energy, 37(2012) 1492014925.
[8] Cambridge: Royal Society of Chemistry, Chapter P2. Plate
Count Agar (PCA), Handbook of Culture Media for Food and
Water Microbiology, (2011) 870–872, retrieved 2021-12-10.
[9] R.E. García, V.L. Martínez, J.I. Franco, G. Curutchet, Selection
of natural bacterial communities for the biological production
of hydrogen, International Journal of Hydrogen Energy,
Volume 37, 13 (2012) 10095-10100.

5. Conclusions
Following a DOE protocol, an equation for biological hydrogen production using an anaerobic local bacterial consortium was determined. This model predicts hydrogen production with an 84% fit. It was used to estimate the optimal
concentration of micronutrients, ammonium ion and
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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 modern 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 production 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 photoelectrolysis. Electrolysis, however, is a very efficient technique for splitting the water molecule as a well-established
and well-known method. The main types of water electrolyzers 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 focused on increasing the operating current density as well as
improving efficiency of electrolyzers. Alkaline water electrolysis remains a promising option for commercial applications and further development. Research is currently being
carried out on electrodes, electrolytes, ionic transport, formation and detachment of bubbles.
Since it is in the interest of industry to lower the production 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 evolution reaction (HER) on stainless steels 304, 316 and 430 looking 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 hydrogen production, Nassar et al., evaluated electrodes of
stainless steels 316, 409, 410 and 430 at working temperatures 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 corrosion resistance, throughout the range of tested

temperatures. The increase in temperature favors the hydrogen 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 connected 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 conditions 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 different manufacturing methods and the behavior of both electrodes at three different distances is analyzed with the ultimate goal of being able to compare them and determine
which one has the best performance for hydrogen production.
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-millimeter cutout resting on a support that houses two 4-mm-diameter 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 electrodes was made of a metal sheet of the same material but
with a thickness equal to 2 [mm]. For the purpose of the gutters 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].

Experiments were carried out using an electrolytic solution of potassium hydroxide (KOH) 30% w/w (Biopack, ProAnalysis A.C.S., 85.0%), prepared with distilled water. Once
the electrolytic solution was incorporated to the cubic container, one drop of a colloidal dispersion of Triton X-100 (Biopack) 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 potential 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 section. Working conditions were atmospheric pressure and initial temperature of the electrolytic solution at 20 °C.
3. Results
3.1 Efect of the distance between electrodes

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 dimensions of 106 x 110 x 2 [mm], which show an increase in the
exposed area of the order of 21% compared to flat electrodes.
2.2 Performance evaluation at different distances between
electrodes
The analysis of electrodes for alkaline electrolysis of water 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 electrolytic 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 supported from the guide brackets. The guide brackets had the
specific function of holding the electrodes in a vertical position, 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 electrodes. The material used as separator is Zirfon Perl UTP
500, which is composed of an open mesh polyphenylene sulfide 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.

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 (considering 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 polarization curves obtained for each of them, including the standard error.
Analyzing the results obtained from electrodes B, it is
also observed that by reducing the distance between electrodes (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.

Fig. 5. Polarization curves of electrode A at 7.00 [mm] and electrode B at 6.97 [mm].

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 manufacture of this type of electrodes will depend on the size of
the piece and the matrix. The first method is more traditional and requires training and care on the part of the operator.
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 resistance 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 performance of the system.
4.3 Comparing performance between of electrodes A and B
In order to carry out this analysis, the evaluated distances 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 distances 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 average 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 electrodes 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. 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 corrugated 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 studied no effects caused by the formation of bubbles were evidenced, an analysis should be carried out at smaller distances. 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 photoelectrochemical 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 consequent tunability of the electronic and optical properties of
the new materials. However, the development and application 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, appropriate work function, and must also be cost competitive
with the established technology. An alternative technique to
produce promising conducting polymer films is the electropolymerization, with the adoption of electroactive monomers. The polymerization through electrochemical deposition 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 simple pattern of the film [1]. On the other hand, tetrapyrrolicbased molecules and polymers are very important compounds 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 devices, such as sensors, medical imaging, antibacterial systems, etc.[2] Corroles are interesting chromophores belonging to a class of tetrapyrrolic macrocycles with three mesocarbons and one direct pyrrole–pyrrole bond.
In this work we show the polymers electrosynthesis,
spectroelectrochemical and photoelectrochemical characterization of novel substituted TPA- free-base corrol (CorTPA, Fig. 1) conducting polymer films. When the polymer of
Cor-TPA was used in photoelectrochemical cells, the generated 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 array spectrophotometer in 1 cm cuvettes at room temperature. 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 electrode. The solutions used for the electrochemical measurements 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 polymercoated 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. Photoelectrochemical experiments were conducted in aqueous
phosphate buffer solutions (0.1 M) with and with- out methyl 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 examined by cyclic voltammetry (CV) using a Pt electrode in DCE
with TBAPF6 as support electrolyte, and a silver wire quasireference electrode. Free base corrol shows two oxidation
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processes. In the forward scan a redox couple at 0.85V is detected and the complementary reduction peak is not completely 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 electroactive 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 reduction 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 Qbands, characteristic of a free-base corrol[35]. Also, the corrol 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 electropolymerization 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 observedfor 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 observed upon redox switching between oxidized and reduced forms
of the films produced different colorations. During these experiments 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 coloration 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-deposited films have potential for electrochromic devices generation.

Photoelectrochemical cells in a three electrode configuration, 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 electron 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-induced charge separated states were able to electro- chemically reduce electron acceptors in aqueous media. According
to the observed results and taking into account the energetics of the system and those related to MV + 2 and H + electron 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 transferred 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 spectroelectrochemistry. Switching between the polymer neutral and
oxidized states produced color changes which can be observed by the naked eye. Corrol-film showed to be efficient
in the generation of photoelectric effects. Photocurrent action spectra matched the absorption spectra of the polymer,
indicating that they were responsible for the observed effect. The effect of the applied potential on the photocurrents allowed characterizing the films as a p-type semiconductor, and the mechanism of photocurrent generation was
explained. moieties. A possible oxidative polymerization
mechanism involving dimerization of TPA units was proposed.
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1. Introduction
Industrially, hydrogen is produced by hydrocarbon reforming. 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 produce 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 (300400°C and atmospheric pressure), methane can also be produced by methanation of CO and/or CO2; which is an undesired reaction owing to consume of hydrogen. Ni-based catalysts present a high selectivity to methane at temperatures
lower than 400°C, while Co catalysts show the same problem, but with a minor effect [2].
To enhance the catalytic performance of the Co-CeO2
materials in the water gas shift reaction (WGSR), some studies have suggested incorporating different metals in the ceria support such as Zr, La, or Mn which can increase the oxygen vacancies of the CeO2 framework, necessary in the
WGSR mechanism. The modification of the framework is related 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 reactions 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.

Sn varied between 2.5-30%mol. Samples were called
CeSn(X%), where X represents the tin loading. Co was incorporated 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), Xray 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 conditions 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:
ACO,in − ACO,out
XCO = (
) 𝑥100
ACO,in
FH 2
𝑆𝐻2 = (
) 𝑥100
FH2 + FCH4

(1)
(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.

Experimental
1.1 Synthesis of materials

2. Results

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 precursor 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

Fig 1 shows the CO conversion for samples with different loads of Sn. The reference material (15Co/CeO2) presented 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%.

2.1 Catalytic activity
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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 conversion 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 catalyst 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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Catalytic test for 10Co/CeSn(5%) and 15Co/CeSn(5%).
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 present 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. 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 supported 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.

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

2theta (°)
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 increasing the tin charge.
Fig 5. shows the H2-TPR results. Three peaks are observed in the thermograms, named α, β and γ, which correspond 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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Characterization of the samples suggests that Sn was dissolved 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.

H2 consumption (a.u.)

301.6
397.2

259.3

15Co/CeSn(30%)
225.4

372.1

272.9

15Co/CeSn(5%)

The lower activity of 15Co/CeSn(X%) catalysts could be
related to the lower content of Co0 species in reaction conditions. However, when the methanation reaction could be
more favourable, the Sn doped catalysts were more stable
and selective to hydrogen.

221.1
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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 spectroscopy (Fig 6). Calcined samples had bands corresponding to
Co3O4 and CeO2 phases. The used 15Co/CeO2 sample presented the bands D and G, associated with the disordered
and graphitic carbon species, respectively.
15Co/CeSn(5%)

Eg

Intensity (a.u.)

Used

F2g

A1g

Calcined
15Co/CeO2

D

G

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 material 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 reaction, 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 350400°C.
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1. Introduction

2. Metod

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.

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. 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. 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. 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
Fig. 3. LCOH breakdown for H2 production from renewables.
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cost of electricity is 208 MUSD for scenario (i) and 231
MUSD for scenario (ii).

[3] A. Sigal, Abriendo los cuellos de botella de la economía del
hidrógeno : Estudios de Almacenamiento y Factibilidad,
Universidad Nacional de Córdoba, (2015).
[4] R. Schröer, J. Bard, M. Plaisir, Estudio sobre la producción de
hidrógeno verde en la provincia de Rio Negro, Instituto
Fraunhofer de economía de la energía y tecnología de
sistemas energéticos, (2021).
[5] J. R. Morante, T. Andreu, G. García, J. Guilera, A. Tarancón, M.
Torrell, Hidrógeno Vector energético de una economía
descarbonizada, Fundación Naturgy, (2020).
[6] C. Yang, J. Ogden, Determining the lowest-cost hydrogen
delivery mode, International Journal of Hydrogen Energy, 32
(2017) 268–286.

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.

[7] M. E. Demir,I. Dincer, Cost assessment and evaluation of
various hydrogen delivery scenarios, International Journal of
Hydrogen Energy, 43 (2018) 10420–10430.
[8] G. Correa, F. Volpe, P. Marocco, P. Muñoz, T. Falagüerra, M.
Santarelli, “Evaluation of levelized cost of hydrogen produced
by wind electrolysis: Argentine and Italian production
scenarios,” Journal of Energy Storage, 52 (2022.
[9] M. Reuß, T. Grube, M. Robinius, and D. Stolten, A hydrogen
supply chain with spatial resolution: Comparative analysis of
infrastructure technologies in Germany, Applied Energy, 247
(2019) 438–453.
[10] A. Sigal, M. Cioccale, C. R. Rodríguez, E. P. M. Leiva, Study of
the natural resource and economic feasibility of the
production and delivery of wind hydrogen in the province of
Córdoba, Argentina, International Journal of Hydrogen
Energy, 40 (2015) 4413–4425.

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.
References
[1] S. Gil, R. Prieto, Eficiencia energética: ¿un camino sustentable
hacia el autoabastecimiento?, Petrotecnia (2012) 90-92
[2] Ministerio de Ambiente y Desarrollo Sustentable, Inventario
de Gases de Efecto. Invernadero de Argentina, (2017).
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1. Introduction
The implementation of renewable energy sources constitutes a way to decrease hazardous chemical emissions
such as CO2, NO and SOx, generated from fossil fuels combustion [1]. In this regard, water electrolysis is an alternative
to produce hydrogen and oxygen as fuel and comburent, respectively, to feed proton exchange membrane fuel cells
(PEMFCs), thus providing a possibility to replace fossil fuelbased energy, bearing in mind that no polluntants are involved in this process [2].
Traditionally, platinum group metals (PGM)-based materials are employed as electrodes in both water electrolysers 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 catalysts with low/zero content of PGMs [3]. Among these materials, doped/modified-reduced graphene oxides, transition 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 replace 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 corresponding MXenes [7].
In this work, Ti3C2, Mo2TiC2 and V4C3 MXenes are synthesised from their commercial MAX phases and physically/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 temperature. 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 polarisation curves and rotating disk electrode (RDE), respectively, in 0.5 M H2SO4 as supporting electrolyte. A three-electrodes 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 electrode.
3. Results
3.1 Preparation of MXenes and physicochemical characterisation
First, Mo2TiC2 was prepared using the LiF/HCl mixture procedure. 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 incomplete 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. According to XRD patterns (Figure 1), the synthesis was optimal 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 potentials at 10 mA cm-2 than those developed by their corresponding MAX phases (full lines), indicating that the 2D carbides are more active toward HER than the precursors. In

193

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

particular, Mo2TiC2 presents a high activity. Surprisingly, similar results were obtained for this material for both preparation routes, that is, in the presence of residual MAX phase.

Intensity / a.u.

Mo2TiC2-HF

Mo2TiC2-LiF/HCl

5. Conclusions
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Fig. 1. XRD patterns of the synthesised 2D MXenes.

0

Current density / mA cm-2

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 precursors, that is, a complete etching is not needed to generate 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 notorious improvement of the response.

2D MXenes have been obtained from the chemical etching of MAX phases containing Mo, Ti and V as transition metals. 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 onset and 10 mA cm-2-potentials than those of the MAX
phases. Results for the ORR are not relevant, but the preparation of hybrid materials with MOFs appears as a possibility
to be explored.
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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 materials 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 structures, 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 corresponding to the precursors are still detected in the XRD patterns.
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
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1. Introduction

2. Experimental

The successful implementation of hydrogen (H2) as an
alternative energy source to replace fossil fuels will depend
on developing highly efficient H2 storage technologies. Porous 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 storage 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 pyrolysis of polymeric electrospun mats through stabilization and
carbonization treatments. The most widely used polymer to
generate carbon nanofibers through pyrolysis is polyacrylonitrile (PAN) because its chemical structure leads to high carbon yields. However, this polymer is electrospun from solutions in harmful organic solvents, such as DMF. Other possibility 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 treatment to pristine PVA fibers was demonstrated, but the abrupt 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 sulfuric acid exposure, from PVA electrospun mats.
Herein, we develop a new carbon nanostructure with
high H2 storage capacity by the pyrolysis of green electrospun mats obtained from biodegradable PVA aqueous solutions. Before pyrolysis the mats are exposed to a heat stabilization treatment. The obtained carbon material is self-supporting, can be obtained in large scale (at least several cm 2)
and possess physical integrity, avoiding the problems associated with carbon powders. Thanks to electrospinning technique versatility this work opens a wide range of possibilities
for the development of new green porous carbon
nanostructures with enhanced H2 storage capacity.

2.1 Carbon nanofibers production
PVA carbon nanofibrous mats were prepared by electrospinning 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 pyrolyzed 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 pristine and heat treated PVA mats. The multi-stage temperature program leads to an increase in thermal stability and in
the coal char obtained at 800 °C (33 ± 2) % for the PVAmatHT. Accordingly to these results, the pyrolysis of PVAmat-HT
showed a carbon yields of (27 ± 3) %.
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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 adsorption 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 Carraro 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 adsorption sites are not saturated.
Fig. 1. FTIR spectra (A), TGA (B), Raman spectra (C), DRX diffractogram (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 isotherms 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 isotherm 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

5. Conclusions
A hydrogen storage carbon material was successfully developed 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 pyrolysis 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 materials, with the great advantage of being 2D self-supporting
structure obtained from green materials through green processes.
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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 conversion 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 catalyst layers have been tested to determine the better electrode 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 temperature. Some studies have shown that the Electrochemical 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 experimentally 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 micrometers, a Pt-based catalyst layer on carbon support with a loading of 0.5 mg /cm and a woven carbon GDL. A Fuel Test
System 850e multi-range is used to control the operating parameters 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 contrast, 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 voltammogram 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 parameters involved to evaluate ECSA as a function of the temperature. The mass flow of inlet gases was fixed at 0.1 L/min to
quantify the hydrogen adsorption accurately. Gases employed were set to an inlet pressure of 55 psi. The temperature 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 voltammogram 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 reproducible data. The cycle voltammogram curves were obtained using a fixed scan rate of 20 mV/s. The selected parameters
were established based on the recommendation of the literature [10][11].
2.3 Electrochemical Surface Area (ECSA)
Five cyclic voltammetry tests were carried out with different 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 temperature over the electrochemical activity on catalyst particles 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
and finally, the charge density of hydrogen
g /cm
).
adsorption "q", which has units of C/(cm
𝐄𝐂𝐒𝐀 =

𝟏𝟎 𝟏 𝐪
𝚪𝐦

(1)

Hydrogen charge density was obtained from the hydrogen adsorption region of the cyclic voltammogram by the integration 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.

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 suggests 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
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 subtracted 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 recording the current density for different operating temperatures, 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 diagram considerably shrinks as the cell temperature is increased. The cyclic voltammetry diagrams reported in [8]

After data processing, the ECSA was obtained as a function 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 voltammogram plots are narrower. Subsequently, the loss of ECSA is
associated with the issues regarding mechanisms of degradation 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 neglected because the potentials in the experiment are below
0.8 V. The dissolution of small platinum particles and the redeposition 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 experiment. 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 significantly increased by the temperature rise [15].
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4 G. Wang, Y. Yu, H. Liu, C. Gong, S. Wen, X. Wang, Z. Tu, Progress on design and development of polymer electrolyte
membrane fuel cell systems for vehicle applications: A review, Fuel Processing Technology 179 (2018): 203-228.
5 L. Du, Y. Shao, J. Sun, G. Yin, J. Liu, Y. Wang, Advanced catalyst
supports for PEM fuel cell cathodes, Nano Energy 29 (2016):
314-322.
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 humidity 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 voltammogram by reducing the hydrogen adsorption area of the diagram 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 reaction kinetics and Ostwald ripening. Subsequently, it was
found that the linear function is an adequate model to evaluate the ECSA tendency regarding temperature; nevertheless, the correlation proposed in this work is limited to the
parameters of the experiment conducted and the components 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 nonpolluting sources, such as renewable energy sources, in order to make the transition to a sustainable world and ensure
the survival of future generations [1]. Fuel cells are proposed 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 limitations of these systems. Therefore, to achieve large-scale
goals, selective, efficient, highly stable, and low-cost electrocatalysts are required for this reaction [2].
Noble metal-free materials such as perovskite metal oxides 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, combustion, co-precipitation, sol-gel, polymer-assisted, hydrothermal, 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 materials 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 activity 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 (cetyltrimethylammonium bromide) is added in a 1:50 ratio with respect 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 autoclave, which is heated at 180 °C for 48h in an oven. Afterwards, the autoclave is cooled in an ice bath. Then, the material 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 conditions 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 diffractometer (Billerica, USA) with a Goebel mirror (non-planar samples) 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, controlled by a thermostatic bath, in a three-electrode cell in
0.1 M KOH solution using an Autolab PGSTAT302 potentiostat (Metrohm, The Netherlands). A rotating ring-disk electrode (RRDE) from Pine Research Instruments (Durham, NC,
USA) equipped with a glassy carbon (GC) disk (5 mm diameter) 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 LaMnO 3
appear. These peaks become more defined when
calcination is performed at 600 °C and are maintained until
calcination at 900 °C.
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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.
a (Å)

V (Å3)

Dc (nm)

3.83

56.2

41

3.83
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3.83
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Fig. 2. Cyclic voltammograms at 50 mV/s performed in an inert atmosphere of N2 and 0.1M KOH of perovskites-carbon samples.
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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 temperature 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 increases.

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 potential (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 samples 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 perovskite-type structure, so the calcination at 600 °C will form a
purer perovskite structure. Regarding the rest of the perovskite 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 considering the catalytic activity and the lower calcination temperature used.
An additional factor to examine is the number of electrons 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 (600900 °C) display a high selectivity towards hydroxide formation.
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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 treatment 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 important information about the use of low calcination temperatures, which will reduce the cost of synthesis of perovskite-type materials.
5. Conclusions
In this work, active materials for ORR have been obtained 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
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1. Introduction
The interest for the electrodes based on conductive boron-doped diamond powder (BDDP) is increasing in recent
years due to their excellent physical, chemical and electrochemical stability, the wide potential window in both aqueous and non-aqueous electrolytes, the relatively large specific 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 vapor deposition (CVD) procedure, in which the particle size
can be carefully controlled depending on the DP used. In addition, 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 printing of painting. Therefore, these materials have been recently 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 electrochemical reactions, the oxygen reduction reaction (ORR) is a
well-known cathodic reaction that takes place in many electrochemical 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 stability 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 important drawbacks such as the shortage, poisoning deactivation, or dissolution/aggregation under acidic and oxidizing
conditions [6]. Moreover, commercial catalysts for the ORR
based on platinum nanoparticles supported on carbon materials, 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 alternative material for this application due to their great resistance to corrosion when subjected to highly positive potentials, which are usually generated during start-stop operations 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 fundamental electrochemical studies in order to deeply understand the role of specific catalysts on different reactions,
such as the ORR, as well as to know the influence of the surface chemistry of BDDP samples in the interaction of catalysts and their electrocatalytic performance. Therefore, we
present the study of three BDDP supports with different particle 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 deposition (MPCVD) [1]. Afterwards, two BDDP supports were subjected to oxidizing conditions (425ºC for 5 hours) to remove
sp2 carbon impurities and to obtain an oxidized surface (OBDDP), 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-BDDP150 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 carbon nitride (C3N4) or phthalocyanines as anchor points for
transition metals. Specifically, iron (Fe) metal has been studied 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 synthesis, using dicyandiamide as the C3N4 precursor. The samples 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 appropriate 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 evaporated by infrared light at 250 W for about 3 hours, resulting
in FePc/H-BDDP-150, FePc/O-BDDP-150 and FePc/O-BDDP650 samples.

contribution at around 1600 cm-1 is weaker than for the
other materials.

2.3 Physico-chemical, morphological and electrochemical
characterization
Different characterization techniques have been utilized
to study physico-chemical, morphological and electrochemical properties of synthesized materials, including Temperature Programmed Desorption (TPD) experiments, X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, transmission electron microscopy (TEM), as well as cyclic voltammetry (CV). The electrocatalytic performance of the materials towards the ORR was studied in 0.1 M KOH O2-saturated
electrolyte by linear sweep voltammetry (LSV) using a rotating ring-disk electrode (RRDE). The amount of catalyst loading 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. 2. Raman spectra of H-BDDP-150, O-BDDP-150 and O-BDDP650 substrates. Inset: Enlargement of the region of the main
bands.

Electrochemical behaviour of BDDP samples was analyzed 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-BDDP150 sample the double layer current is much lower in agreement with the lower oxygen content and poorer wettability.

Fig. 1. TPD profiles of CO and CO2 evolution of H-BDDP-150, OBDDP-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 surface chemistry of all the substrates is significatively different, 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 OBDDP-650, respectively, while H-BDDP-150 presents lower
amounts of OFGs, about 300 μmol g-1.
The morphological and structural properties were studied 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 differences and a clear contribution at 1317 cm-1 appears that
could be related to diamond Csp3 contribution, while the

Fig. 3. Cyclic voltammograms of H-BDDP-150, O-BDDP-150 and OBDDP-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 performance 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 similar onset potential (EONSET), the former with better limiting
current density, while O-BDDP-650 presents worse EONSET results. Regarding the selectivity towards the ORR, both OBDDP 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 transfer during ORR. Nonetheless, this effect could be interesting
for other applications, such as the production of H2O2.
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presence in BDDP materials, which causes the decomposition of less stable OFGs.

4. Conclusions
BDDP can be a promising alternative as support material
for ORR electrocatalysis due to its great resistance to corrosion. The catalysts prepared in this work are based on nonprecious metals and with a much lower nominal metal loading than commercial platinum-based catalysts. A fundamental understanding of the role of surface chemistry on BDDP
substrates can be obtained from the study of different Fecatalysts. Hydrogen termination in H-BDDP-150 seems to favor the electron transfer for efficient ORR in alkaline medium. Interestingly, the environment of the iron metal site
is decisive on the interaction with the support and the electrocatalytic performance towards the ORR.
Acknowledgements

Fig. 4. A) ORR polarization curves, B) number of electrons transferred (n) per oxygen molecule derived from the RRDE tests
during the ORR for Pt/C, H-BDDP-150, O-BDDP-150, OBDDP-650, FePc/H-BDDP-150, FePc/O-BDDP-150 and
FePc/O-BDDP-650 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.

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 example of the effect of surface chemistry in the catalytic performance 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 towards the most energy efficient four-electron process for
the ORR in alkaline medium, compared to the BDDP substrates. 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 pathway, 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
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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 performance 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 timevarying nature. For this reason, there is a necessity of exploiting real-time parameter estimation algorithms to compute 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 generate a consistent estimation by minimizing the observed error 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 condition has to be satisfied persistently, that is, for all time.
Therefore, if at any moment of the system operation the excitation condition is not satisfied, the parameter estimation
is immediately degraded and the algorithm provides unreliable 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 realtime 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-system 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 technique [7] to improve the transient performance of the algorithm.

2. Fuel Cell Model and Problem Formulation
Electrochemical models are used to predict PEMFC voltage 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 = 𝑅𝑜ℎ𝑚 𝐼
where 𝐼 is the current and 𝑅𝑜ℎ𝑚 is the ohmic resistance.
Activation losses can be computed as a function of the current density
𝑅𝑇
𝐼
𝑉𝑎𝑐𝑡,𝑐 =
ln (
)
2𝛼𝑐 𝐹
𝐴𝑖0,𝑐
where 𝛼𝑐 is the charge transfer coefficient, 𝐹 is the Faraday’s constant, 𝑅 is the ideal gas constant, 𝑇 is the temperature 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
𝐸𝑐𝑎

𝑇

𝑖0,𝑐 = 𝛾𝑐 √𝑎𝑂2 𝑒 − 𝑅𝑇 (1−293)
where 𝛾𝑐 is the exchange current density at reference conditions, 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 depending on the humidity of the membrane. Second, the factor
𝛾𝑐 √𝑎𝑂2 depends on the concentration of oxygen in the catalyst 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 media. For this reason, there is a necessity of estimating these
factors through a real-time algorithm. Notice that the electrochemical model can be re-written as a simple linear regression of the form
𝑌 = 𝛷𝑇 𝜃
where 𝑌 and 𝛷 are signals that can be computed as
𝑌 = 𝑉 − 𝐸𝑟 −
𝛷 𝑇 = [−𝐼

𝑅𝑇
2𝛼𝑐 𝐹

𝑅𝑇
2𝛼𝑐 𝐹

ln (

𝐼
𝐸𝑐𝑎

𝑇

−
(1−293)
𝐴𝑒 𝑅𝑇

),

],

and 𝜃 are the unkown parameters to be estimated
𝜃 𝑇 = [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 parameters, 𝜃̂ . 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 problem. 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
𝑡+𝑘

∫

𝛷𝛷 𝑇 𝑑𝜏 > 0.

𝑡

It should be remarked that for the considered PEMFC problem, 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 deteriorates the performance. Next section proposes an algorithm 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 presented in [6]. The algorithm starts with a set of “memory dynamics” that stores the excitation information of the PEMFC
measured signals. Precisely, the dynamics take the following
form:
𝜃̂𝑔̇ = Φ(𝑌 − Φ𝑇 𝜃̂𝑔 ), 𝜃̂𝑔 (0) = [0 0]𝑇
Ω̇ = −ΦΦ𝑇 Ω,
Ω(0) = 𝐼2
where 𝐼2 is the identity matrix of size 2 and 𝜃̂𝑔 , Ω are auxiliary 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 signals are generated
Δ = det{𝐼2 − Ω}
𝑦𝑅𝑜ℎ𝑚
[ 𝑦 ] = 𝑎𝑑𝑗{𝐼2 − Ω}𝜃̂𝑔 .
𝑂2
where det{·} is the determinant and 𝑎𝑑𝑗{·} is the adjugate.
Finally, the signals Δ and 𝑦𝑅𝑜ℎ𝑚 are used to estimate the
ohmic resistance as:
𝑅̂̇𝑜ℎ𝑚 = Δ(𝑦𝑅𝑜ℎ𝑚 − Δ 𝑅̂𝑜ℎ𝑚 ),
and Δ and 𝑦𝑂2 are used to estimate the oxygen activity factor as
̇
̂
ln(𝛾̂
𝑐 √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 validated through a numerical simulation. In the simulation, the
fuel cell model presented in [9] is excited by a particular current profile in order to generate the signals 𝑌 and 𝛷. Precisely, 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 setpoint 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 excitation condition is temporarily satisfied (during the setpoint 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 descent estimation oscillates at the time that the system is excited, 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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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 development 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 components in an alkaline environment and the possibility of using
non-noble catalysts in the cathode, when compared to proton-exchange membrane fuel cells (PEMFCs). However, the
activity and performance of the anodic catalyst must be enhanced, 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 catalyst supports. In this respect, we have paid particular attention 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 alkaline medium. A recent investigation showed that the presence of spinel oxide NiCo2O4 nanoparticles onto a three-dimensional hierarchically porous graphene-like carbon
boosts the catalytic activity of platinum toward glycerol
electrooxidation [1]. Garcia et al. determined that MnO x 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 CC bonds of ethanol and glycerol and also improves the antiCO poisoning ability of the catalytic sites [3]. Velázquez-Hernández et al. found that the presence of Ni(OH)2 in a platinum catalyst favors the electrooxidation of glycerol to glycolate and mesoxalate via the bifunctional mechanism [4].

Herein, we synthesized Pt and Pt0.7Cu0.3 catalysts supported on hybrid CuO/C materials with different CuO contents. 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 stability of Pt and PtCu particles in the electrooxidation of glycerol 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 particles. The oxidized carbonaceous material (O-Vulcan XC-72R)
exhibited a specific BET surface area of 92 m2 g-1, an electrical conductivity of 0.343 S cm-1, and a relative atomic content 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 equipment. The relative composition of the samples was also estimated with an EDX probe attached to a SEM microscope.
The carbon-supported catalysts were analyzed with a HRTEM 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 composition were determined with an XPS PHI 548 spectrometer.
The electrochemical measurements were carried out with a
Princeton Applied Research VersaSTAT 3 potentiostat/galvanostat. Conventional three-electrodes glass cells were
used for the experiments. The reference electrode was a
saturated calomel electrode (SCE, +0.241 vs. NHE). The auxiliary electrode was a platinum wire. The working electrodes
were prepared as follows: 10 μL of a catalyst ink was pipetted onto the surface of a glassy carbon rod (GC, 0.07 cm2)
and dried at room temperature for 4 hours. The electrocatalytic performance of the as-prepared catalysts was evaluated by cyclic voltammetry (CV) and chronoamperometry
(CA) in N2-saturated 0.1 M NaOH + 0.1 M HOCH2-CHOHCH2OH 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. Chronoamperometry 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 electrocatalysts 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 displayed 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 nanoparticles with sizes in the range of 4-6 nm.
Figure 1a exhibits the diffraction patterns of the as-prepared electrocatalysts. All diffractograms show the presence 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 catallysts 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 particles are composed of a PtCu alloy.

Fig. 1. (a) X-ray diffraction patterns of the as-prepared electrocatalysts. (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, structure, 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 promote 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
Cu
at. % at. %

afcc
Å

dc
nm

Pt/C

4.2

100

Pt-CuO(5)/C

3.2

85

-

3.942

4.3

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-synthesized electrocatalysts. The high-resolution Pt 4f corelevel 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 deconvoluted 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 nanoparticles.
3.2 Electrochemical characterization
The electrocatalytic performance of the as-prepared materials for the electrooxidation of glycerol in alkaline medium was evaluated by cyclic voltammetry at room temperature. Figures 2a and 2b show the stabilized response of the
electrodes after 50 cycles. The potentiodynamic experiments 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 performance 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 PtCuO(10)/C, Pt0.7Cu0.3-CuO(15)/C, Pt-CuO(15)/C, Pt0.7Cu0.3CuO(5)/C, Pt-CuO(5)/C, and Pt/C, respectively.

ECSA values) and the synergistic effect between platinum
and the co-catalysts. CuO nanoparticles can provide adsorbed -OH species, coming from water dissociation, to oxidize 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 electrodes relative to Pt-CuO(x)/C catalysts can be ascribed to
the positive effect induced by Cu atoms in the bimetallic alloy. 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 results.
4. Conclusions
Herein, we synthesized Pt and PtCu nanoparticles supported on CuO/C hybrid supports via a fast and cost-effective pulsed microwave-assisted polyol method using ethylene glycol as a reducing agent. The electrochemical measurements showed that Pt0.7Cu0.3-CuO(10)/C exhibits the
highest activity for the GOR. CuO particles facilitated the oxidation of glycerol intermediates through the bifunctional
mechanism, while Cu atoms in the alloy induced compressive strain and electronic effects and thus weaken the adsorption 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 important obstacle mainly for automotive applications. An alternative approach includes the development of Platinum
group metal-free (PGM-free) catalysts. Despite the great
challenge on replacing Pt, especially at the cathode, Febased materials have shown great promise since iron offers
advantages due to its abundance and economic competitiveness. In fact, N-coordinated Fe moieties (Fe-Nx) embedded 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-performance carbon-precursors for PGM-free catalysts [6]. Another perspective includes the valorization of carbon-enriched materials that are rejected every day in industrial processes for producing low-cost and eco-friendly new catalysts. For instance, owing to its low cost, high availability,
and high carbon content, the valorization of phenolic resinenriched wastages as a carbon source to produce FeNC catalysts is an extremely interesting approach for practicing
good economic and environmental methodologies. Several
authors have used phenolic resin-based materials for sodium-ion and potassium-ion batteries [7], adsorbents for
gas separation [8], and wastewater treatments [9]. However, 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 carbonization 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 argon-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 industrial 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 N 2 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. Finally, 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 Febased 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 ensure reliability in the results. The prepared catalysts were
named according to the amount of iron precursor used during 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 containing 76 µL of Nafion ionomer (Quintech, 5 wt.%). The catalyst 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 impedance spectroscopy (EIS) was performed at 0.4 V vs RHE
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using a small amplitude perturbation of 5 mV in the frequency range of 1 kHz to 980 Hz to measure the ohmic resistance 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 medium – 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) electrolyte 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 electrolyte between 1.0-1.5 V (vs RHE).
2.3 Physicochemical evaluation
The textural characterization of the samples was performed 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 acquired 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.

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 increases [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 presented in Fig. 2. The peaks in N1s spectra were deconvoluted
and divided into crucial regions: pyridinic-N, which can coordinate with iron in the form of Fe−Nx, pyrrolic-N, quaternary-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 resinsupported catalyst (sample 1) showed a higher content of
pyridinic-N which might have a strong influence on its stability and selectivity towards ORR.

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 functionalization 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 resinbased catalysts prepared without applying the H3PO4 treatment, Fig. 1, revealing the amorphous nature of such supports. Indeed, amorphous carbons usually reveal lower conductivity, 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

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 diffusion-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 increasing Fe concentration is not an effective approach, because of the strong aggregation of iron atoms that generates
inactive clusters towards ORR. Nonetheless, the best performing 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 Ketjenblack. These values are highly comparable to the results
reported in the literature for FeNC tested under acidic electrolytes [13].
Concerning the degradation protocol, 3000 cycles between 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 revealed better performance upon degradation, showing
lower losses than Ketjenblack-supported catalysts, particularly in the ohmic and diffusion-limited regions.

4. Conclusions
H3PO4-activated phenolic resin-derived carbons revealed 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 increasing the overall performance of phenolic resin wastebased 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 circular 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 wellestablished 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 bifunctional 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 materials, 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 conjugated electron transfer from donating and withdrawing nature of basal plane carbon and N atoms [5]. Continuous efforts 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 anion membranes for operation in low KOH concentration
or/and in ultrapure water, namely quaternized ammonium/pyrrolidine functionalized polystyrene/butylene copolymer membranes, has allowed reaching unprecedented
power densities of ca. 2 W·m2 in AEM fuel cells. Similar polymeric formulations had been tested in AEM water electrolysers as both membrane or catalyst binder, allowing to attain 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 regenerative fuel cells.
The mentioned breakthroughs rule the motivation of this
work which consists on the development of hybrid by-functional 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 electrodes, consisting of synthesized bi-metallic FeNiNC yielded
great current densities both in galvanic mode and electrolytic mode, and thus larger round-trip efficiencies in comparison to commercial Pt/C, thereafter, paving the way for the
implementation of sustainable routes in the production of
bi-functional MEAs.
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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 catalysts 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 ultra-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 powder 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 activity was compared with that of commercial 40% Pt/C (Premetek), 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, respectively, 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 loading of the catalysts was set to 400 µg∙cm-2. The ohmic resistance ascribed to the 0.1 M KOH electrolyte was determined by performing electrochemical impedance spectroscopy (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 potential 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 electrolyte. 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) under N2-saturated 0.1 M KOH (aq) at 1600 rpm.

(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 saturating 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 alternative to the benchmark PGM OER/ORR catalysts (IrO2 and
Pt/C, respectively) due to their highly increased electroactivity towards oxygen reactions. PGM-free FeNC catalysts already display competitive electro-activities compared to noble metals, as per the similar activation overpotential observed 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 liquid-gas diffusion as per the increased limiting current densities 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 considered 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).

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 hydroxide form. Afterward, the oxygen synthetised electrocatalysts (FeNiNC) and benchmark catalysts were used to prepare a catalytic ink which was further dispersed onto the
membrane via automatic spray for ensuring a strong interfacial contact between the electrode-electrolyte pair. The
ratio between Fumion ionomer (Fumatech, 10 wt.% solution) and the total amount of solid nanoparticles was adjusted from 25 to 50 wt.% and its impact on the performance
was analysed. FeNiNC catalyst loading was set to 3 mgPt∙cm2
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

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 electrolyte. 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) surface-images reveal that excessive ionomer content will reduce the porosity of the catalyst layer and block the reactants/products transport pathways. In fact, for percentages
of ionomer > 30 %, the catalyst layer demonstrated a plasticlike handling of highly hydrophobic behaviour. In contrast,
25 % ionomer concentration does not guarantee fair adhesion 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 insufficient 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 catalyst layer, which strongly facilitates mass transport of reactants and products, Fig.2.

water (WE) mode, to avoid the oxidation of materials to CO2,
while maintaining a closed loop, and the stability of the URAEMFC 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 technologies.
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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 atmosphere, soils, and water [1]. The high-temperature combustion 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 denitrification, such as selective catalytic reduction, catalytic decomposition, and selective non-catalytic reduction. Nevertheless, as reviewed by Alves, L., all commercial technologies
suffer from unsolved limitations [3]. This has led to the development 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 reduction of NOx and N2O and a pathway to recover some energy
contained in these pollutants. Tight sealing is one of the fundamental challenges in planar SOFC development. The cell
and its components are continuously exposed to both reducing and oxidized atmospheres at high temperatures
(700 °C to 1000 °C), which entails the choice of materials capable 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

stabilized-zirconia (YSZ) electrolyte with a Gadolinia-dopedCeria (GDC) layer supported on Nickel oxide/Yttria-stabilized-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 support a 3.5-4 mm diameter planar ceramic membrane. The
reactor design is presented in Fig. 1(a) and its unitary components in Fig. 1(b).

Fig. 1 a) Reactor design and b) reactor unitary components.

2.1 Materials
A compressive material was used to study the electrochemical reactor sealing, namely vermiculite, a mica derivated 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-

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 reactor, supporting the components of the cell as well as accommodating de reaction cameras (anode and cathode), including the gases inlet and outlet, current collectors, and temperature 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 purpose (A and B in Figure 2), where the MEA is placed between
the top and base rings. In the case of using vermiculite, a
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thermiculite 870 material is placed in those gaps that accommodate 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. Between 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 compressive nature, it was necessary to apply an external load
to tight seal the reactor, without a break the ceramic membrane. 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 control 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 individually 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-designed concentric blades with standardized dimensions.
To avoid the short circuits promoted by the AISI 310
stainless steel screws (M5), alumina sleeves are used to electrically insulate the screws.
The current collector was prepared by using a gold mesh
layer and gold wire. The meshes, allocated in the two cameras 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 distance 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 ceramic membrane, to assess the ideal compression to close
the reactor to achieve a hermetic seal. The reactor was pressurized in the anode with N2, as it has a kinetic atomic diameter 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, presented in Fig.2). The test comprises feeding anode with N2,
pressurized until 1.2 bar, and the cathode remains at ambient 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.

Fig. 2 Leakage test thermal cycle, in a range of temperature between 700 ˚C and 800 ˚C, at 1 ˚C∙min-1 heating/cooling ramp.

3. Results
The results comprising the first experiments are presented 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 meters 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 sealing experiment was stable during the 140 h experiment of
the thermal cycle, with pressures in both reactor sides (cathode and anode) durable, which means no increase or decrease in cameras pressures due to leakage to ambient or
between reactor compartments. The chosen sealant materials proved to be very easy to handle and very functional
(Fig. 4).
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Gas chromatography analysis further confirmed that no
mixture occurred between cathode and anode (fed respectively with O2 and H2). The used membranes reveal an outlined 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.
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Fig. 4 Thermal cycle sealing test of a ceramic membrane.
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Fig. 5 Used ceramic membrane after long-term sealing test and
after feeding H2/O2 in anode/cathode, respectively.
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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, allowing 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 efficient and cost effective materials and components, particularly 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-exchange groups and their positioning on the polymer matrix.
The control of membrane morphological assure good mechanical properties and scalability. For industrial fabrication,
low cost materials, mild reaction conditions and one pot
processing methods should be employed as far as possible.

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 monomer 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 functionalized. Aditionally, CGs can be incorporated by chemical modification of a polymer or blend to form cationic moieties, followed 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 quaternizated by trimethylamine (TMA) [3]. DVD, a benzene ring
bonded to two vinyl groups, can react with different polymers forming a bencil chloride moiety, that in turn reacts
with a tertiary amine, like TMA, to form a quaternary ammonium salt as CG. Fig. 2 shows CGs created by radiation
grafting of vinylbenzyl chloride (VBC) onto poly (ethyleneco-tetrafluoroethylene) (ETFE). –CH2Cl moiety is quaternized with TMA (Cl form), then converted to OH form by immersion in KOH aquous solution (ETFE-g-PVB/TMA/OH).

Fig. 2. PVB grafted onto ETFE, quaternized by TMA [2, 4].

Fig. 1. Main requirements for fabrication of good PEAEMs [2].

2. Experimental
In this work, reported in literature and commercial polymeric electrolyte AEMs are reviewed, covering the different polymer matrix, ionic groups and preparation methods;

The benzyl chloride function can be introduced by
chemical modification of an aromatic polymer, as poly (sulfone) or poly (styrene), as can be seen in Fig. 3, where polysulfone (PSf) is chlorometylated, quaternized by TMA (QPSf), 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 limited 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] octane bromide (BDABCO) or N, N, N, N-tetramethyl-1,6-diaminohexane (TMHDA), were proposed.

ylene (PE) support. In pyrazolium cross-linked poly (triptycene 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 piperidinium) (PQP-100).
4. Discussion
In Table 1, performance of both reported in literature and
commercially available PEAEMs is summarized.

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 solution 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 preferred 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 membranes 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 quaternized with glycidyltrimethyl ammonium chloride (Q-PVA)
combined with a Q-PVA casted film, or a composite membrane based in a blend of PVA/chitosan (PVA/CS).
In composite organic inorganic PEAEMs, organic and inorganic 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, fabricated by sol gel methods, blending, intercalation, in situ
polymerization and molecular auto assembling. Table 1
shows performance parameters of composite membranes cPVA/TiO2, PVA/CNT and Q-PPO/NGO, formed by cross-linking of ammonium quaternized poly (2,6-dimethyl-1,4-phenylene oxide) (Q-PPO) with tertiary amine groups functionalized graphene oxide (NGO).
Son et al. [14] reported a pore-filled membrane using
poly (phenylene oxide) (PPO) with long side chain and quaternary ammonium group through Friedel crafts acylation
reaction Ac-PPO, crosslinked with TMHDA, with polyeth-

Table 1. PEAEMS reported in literature and commercially available.
Membrane
IEC, Conductivity, Performace
Ref.
ETFE-g-PVB/TMA/OH
1.03 meq·g-134 mS·cm-1/80°C
[4]
PVB grafted on ETFE,
130 mW·cm-2/H2FC, O2, 80°C
quaternized by TMA
8 mW·cm-2/DMFC, O2, 80°C
PSf/TMA/OH (Q-PSf)
0.8 meq·g-1
[5]
Chlorometilated PSf,
50 mS·cm-1/70°C
quaternized by TMA
2 mW·cm-2/DMFC, Air, 25°C
ABPBI-c-PVA/OH
Not fixed charged
[6]
ABPBI:crosslinked PVA
90 mS·cm-1/90°C
blend, OH doped
76 mW·cm-2/DEFC, O2, 90°C
PBI-c-PVBC/OH
2.87 meq·g-1
[7]
Crosslinked, quater91 mS·cm-1/80°C
nized by BDABCO
340/H2FC, O2
ABPBI-c-PVBC/OH
1.7 meq·g-148 mS·cm-1/50°C
[8]
Crosslinked, quater70/DEFC, O2, 90°C
nized by DABCO
Q-PVA composite
0.52 meq·g-135 mS·cm-1/60 °C
[9]
Q-PVA in NFs & casted
54/DMFC, O2, 60°C
film
PVA:CS composite
Not fixed charged
[10]
PVA:CS NFs & casted
19 mS·cm-1/25°C
film, OH doped
14/DMFC, O2, 50°C
c-PVA/TiO2 composite
Not fixed charged
[11]
Casting of aq. sol. of c- 31 mS·cm-1/70°C
PVA & TiO2, OH doped
7/DMFC, Air, 60°C
PVA/CNT composite
Not fixed charged
[12]
CNTs func. with PVA
160 mS·cm-1/60°C
chains, OH doped
65/DEFC, O2, 60°C
Q-PPO/NGO compo2.14 ± 0.07 meq·g-1123 mS·cm- [13]
1/80°C
site, Cross-linked, GO
func. with tert. amine
398/H2FC, O2, 60°C
groups
PE/Ac-PPO pore-filled
2.05 ± 0.06 meq·g-187 mS·cm- [14]
1/80°C
PE support, Ac-PPO
crosslinked by TMHDA
239/H2FC, O2, 80°C
0.91 meq·g-1111 mS·cm-1/80 °C [15]
PXm-Tn
730/H2FC, O2
Network, pyrazolium
cations as crosslinkers
2.26 meq·g-1117 mS·cm-1/80 °C [16]
3QPAP-0.5
291/H2FC, O2
PAP with clustered piperidinium cations
2.30 meq·g-1119 mS·cm-1/80°C
PQP-100
[17]
496/H2FC, O2, 60°C
Tokuyama A201
1.7 meq·g-1
[3]
42 mS·cm-1
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Manufactured by Tokuyama Co.
Fumasep® FAA-3
Manufactured by
Fumatech
Sustainion® 37-50
Manufactured by Dioxide Materials
Ralex® AMH-PES
Manufactured by
MEGA
AemionTM
Manufactured by
Ionomr
OrionTM
Manufactured by Orion
Polymer

148 mW·cm-2/H2FC, Air, 50 °C
1.7-2.1 meq·g-1
40-45 mS·cm-1
223 mW·cm-2/H2FC, O2, 60 °C
IEC not found
70-80 mS·cm-1
3.33 A·dm-2/WE, 1.8 V
Parameters not found

[14]

IEC & conductivity not found
0.63 A·dm-2/WE, 2.0 V

[18]

IEC & conductivity not found
0.05 A·dm-2/WE, 2.0 V

[18]

[18]

As can be seen in this review, considerable work has
been done on the development of PEAEMs and the identification 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 increasing the performance of alkaline fuel cells. However,
considerable obstacles remain to establish this promising
technology as a viable player in the green hydrogen economy, notably in terms of durability.
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1. Introduction
Methanol crossover through proton exchange membranes (PEM), like Nafion, is the cause loss of overall efficiency 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 electroosmotic 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 parameter that determines the relative contribution of diffusion and electro-osmotic to the alcohol crossover. Because
diffusion flux depends on the membrane thickness, the thinner is the membrane, the lower is the electro-osmotic contribution.
The quantities that are commonly determined in electroosmotic 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:
𝐽

𝑊 = ( 𝑉)
𝐼

𝑝=0

(1)

and the electro-osmotic drag factor, , defined as the number of solvent moles that are dragged by mol of hydrogen
ion:
𝑛
= 𝑠
(2)
𝑛𝐻+

The first study of methanol transport through Nafion
membranes was performed by Ren et al. using a DMFC configuration 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-methanol 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 measurements 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 membranes was performed by Hallberg et al.6 using an electrophoretic NMR method, which allows separating the methanol 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 capillary 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- perforated plate; D- o’ring; E- bolt; F- Ag/AgCl electrode; G -HCl solution; 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 exposed area is 2.5 cm2, is prevented. Silicone O’rings (D) on
each side are compressed with five bolts (E) to seal the assembly 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 compartments 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 assure 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 temperature is controlled  0.1 K in the range between 25 oC to 60
o
C. 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 during variable intervals, which can reach up to 100 minutes.
The liquid displacement is measured at intervals of 200400 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 correction 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:
V
i
J=
=
AMt F

(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 Aldrich), were used as received. All aqueous solutions were
prepared with pure water. Nafion® 117 (Ion Power) membranes (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 contained in a vessel under a dry nitrogen atmosphere. The
stock solution was titrated using a standardized NaOH solution. 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 solutions 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 membranes as a function of temperature, as compared with the
data reported in the literature.

Fig. 2: Electro-osmotic drag coefficient of water in Nafion membranes 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 disagreement 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 efficient 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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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 electroosmotic drag in water-methanol mixtures exhibits a marked
non-linearity, reaching a maximum at xm  0.7 at all the temperatures. This behavior was rationalized by analyzing the
asymmetric sorption features of Nafion in water-methanol
mixtures. The discrepancies of our results with previous results for the water-methanol electro-osmotic flow were also
addressed.
Regarding the impact of these results concerning the operation 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 predominates over other processes.
Acknowledgements
Fig. 3: Total drag coefficient as a function of methanol concentration 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 nanocylindrical micelles14 when methanol replaces water, and not
for a stronger solvation of the H+ in methanol. More importantly, our results contradict the finding of molecular dynamic 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 concentration in the membrane increases sharply, while the water 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. Because 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 molecule in the membrane, protons are preferentially solvated
by molecules of water and the vehicular mechanism of proton conduction, that is responsible for the electro-osmotic
drag, is enhanced due to the loss of the hydrogen bond network 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.
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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 Oxygen Evolution Reaction (OER), employing alternatively a
renewable source.
According to IUPAC recommendations 2013, MetalOrganic Frameworks (MOFs) are Coordination Polymers
(CPs) with organic ligands, extended in two or three dimensions, containing potential voids. The possibility to choose
the organic ligand or linker and the metal ions, allows tuning the structure, pore size, surface area and multiple functionalities in a rational way. Due to their crystalline structure, 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 completely 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 obtained from MOFs upon thermal treatment under controlled 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 metallic/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 Ndoped 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 precursor compounds: 2-Methylimidazole (MeIm, for the cobalt zeolitic-imidazolate framework, ZIF-67), nicotinate
(Nic), 2,3-pyrazinedicarboxylate ((CO2)2Pz) and pyrazinecarboxylate (CO2Pz). In this way, the precursors or sacrificial materials identified as ZIF-67, CoNic (MOF),
Co(CO2)2Pz (linear coordination polymer) and CoCO2Pz
(complex), respectively, were obtained. Samples were obo
o
tained at 700 C and 900 C. Pyrolyzed samples were identified adding the pyrolysis temperature to the precursor
o
name (ex.: Co(CO2)2Pz 700 C) [1-5].
The catalysts thus prepared were characterized
through Raman, XPS and EDX spectroscopies. Electron microscopies (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 obtained for the ORR: Eeq = 0.907 V vs RHE (1.0 V for Pt), E1/2 =
-2
-1
0.720 V (vs RHE), jo = 10 A cm , Tafel slope = 82 mV dec ,
electron transfer number close to 4.0 and 10 % yield in
H2O2 (0.5 M H2SO4). The electrochemical results were interpreted in terms of the Nitrogen content (XPS), specific
surface area on mesopores and pore size distributions. This
catalysts presented high methanol tolerance and high cyclability (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
-2
-2
density of 259 mW cm , a limiting current of 1.36 A cm
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 leaking Co or Pt [3].
These catalysts were tested as catalysts for the HER
and OER [5] in electrolyzers. The catalyst derived from Coo
balt 2,3-pyrazinedicarboxylate polymer (700 C) had a Tafel
-1
-1
slope of 90 mV dec and 130 mV dec for the HER and OER
-2
respectively, a current density of 10 mA cm 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 (carbon 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 compounds were synthesized with the same ligands as described above and they were tested as catalysts towards
the HOR, aiming to obtain anodic catalysts for alkaline anion exchange fuel cells (AAEFCs).

a)

b)

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
2+
2+
moles of Ni and half ones of Co .
2.2 Physical Characterization techniques
Catalyst morphology and composition (EDX) was characterized by scanning electron microscopy (SEM) on a FEI
Quanta 400 microscope.
2.3 Electrochemical measurements
Electrochemical experiments were performed employing an Autolab PGSTAT302N potentiostat (Echochemie,
2
Netherlands). A 0.196 cm gold disc, a Ag/AgCl (KCl saturated) 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 experimental conditions.
3. Results

.
Figure 1. a) SEM images of the pristine Co,Ni 2methylimidazolate precursor compound. b) SEM image of
o
the pyrolysis product (700 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
o
imidazolate MOF pyrolyzed at 700 C, in H2- and N2saturated 0.1 M solutions. In both of them it is possible to
observe a steep decrease of the cathodic current at negative 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 qualitatively similar picture was observed with the other Ni
o
catalysts (obtained at 700 C), however Ni,Co derived materials exhibited lower activity towards the HOR. The same
held for the Co doped carbons.

3.1 2.2 Physical Characterization
0.1

0.0

ID / mA

Figure 1 shows the SEM images of the Co,Ni-2o
methylimidazolate precursor (a) and its pyrolysis (700 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 nanoparticles as previously found [1,2].

-0.1
N2

-0.2

-0.3
-0.2
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Figure 2. Cyclic voltammetry of the Ni imidazolate MOF
o
pyrolyzed at 700 C supported on a gold disk, in H2- or N2saturated (red or blue lines respectively) 0.1 M KOH soluo
-1
tions, 25 C, scan rate 5 mV s .

229

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

Linear sweep voltammetries were obtained for the Ni catalysts and the Co,Ni 2-methylimidazole derived material.
4. Conclusions and perspectives

1.00

It was possible to synthesize MOF derived materials
with catalytic activity towards the HOR. Deeper characterization 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 nanoparticles and phosphidation. This would allow us to construct AAEM-FC completely free of platinum-group-metals.
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0.01
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Table 1. Electrokinetic parameters for the HOR on the studied
catalysts.

Tafel slope
-1
(mV dec )

Catalyst
o

jo (mA

-2
cm disk)

Metal content
(% w)

CoNi 2-MeIm 700 C

98

0.08

36

Ni imidazolate 700 C

o

85

0.12

68

o

85

0.13

44

97

0.08

56

97

0.05

49

Ni Nic 700 C
o

Ni(CO2)2Pz 700 C
o

NiCO2Pz 700 C

Tafel analysis afforded the electrokinetic parameters. The equilibrium potentials were very close to the ideal value of 0 V vs RHE.
The exchange current densities (calculated on the basis of the
-2
geometric electrode area) were approximately 0.1 mA cm (see
table 1), in agreement with previous reports on Ni catalysts [6-8].
The Tafel slopes are consistent with the Heyrovsky/Volmer reactions being the rate determining steps.
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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 (electrolysis, SOEC). The SOFCs show a high conversion efficiency,
especially due to the chance to use electricity and heat in cogeneration systems. They are fuel flexible, able to operate
with low purity hydrogen, produced from natural gas or biofuels reformers. The technology is compact and modular,
being used in domestic homes, vehicles, or in large-scale energy 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 materials 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 electrolytes 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 membrane-electrode-assembly (MEA) can be classified according
to the component responsible of the mechanic support as
electrolyte, electrode or substrate supported. There are different methods involved in SOFC manufacturing: Uniaxial
pressing, screen-printing, tape casting, slurry coating, spin
coating, etc. Between them, tape casting is a well-established technique for the manufacture of large areas of ceramic sheets with controlled thickness; in addition, it is economical, stable, and easily scalable. [3; 4]
As it was mentioned before, decreasing operation temperature is one of the main aims of SOFC research. One of
the approaches is to replace state-of-art electrolytes by materials 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 formation of secondary phases like LaSrGa 3O7, which reduce
the ionic conductivity of the material [5]. To avoid the reactivity in the anode-electrolyte interphase, a buffer layer,
based on La-doped CeO2, is usually used for protection between 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-sintering with the aim of simplifying and decreasing the processing 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 powders of LSGM or La0.4Ce0.6O2-δ (LDC) in 50-50w/w isopropyl
(ISO)-methyl ethyl ketone (MEK) solvent and organics mixture. 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 obtain 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 except 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 scanning electron microscopy (SEM) using an FEI Inspect S50 microscope.
Fig. 2 TG-DSC of the LSGM electrolyte done by tape casting.

2.3 Electrical characterization
The electrical properties of the electrolyte were analyzed as a function of temperature in air by conductivity
measurements and by electrochemical impedance spectroscopy (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 example, 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 obtained with 50%w/w ceramic to solvent slurry after de-airing
for 4 seconds.

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.

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 strategy 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 interfaces 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. 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.

The thermal treatment for ceramic conformation was
selected once the debinding condition was analyzed. TGDSC curve of green tape (Fig. 2) shows that at 600°C the organic components were removed. Then the thermal treatment 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 obtained with and without Fe as additive. The density of ceramic 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).

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.
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case, if we estimate the expected conductivity of the multilayer 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 experimentally. 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 conductivity 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
Fig. 5 SEM image of the interphases at the multilayer electrolyte
with tapes coated in different stages. The linescan above the
picture shows Ce an La distribution through the electrolyte.

Electrical conductivities were analyzed from EIS data in
order to separate electrolyte contribution from electrodes/current collectors. Fig. 6 compares the total conductivity (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.

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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1. Introduction
Ceria-based mixed oxides are materials with a major
technological impact, especially in the area of environmental protection, and have been studied for applications
such as three-way catalysts, oxygen gas sensors and electrodes 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 phe4+
3+
nomenon which is closely connected to the Ce /Ce 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 catalytic performance. In particular, CuO-CeO2 mixed-metal
oxides have been applied in several environmental reactions such as the oxidation of harmful organic compounds,
low temperature oxidation of CO, the water-gas shift reaction 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
1+
2+
transfer between the coupled redox cycles Cu /Cu and
3+
4+
Ce /Ce , 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 applications, 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 homogeneous 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 performance.
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 coprecipitation (HMW) [4].
2.2 Physicochemical characterization
All samples were characterized by X-ray diffraction
(XRD), specific surface area determination (SSA-BET), temperature-programmed reduction with hydrogen (H2-TPR),
scanning electron microscopy (SEM) and high resolution
transmission and scanning transmission electron microscopy (TEM/STEM). In order to study the effect of different
atmospheres on the structural properties, in situ synchrotron radiation X-ray diffraction (SR-XRD) and X-ray absorption Near Edge Structure (XANES) experiments were carried 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 environmental interest, the catalytic oxidation of carbon monoxide, 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 ubiquitous spherical morphology and uniform particle diameter
is again evident. Interestingly, when a single sphere was
viewed at high magnification (Fig. 1b) the mottled appearance 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 is presented in
Fig.1d for Ce, O and Cu. The Cu signal varies in a very similar 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. 2. Normalized XANES spectra at the Ce L3-edge for CuDC10HMW a) at room temperature in air, and at 500 °C under
b) 5% H2/He, c) 21% O2/N2 and d) 5% CO/N2 atmospheres,
showing the experimental data (empty circles), four Gaussian peaks (A–D), one arctangent function obtained by
least-squares fitting, and the sum of all five functions (continuous line).

Fig. 1. Electron microscopy data for the CuDC10-HMW nanostructured 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 nanostructured spheres (HMW) obtained at different temperatures and under different atmospheres are given in Fig.2.
Major differences result on changing the surrounding atmosphere, with the spectra of both materials displaying
essentially the same features. The following qualitative
analysis is valid for both samples (CC and HMW). At room
temperature (Fig. 2a), the Ce L3-edge spectra exhibit two
4+
clear peaks, labelled A and B. Peak A is assigned to Ce
0
1
with the final state 2p4f 5d , which denotes that an electron is excited from the 2p shell to the 5d shell, with no
4+
electron in the 4f shell. Peak B is also a Ce peak, with the
1
v
final state 2p4f 5d1 , which denotes that in addition to an
electron excited from the Ce 2p shell to the 5d shell, another electron is also excited from the valence band (O 2p
shell) to the Ce 4f shell, leaving a hole (v) in the valence
band.

In order to determine the fraction of Ce present as
3+
Ce , 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 already mentioned peaks A, B and C, plus one additional
peak appearing at a ~5720 eV (labeled D) which is associated with both cationic species. The ratio between the area
3+
of peak C (due to Ce ) and the sum of the areas of peaks A,
4+
B and C (A and B due to Ce ) gives direct information
3+
about the fraction of Ce present as Ce .
The results of these fits are shown in Table 1 and are
normalized to a pure CeO2 reference. The negative values
observed for oxidizing conditions at room temperature
3+
indicate that the sample contained a lower fraction of Ce
than this reference, but the differences are very small. The
3+
amount of Ce 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 negligible, in agreement with known phase diagrams, the fraction 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
3+
3+
4+
air fully reoxidizes the material, and the Ce /(Ce + Ce )
ratio falls back to values similar to the initial room temperature values. Exposing the samples again to reducing
3+
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
3+
fact that the Ce content is slightly lower in 5% CO/He
than in 5% H2/He can be explained by the slightly lower
oxygen partial pressure expected for the hydrogencontaining atmosphere, because CO is a weaker reducing
agent than H2.
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2+

Table1. Fraction of Ce present as Ce in CuDC10-CCand CuDC10o
HMWsamples at 25 C in air and under reducing and oxio
dizing conditions at 500 C, estimated from fittings to the
Ce L3-edge XANES spectra.
o
3+
4+
3+
Sample
T ( C) Atmosphere Ce /(Ce +Ce )% *
CuDC10-CC
25
21% O2/N2
-3.5
(powder)
500
5% H2/He
24.3
500
21% O2/N2
-3.1
500
5% CO/ N2
22.4
CuDC10-HMW
25
21% O2/N2
-3.0
(spheres)
500
5% H2/He
28.2
500
21% O2/N2
-3.3
500
5% CO/ N2
22.0

electrons to Cu so improving the adsorption of CO as
+
carbonyls CO-Cu . In addition, the CeO2 network acts as an
2oxygen supplier in the form of superoxide (O ) species
formed from gas phase oxygen that is incorporated into
oxygen vacancies on the CeO2 surface, which can then react with the adsorbed CO.The physicochemical characteristics of the solids as determined by XRD, XANES and TPR are
corroborated by their catalytic behavior, which indicate a
4+/3+
2+
high interaction between Cu and Ce
. The high reducibility observed for both copper and cerium species is directly related to their catalytic activity, as has been reported for this oxidation reaction.

(*) 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.

4. Conclusions

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 Cu0.1Ce0.9O1.9 oxides, 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) that microcrystals 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 observed, with reaction beginning at temperatures as low as
75 °C. The most active materials exhibit similar T50 values,
within a narrow range (109-118 °C). However at higher
temperatures, some differences can be seen. The T100 followed the order CuDC10-CC<CuDC10-HMW<CuO<CeO2. It
should be noted that these conversion data were obtained
-1
at short residence times (with W/F = 3.3 x 10-6 g h mL , W
being the catalyst mass and F the total flow), and that they
are comparable with the highest values found in the literature 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
activity than the oxides separately. Cerium oxide in inti2+
+
mate contact with Cu facilitates the formation of Cu due
4+
3+
to the redox capacity of the Ce /Ce couple that transfers

In the present work, the physicochemical properties of
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 obtained by the HMW method while the CC method gave rise
to sheet-like agglomerates of nanocrystals (~6 nm).
4+
3+
The Ce /Ce couple in nanocrystalline Cu-doped ceria
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 various very demanding processes and technological applications such as in SOFC electrodes and oxidation catalysts.
The catalytic activity of these materials for the CO oxidation 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 behavior, which indicate a
4+/3+
2+
high interaction between Cu and Ce
.
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1. Introduction
Cobaltites with perovskite structure have been intensely investigated as cathode materials for intermediate
temperature solid oxide fuel cell (IT-SOFC) [1].
Among the most studied cathode materials, LnBaCo 2O6δ (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 alternation 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 ordered 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 present tetragonal symmetry. On the other hand, the
PrBaCo2O5+δ (PBCO) double perovskite, with a tetragonal
structure, also stands out for its electrochemical performance as oxygen reduction electrodes [6]. Recently, Garcés
et al. [7] investigated the performance of the La1xPrxBaCo2O6-δ (LPBC) system as IT-SOFC electrodes. Although
the polarization resistance values obtained were competitive with other perovskites, the electrodes consist of a mixture 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 performance, 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 system (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. Stoichiometric amounts of La2O3 and Pr6O11 were weighed and

dissolved into diluted HNO3, separately, BaCO3 was dissolved 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 Nifiltered CuKα radiation and a PIXcel3D detector. XRD data as
a function of temperature (HTXRD) was obtained by coupling 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). Experimental data were corrected by using Al2O3 as a standard.
Electrochemical characterization was performed by Electrochemical 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 porous layer of GDC was deposited by screen printing and afterwards 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. Figure 1 shows the XRD patterns of Co00 sample collected at
25 and 930°C. At 25 °C all reflections were indexed according 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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* Secondary phases

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-.

Fig. 1.XRD patterns of La0.8Pr0.2BaCo2O6- sample at 25 and 930°C
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.

Fig. 3. Thermal expansion curves of La0.8Pr0.2BaCo2-yO6-d in the
range from 80 to 1050°C.

Table 1. TEC of perovskites in the range of 150 to 900°C by dilatometry 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

Fig. 2. HTXRD of La0.8Pr0.2BaCo1.95O6- in the temperature range
from 20 to 900°C.

The variation of the linear expansion L/L with temperature 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 detected by HXRD. This effect disappears for Co deficient samples 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 reaction (Rp) as a function of temperature were obtained from
EIS measurements in air and presented in Figure 4. The results are compared with the reference sample

Fig. 4. Total polarization resistance as a function of cobalt deficiency in air.

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
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phases is responsible of this effect, which represent a drawback 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 secondary 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 measurements are in good agreement with the values obtained from
XRD data (see Table 1). The thermal expansion of these oxides consist of two contributions: the thermal expansion
product of the vibrations in the lattice due to the temperature 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) compared to the currently used electrolytes for SOFC technology
(~ 12× 10-6 K-1). This difference can be solved using composites 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 compounds (y=0). In addition, they have a good cathodic response 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 preparation of a resin using a stirred mixture of resorcinol, formaldehyde, and sodium acetate. Then, poly-diallyl dimethylammonium 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. Finally, 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.

- 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 potentiostat/galvanostat (TEQ-02, Argentina) and a threeelectrode 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 resulting ink was ultrasonicated and deposited onto a vitreous 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 voltammetry measurements were conducted in a 0.5 M H2SO4 + 1
M C2H5OH solution with a scan rate of 25 mV s-1. Chronoamperometric 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.
Table 1. Structural properties of CM and CMf.
SBET
VPore
Support
[m2 g-1]
[cm3 g-1]
CM
628.2
0.396
CMf
505.2
0.358

Pore size
[nm]
3.2
3.4

3.2 Hydrogen chemisorption.

2.2 Synthesis of the catalysts
The supports were dispersed in a solution of water: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 temperature.

Table 2. Hydrogen chemisorption capacity (H).
Catalyst
Pt/CM

H
[µmol gcat-1]
209

Catalyst
Pt/CMf

H
[µmol gcat-1]
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

3.3 X-ray diffraction.
Table 3. Lattice parameter obtained at Pt (220) diffraction peak.
Lattice parameter [nm]

Catalyst

Lattice parameter [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

Catalyst
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3.4 Electrochemical measurements.
Table 4. Electrochemical surface area (ECSA) and onset potential of CO oxidation (ECO,ONSET) obtained by CO stripping, peak potential
and forward peak current obtained from cyclic voltammetry, and steady-state current (SSC) obtained from chronoamperometry.
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

Catalyst

4. Discussion
4.1 Nitrogen adsorption-desorption isotherms.
The N2 adsorption isotherms obtained correspond to
type IV isotherms with an H4 type hysteresis loop, according 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 chemisorption capacity values than the monometallic ones, regardless of the support (see Table 2). This could be attributed 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 formation could lead to an increase of the hydrogen chemisorption 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 penetrates 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 voltammetry. 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 catalysts show a better performance in ethanol electrooxidation, 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 monometallic catalysts with the bimetallic ones, it was observed
that the addition of Re implies a decrease in its value. Besides, when comparing the ECSA values, it was noted that
they increase when Re is added. The catalyst that presented the best electrochemical surface area is PtRe(3)/CMf.
Catalysts with Re loading equal to 3 wt% reached the highest current intensity in steady-state.
5. Conclusions
Mesoporous carbon was synthesized and functionalized with nitric acid. Mono and bimetallic catalysts with
different Re loadings were prepared by the ethylene glycol
liquid phase reduction method. Considering N2 adsorptiondesorption 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 catalyst is the best one for all catalysts prepared for ethanol
oxidation. The ECSA, forward peak current, and peak potential 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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1. Introduction
Solid Oxide Fuel Cells (SOFCs) convert the chemical energy of a fuel into electricity via electrochemical reactions.
Intermediate-temperature SOFCs (IT-SOFCs) operating between 500 oC and 800 oC, are widely studied in order to improve SOFCs performance. In this regard, mixed ionic-electronic conductors (MIEC) exhibit the highest electrical conductivity 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 remove sulfur and carbon deposition on the anode side by reversing the gas flow and simplify manufacturing processes
of SOFCs.
Several MIEC materials have been studied as possible
SSOFCs electrodes working at intermediate temperature (ITSSOFCs), 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] oxides 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 features, strongly related with electrochemical response.
In the present work, SrCo1-xMoxO3-δ (0 ≤ X ≤ 1) perovskites 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 materials 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-electrolyte 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
o
C for 10 h in air and then selected samples were characterized by temperature-programmed reduction (H2-TPR) experiments. 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 Xray 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
o
C 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 reactivity test
La0.80Sr0.20Ga0.80Mg0.20O3-X (LGSM) ceramic electrolyte
material was pressed as a pellet and was heat-treated. Pressure (20 Kg/cm2 – 100 Kg/cm2) and temperature (1000 oC –
1350 oC) were modified in order to improve the pellet densification. Additionally, electrode – electrolyte reactivity
tests were performed to assess the stability of these compounds 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) powders 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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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 observed 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. 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 structure 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 increases 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 corresponds to SrMoO4 material and it has I41/a space group.
Scheelite phase also increases into the system with the increase 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.

Fig. 3. H2-TPR profiles of SC, SCM5, SCM50, SCM95 and SM samples.
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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 theoretical 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 electrolyte phase intensity increases with increasing temperature up to 800 oC due to crystallite growth. After that, the
powders react at 1000 oC and 1100 oC in air.

phases of SCM5 (P4/mmm) and SCM95-R (Pm-3m), that are
reported to present the highest conductivity among the different SCM phases to be used as cathode and anode respectively for IT-SOFCs. In that sense, SCM50 sample stands as a
promising alternative for IT-SSOFC electrode material.
Acknowledgements
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5. Conclusions
SrCo1-xMoxO3-δ (0 ≤ X ≤ 1) materials were studied as possible electrodes for IT-SSOFCs. A thorough optimization of
the synthesis process allowed to obtain the crystal structure
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1. Introduction
Unmanned systems are playing large roles in the scientific, commercial and defense sectors. In the marine environment, Autonomous Underwater Vehicles (AUVs) have
boosted the access to ocean resources. However, their endurance 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 energy density (in mass and volume) to fit the power requirements of AUVs in long endurance missions (e.g. days or
weeks). Hybrid power systems, which combine different energy 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 issues in different projects, in particular in the "Improving efficiency and operational range in low-power unmanned vehicles through the use of hybrid fuel-cell power systems (IUFCV)", which aimed to demonstrate and evaluate the technical 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 characterization 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 Australian 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 typically 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 oxygen 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 hydrogen and oxygen storage systems. The fuel cell system, including stack and balance of plant (BoP) should be integrated 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 requires 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. Additionally the separation of the water from the exhaust air is essential to maintain an adequate relative humidity inside the
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Figure 2: Experimental set-up for the fuel cell system with hydrogen recir-culation

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 operating 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 feasibility 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 operate 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.
Fuel cell system operation with hydrogen recirculation
TPV=158 s at 185 W
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hull. One of the main advantages of this system is the feasibility to use an ultra-light open cathode stack, originally designed 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 solenoid 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. Alternatives to minimize and manage these purges have to be
considered in the integrated system. In this context, a suitable anode recirculation and purge strategies have been proposed and experimentally validated to ensure the safe operation 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 output.
 A micro pump, able to provide the required recirculation 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 operating conditions. However, the filter is not able to remove all
the water content, and a small amount of water in accumulated over time in the recirculated hydrogen flow. In addition, nitrogen is also present in the anode side, due to permeation from the cathode through the membrane. The accumulation of water and nitrogen in the anode leads to decrease 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 nitrogen. 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 performance, 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 hydride cartridge, which would be located out the hull with the
fuel cell system, to store the hydrogen purged from the
stack.
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Figure 3: Fuel cell system test with Tcyc=158 s

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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been calculated from the measured and the theoretical hydrogen 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.

Figure 4: Fuel cell system test with Tcyc=120 s

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. However, once defined the operating conditions of the fuel cell
system in the underwater vehicle, and the volume of hydrogen to be purged during this operation, a suitable metal hydride container has been sized and installed in the experimental 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 considered 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 increase 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 operation of this configuration.

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 recirculation loop and a suitable hydrogen purge strategy. This
system has been tested during two hours in steady conditions at the estimated power required by the platform, purging 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 recirculation 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 (9001000º 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 (ITSOFCs) that can operate in the temperature range of 500700º 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 brownmilleritetype structure, which is better described as Ca2Fe2O5 (superstructure). 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.

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

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.

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.
Acknowledgements
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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
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1. Introduction

2. Experimental

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 electric power produced by the renewable energy through the
reversible storage of electrical energy and also replace internal combustion engines [2,3]. However, one of the main issues in achieving widespread commercialization of these devices is their high cost. The platinum or platinum group metals (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 exhibits some catalytic activity for the ORR, composites of carbon-based materials doped with nitrogen and third-row
transition metals (i.e., Fe or Co) have attracted high attention as ORR catalysts [4]. Several studies show that iron-containing nitrogen-doped carbons, Fe-N-C, have an outstanding activity against ORR.
Carbon materials are widely used as supports for metalbased 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 allowing the access of reactants. In this regard, carbon xerogels
have gained much attention since their properties are tunable 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. Numerous nitrogen doping methods have been studied with the
aim of obtaining a favorable percentage of nitrogen functionalities. In this work, we have doped carbon xerogels with
different proportions of urea. These nitrogen-doped xerogels have then been doped with iron to obtain Fe-N-C catalysts and their activity has been investigated towards the
ORR, in order to study how the proportion of urea affects
the catalyst activity.

2.1 Synthesis of carbons xerogels and nitrogen-doped carbons 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 became transparent-yellow and subsequently cooled down to
room temperature. F was subsequently added under continuous 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 reactor with flowing N2 for a total of 6 h with the following program: 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 followed by drying. The powder obtained was placed in a zirconium 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 series 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 number of acid/thermal treatments performed on the catalyst.
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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 O2saturated 0.5 M H2SO4 electrolyte.
3. Results and discussion
3.1 Chemical composition
XPS
AE

ICP

0.8
0.6

0.02

0.4
0.01

Fe wt %

N/C ratio

0.03

the other hand, the ratios U/R=0.5 and 2 present a lower activity, since they contain a lower Fe and N wt. %, being a similar percentage of Fe with respect to the catalyst without nitrogen (Fe-CXG).
In addition, ORR activity increases as AT and TT cycles are
performed on these catalysts, due to the fact that acid treatments remove the iron particles that are not active for ORR.
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2.3 Physicochemical and electrochemical characterization
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Fig. 1. Chemical composisión calculated by AE, XPS and ICp

As we can see in figure 1, the amount of nitrogen calculated by XPS and AE increases up to the U/R ratio=1 then
decreases. The amount of iron calculated by ICP, which is introduced is proportional to the amount of nitrogen. The FeN-CXG-1 catalyst is the one with the highest amount of Fe
and N. The catalyst synthesized from nitrogen-free CXG, FeCXG has a weight percentage of Fe of 0.65 %.
3.2 Pore texture characterization
Table 1. Textural properties determined from N2 sorption isotherms.
Vpores
Vmicro
Vmeso
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 volume of CXGs decreases significantly with increasing amount
of urea, as N-doped xerogels are more prone to pore collapse than their undoped counterparts. Fe doping also decreases 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

Fig. 2. Polarization curves for the ORR, in RDE at 1600 rpm in O2saturated 0.5M H2SO4

4. Conclusions
The electrocatalytic activity of non-precious metal catalyst 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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2.2 Composites characterization
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.

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
TiCo/NGA
Co/NGA
Ti/NGA

84
41
51
47

7
4
2
3

‐
23
‐
29

‐
23
38
‐

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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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.
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.
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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.
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1. Introduction
Solid oxide cells (SOCs) are intrinsically reversible electrochemical devices that contain a solid electrolyte. Depending on the polarity of the reversible cell, they can operate as Solid Oxide Fuel Cells (SOFCs), oxidising combustible
species to generate electricity; or as Solid Oxide Electrolyser
Cells (SOECs), consuming electricity to reduce water molecules 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 finding 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 translates into poor efficiency, high cost, and shorter life spans.
The better-performing materials for air electrodes have
perovskite-like structures and are generally mixed ionicelectronic 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, reduces 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 Spectroscopy (EIS). [4,7,9-12]
2. Experimental
2.1 Synthesis
The materials were synthesised via an auto-combustion
route, using ethylenediaminetetraacetic acid (EDTA) as organic fuel and chelating agent and ammonium nitrate

(NH4NO3) as combustion promoter. Both the LSFCu perovskite and the LSFCu-CeO2 composites were obtained in two
steps, the synthesis process itself and following thermal
treatment.
For this purpose, aqueous solutions containing stoichiometric 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 alkaline 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 solutions above were mixed. EDTA molar excess ensures the total 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 formation 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 mortar becomes a fine and homogeneous powder. After that,
the samples were subjected to a heating treatment in a muffle furnace at 850 °C in air for 6 h, to obtain the calcined
samples, which correspond to the desired perovskite compounds, 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) measurements 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) operating 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 purity and preliminary structural characterization, were collected 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 performed using the GSAS-II software suite [13].
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2.2.2 SEM
The samples’ topography and microstructure were studied by Scanning Electron Microscopy (SEM). Digital micrographs were acquired in the energy range 1.5-20 kV in a
Zeiss Auriga microscope (Germany) using different detectors. The elemental composition of selected areas of the
samples was determined through an Energy Dispersive
Spectrometry (EDS) probe (EPMA-WDX, JEOL JXA-8230).

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 patterns corresponding to all of the calcined samples.

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 materials 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' dimensions 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 roughness 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 deposited 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 Spectrometry (EIS) characterisation was carried out partially on
the Cryssmat-Lab using a commercial ProboStat™ ((NorECS
AS, Oslo, Norway)) station, a high-temperature vertical tubular furnace, and an Ivium spectrometer (Ivium Technologies B.V., The Netherlands), and partially on the Catalonia
Institute for Energy Research (IREC), using a Novocontol
spectrometer (Novocontrol Technologies GmbH & Co., Germany). The impedance measurements were conducted in
potentiostatic mode from 0.1 Hz to 1MHz and 50 mV amplitude, 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.

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 presence of two different phases: rhombohedral LSFCu and cubic 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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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 expected, is thermally activated.
Table 1. Parameters obtained from the Nyquist plots for the 20% composite.
200 nm

200 nm

200 nm

200 nm

4.
Fig. 2. SEM micrographs for the LSFCu-CeO2 10 composite (left) and LSFCuCeO2 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) electrolyte used and the CeO2 from the composite are almost the
same material, made it possible to conduct the study directly 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 treatment, which translates into no reactivity between the
LSFCu/ LSFCu composites and the GDC.

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

Conclusions

We have found a one-step facile synthesis route to obtain the composite LSFCu-CeO2 air electrodes for reversible
IT-SOFC/SOEC devices; and characterised its composition,
electrode deposition conditions over CDG, structure and microstructure 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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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).
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1. Introduction
The solid oxide fuel cell (SOFC) is an electrochemical device that supplies electrical energy. It stands out for having
high efficiency in energy conversion.
In this context, many studies have been developed looking for better materials for SOFC anode. Ceramic materials
with perovskite structure based on Sr-doped lanthanum
chromite manganite have shown promising results. For example, La0.75Sr0.25Cr0.5Mn0.5O3-σ [1].
So, having that material as base and that the high content of Sr2+ and the cationic deficiency at site A aim to increase 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 investigation is also justified by the original choice of the synthesis method used in this work. The material is synthesized using the micellar sol-gel method with structure directing and
swelling agents. This method is wellknown to be used to produce porous morphology, which is an essential characteristic for an anode material [2].
Furthermore, electrode fixation strategies are used for
improvement the cells, as: sanding of green electrolyte, elevation of electrode fixation temperature (Tf) and use of
ZrO2–8%mol Y2O3 (YSZ) porous layer between electrode and
electrolyte. Considering that these strategies should increase 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-xCryMn1yO3-σ type-materials and the production of a one with new
composition, 33LSCM33. Moreover, the evaluation of electrode fixation improvement strategies and, mainly, the characterization (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 swelling (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 temperature (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 atmosphere. Moreover, the measurements were realized at symmetrical 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 simultaneous adjustment of the Nyquist and Bode graphs using the
equivalent electrical circuit model (fig.2.1). All Chi2 values

257

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

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).
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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 resistance 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
950°C
5.0
36.5
900°C
3.7
30.0
850°C
6.2
57.6
800°C
4.7
74.2

C1100*
6.68
8.06
10.6
12.0

The impedance of constant phase element is given by:
𝑍𝑐𝑝𝑒

1
=
(𝑗𝜔)𝑛 𝑄

(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 results are presented in the tab 3.3:
𝐶𝑖 = 𝑄𝑖 (

1⁄ ) [(1−𝑛𝑖 )⁄𝑛 ]
𝑛𝑖 𝑅
𝑖
𝑖

(2),

1
2𝜋𝑅𝑖 𝐶𝑖

(3).

𝑓𝑖 =

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
9.2
12.1
57.3
109
𝑹𝟐
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
𝑸4
𝒏4

1.9
7.0x10-7
0.93

62.3
1.7x10-4
0.43

2.4
9.4x10-8
1

16.4
1.2x10-5
0.56

𝑹𝟐
𝑸2
𝒏2

4.58
9.0x10-2
0.90

C1100*
3.60
9.0x10-2
0.90

3.00
1.0x10-1
0.80

37.0
4.0x10-4
0.92

𝑹3
𝑸3
𝒏3

6.71
5.4x10-4
0.87

9.8
3.6x10-4
0.96

14.4
3.0x10-4
1.0

36.7
5.6x10-5
0.72

𝑹𝟒
𝑸4
𝒏4

5.96
1.2x10-4
0.60

17.6
2.0x10-4
0.52

36.8
2.5x10-5
0.50

31.2
1.4x10-3
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 electrochemical process (P) classification (SEI – sample-electrode interface, ER –
electrochemical reaction, SL – surface layer and WI without identification process).
C1000
950°C
900°C
850°C
800°C
f2
4x102
1x102
1x102
4x101
-5
-4
-5
𝑪2
4.0x10
1.3x10
2.6x10
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
𝑪4
P

3x105
2.5x10-7
SEI

6x103
4.1x10-7
SEI

7x105
9.4x10-8
SL

7x105
1.5x10-8
SL

f2
𝑪2
P

4x10-1
8.2x10-2
WI

C1100*
6x10-1
7.9x10-2
WI

7x10-1
7.0x10-2
WI

2x101
2.8x10-4
ER

f3
𝑪3
P

1x102
2.3x10-4
ER

6x101
2.8x10-4
ER

3x101
3.0x10-4
ER

9x102
5.0x10-6
SEI

f4
𝑪4
P

3x104
8.8x10-7
SEI

7x103
1.2x10-6
SEI

2x103
2.2x10-6
SEI

3x103
1.8x10-6
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

ASRp (cm )

𝐴𝑆𝑅𝑝 =

𝑅𝑝 𝐴
2

(4).

10

C1000
C1100*

0.80

0.82

0.84

0.86

0.88

0.90

0.92

0.94

-1

1000/T (K )

Fig. 3.2. Arrhenius plot: C1000 (black) and C1100* (green).
Tab. 3.4 - Area specific polarisation resistance (𝐴𝑆𝑅𝑝 / Ω. 𝑐𝑚2 ).
D%
C1000
C1100*
61 %
950°C
4.94
1.95
65 %
900°C
10.07
3.50
66 %
850°C
17.72
6.10
64 %
800°C
32.48
11.85

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 disappears 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 considered to have adequate electrodes fixation. In opposition, the
C1100, according to the Rs criterion, has evidence of inadequate 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 frequency 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 temperature of C1000, 900°C. It manifests in low frequency domains (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 identification (WI). The SL manifests exclusively on the C1000 at
850 and 800°C for ƒ = 7.105 Hz. While the WI manifests exclusively 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 temperature (tab. 3.4). While the ASRp values of the C1100* are reasonable, 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 candidate obtained in this work (tab. 3.4).
In addition, as the electrode fixation strategies are applied, the ASRp decrease. Furthermore, the best result is obtained in the cell that made simultaneous use of the 3 strategies, 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 unprecedented 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 material 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 implement a thinner electrolyte.
Electrochemical impedance spectroscopy (EIS) is a commonly used experimental technique that can discriminate
the contributions of different physical processes to the overall electrical impedance o the sample. Microelectrodes have
multiple applications in electrochemistry and have been increasingly used in the characterization of oxide ion conducting ceramics.
We propose the control of the porosity of the electrolyte as a tool to increase the electrode-electrolyte to improve ion access to the electrolyte, thus improving the SOFC
performance.
In this study, YSZ films (~100 nm) with and without porogenous agent were deposited in amorphous silica substrates. 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 conductivity
2. Experimental
Dense and Mesoporous YSZ thin films were prepared following the SOL-GEL route. A solution of 92% Zirconium
Propoxide (70% Propanol) and 8% Yttrium chloride was prepared. In the case of the mesoporous thin films, the sol-gel
route was used in combination with the evaporation-induced 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 initial 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 determine 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 acrossplane EIS measurement.

We performed EIS measurements to obtain their acrossplane conductivity. Impedance spectra were collected in air.
Samples were measured using a GAMRY 750 impedance analyser 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 atmospheres [3]. The results are shown in figure 3b.

Fig. 3. (a) Film thickness of samples as a function of treatment temperature 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 treatment 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 modelled as a single parallel RC circuit.

We obtained the resistive part of the spectra as the difference 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 respective 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 treatment temperature. In figure 5(b) we can see activation energies 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 boundaries, 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 behaviours in dense and porous samples.
4. Conclusions
The porous samples lose a considerable amount of accessible 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 process. This is consistent with what was previously reported in
nanoceramics, where the grain boundary conduction dominates. Here the porous structure increment the relative fraction of the grainboundaries compared to a microestructured
ceramic.
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1. Introduction

2. Methodology

More than 80% of the world energy is still produced
from fossil fuels. Two of the strategies approached for lowering 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 addition, SOFCs are modular and scalable which make them
suitable for a wide variety of applications from cell phone
chargers to several MW power plants.

2.1 Technical requirements and testing capabilities
Technical requirements of the setup were defined taking into account the goals for the prototype to be developed within PICT Start-Up 2018-03690 project, the specifications 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

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 hydrogen. 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 monitoring 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 500900°C range) and they need to operate a fuel gas on the
anode side and a oxidant gas on the cathode side separated by a dense ceramic membrane of between some tenths
to few hundredths of microns. There are some commercially 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 Characterization Department at Centro Atómico Bariloche
(CNEA) for designing, building, commissioning and validtaing 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.

CO: 5 L/min
Air: 60 L/min
N2: 17 L/min
H2: 10 L/min
O : 15 L/min
CH4: 2.5 L/min 2
5% H2/N2: 10
CO2: 7.5 L/min
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 review, it was defined that the setup must be able of performing at least the tests summarized in Table 2. Correspondingly, the variables to be monitored and/or controlled were selected.
Table 2. Minimum tests that the setup must be able to perform.
Test

Description

Stack mounting, heating, and sealing, anode reducStart-up and
tion, and checking of gas tightness and good elecconditioning
trical contact.
Stack
performance

i-V and power curves measurement as a function of
gas flow and composition and/or stack temperature.

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 controlling the setup, four different options were analyzed:
PLCs from traditional brands (i.e. Siemmens and AllenBradley), a low-cost PLC (from AutomationDirect), a PCbased system (from National Instruments), and an opensource platform (from Arduino). These four solutions were
qualitatively compared according to the following parameters: enviroment requirements (capability of tolerating
electromagnetive noise, humidity, vibrations), ease of input/output configuration, possibility of extention, software
licensing, and cost (including software license).

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.

2.3 Measurement software programming and design criteria
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. 2. Render of the setup.

3.2 Selection of control unit
Table 3 compares the different hardware solutions analysed 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 difficult of programing and configurate. PLC’s represent an
intermediate solution regarding both price and ease of
programing but they require the use of proprietary software (paid or free) for programing and configuration.
Table 3. Comparison of different hardware solutions analysed
for controlling the SOFC stack testing setup.
Parameter

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,

PLC

Low-cost
PLC

PC-based

Open
source

Enviroment

Industrial

Industrial Laboratory Laboratory

I/O configuration

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

5. Conclusions

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 displayed 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 programmed in tab “Routines” (see Fig. 4).

A setup for testing SOFC stacks up to 600 W was designed at conceptual level. A low-cost PLC from AutomationDirect was selected for controlling the setup due to its
versatility, robustness and cost, and programmed using
ProductivitySuite software in Ladder language. A userfriendly 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 temperature sensors, and PLC were successful.
Acknowledgements
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4. Discussion
Low-cost PLC Productivity 1000 from AutomationDirect
was selected for controlling the testing setup for its optimum 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 communication between the PLC and the measurement software
written in Python by using Modbus protocol. Evenmore,
some sensors for air flow, humidity and temperature monitoring were sucessfully tested by connecting them to the
PLC and reading the measured values with the measurement software as shown in Fig. 3.
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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, mechanical 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 conformation provide a shielding effect that leads to chemical inertness and hydrophobicity[2]. PTFE has been recently applied in gas diffusion systems (GDE) ensuring that the pore
wall of the electrode will selectively act upon the gas passage 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 electrodes with 10 wt% and 2 wt% of PTFE before and after electrochemical tests. For a clear understanding of what was the
most important parameter on PTFE instability, we investigate 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). Infrared spectroscopy (FTIR) and Raman spectroscopy were
applied to determine the chemical structure and morphologic aspect.
3. Results
The synchrotron radiography (Figure 1a) shows the GDE microstructure. 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 silver 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 spectroscopy (TGA-MAS) shows that all samples present two secondary mass loss temperature (85°C and 380°C) below the PTFR
thermal degradation temperature (550 °C). The first degradation 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 penetration. Raman spectroscopy was able to identify polymer
debris in the electrolyte side, possible caused by the electrolyte 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 sodium 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 solution 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 between the gases and the fluorine, promoting a disorganization of the polymers chains.
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b)

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. Temperature, time and voltage potential. Operando X-ray radiography 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 electrolyte. This set of results demonstrate that the morphology of
PTFE can be modified throughout the electrode perfomance. This can also lead to reduced hydrophobicity and allow percolation of the electrolyte liquid, as shown by the accumulation 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).

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

Fig. 1. INTA test bench for energy storage systems.

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.

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.

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.

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.

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

2. Experimental

The specific energy density of Li-ion batteries (LIBs) is
now nearly approaching its theoretical values, after grow−1
ing by about 7 Wh kg per year in the last 25 years [1]. A
rechargeable battery-specific energy density is primarily
determined by the electrode's specific capacity and operating voltage [2]. In this perspective, lithium metal anode
represents the “holy grail” of battery research for its ex−1
tremely high theoretical specific capacity (3860 mA h g ),
its lowest redox potential (−3.04 V vs. the standard hydrogen electrode), and its low gravimetric density (0.534 g
−3
cm ). On the other hand, metallic Li being thermodynamically unstable in all liquid electrolytes immediately forms a
solid-electrolyte interphase (SEI) when immersed into electrolyte [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 underneath 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 nanomaterials [6,7] have been studied extensively for applications in LIBs. Particularly 2D nanomaterials have attractive
properties originating from their ultrathin structure with a
high degree of anisotropy and chemical functionality. Hexagonal 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 between 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) interact 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.

2.1 Sample preparation
To modify the metal lithium surfaces we used a suspension 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 technique to obtain Li@BN sample.
The interaction of hBN with metallic lithium was studied with X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM). To test the electrochemical 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 1,3dioxolane (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 deposition was evaluated with galvanostatic cycling.
3. Results
3.1 hBN Exfoliation
Dispersions with a concentration of 10 mg mL −1 hBN powder in NMP were sonicated to exfoliate the hBN and centrifuged 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 observe the typical flake morphology of exfoliated h-BN, RAMAN shows a red shift in the peak corresponding to E2g
mode and XPS confirms the chemical and bond composition 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 products of the reaction between hBN and Li.
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To test the stability of lithium in contact with electrolyte, 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. Galvanostatic 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 coulombic efficiency showing an improvement in the electrochemical 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 homogeneous structures on Cu@BN.

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 lithium 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 overpotentials respect to unmodified Li anodes at density currents as
2
high as 20 mA cm . Using XPS, EIS and SEM as tools, we
were able to shed light not only about the interaction between the 2D materials and the Li surface, but also about
how its interplay improves the electrochemical performance 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.

3.3 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.

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. 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. 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. 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

Fig. 4. Current for different values of p. The line at 2 10-2 ΔN/Δt is
drawn for reference.

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.

Diffusion in a Nanoporous Medium, Journal of Chemical
Physics, 136 (2012).
[4] Heffelfinger, G. S.; Swol, F. van. Diffusion in Lennard‐Jones
Fluids Using Dual Control Volume Grand Canonical Molecular
Dynamics Simulation (DCV‐GCMD), The Journal of Chemical
Physics, 100 (1998), 7548.

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
2
working electrode (1.2 cm ), 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‐
5
tolab potentiostat in the range between 0.1 to 10 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

th

th

th

8 Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11 ‐14 , 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
‐1
rate 100 mV s ; 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
‐1
‐1
and EIS curves was found to be 45 F g at 6 A g , 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
‐1
capacitances as high as 330 F g at a current density of 5 A
‐1
g . 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 effects. However, the nucleation and growth of Li 2S2/Li2S species during the discharge process remains uncontrollable resulting 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 longchain 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 advantage 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, 2dimethoxyethane (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 density of 0.167 Ag-1 (C/10). Figure 1 shows the charge/discharge
profiles obtained at the 5th, 10th, 50th and 100th cycles for cathodes 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 cathodes 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 consequence, different sulfide and sulfate species are obtained not
only at the surface level, but also at approximately 180 nm
from the electrode surface.
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anodes.
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

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 Al 2O3 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).

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

Potential (V)

1,0

Reference
Al2O3 50nm

0,8

Al2O3 0,3m

0,6

Al2O3 1mm

0,4
0,2
0,0

Fig. 1. -0,2
Potential vs. time profiles obtained for symmetrical cells
prepared with Al2O3-X@Li being X = 1 mm (blue), 0.3 µm
-0,4
(yellow) and 0.05 µm (red)
-0,6

It -0,8
is clear that the modified Li electrode with an
optimized 0particle
1 mm
best lifespan
25 size
50 of75
100possesses
125 150the175
since it has de lower time
overpotential
and
the longest
(h)
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.

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.
5)
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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-contamination through the membrane, short response time,
and long shelf life [1].
One of the critical components of VRFBs are the electrodes that contribute to the performance of the battery. On
the electroactive surface of the electrodes, the electrochemical reactions responsible for the generation of electricity are carried out. However, improvements are still required 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 V 3+ and
VO2+ in a fully discharged VRFB.
Catholyte: VO2+ + 2H+ + e- ⇌ VO2+ + H2O
Anolyte: V3+ + e− ⇌ V2+
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 catalytic decomposition of CH4 using a nickel-based catalyst.

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 atmosphere at 550 0C in a horizontal reactor to reduce the NiO x to
metallic Ni, which is the catalytically active form for decomposition of CH4 into carbon, in the form of nanofibers and
hydrogen. The catalytic decomposition of CH4 over the Nimodified 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 electrode, a Ag/AgCl (3 M KCl) reference electrode and a graphite bar as counter electrode. The measurements were carried out using an electrolyte with a concentration of 0.05 M
of VOSO4 in 1M H2SO4 aqueous solution.
4. Results

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

In the SEM images of the commercial felt, GFD 4.6 (Figure 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.

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,
c)
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a)

b)

c)

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 electrocatalytic behavior of the felt modified with nanofibers, since
it presents a higher current for both the oxidation and reduction reactions for both the negative and positive electrodes 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.

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 electrocatalytic 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 reactions, possibly due to a greater affinity in the coordination
of the oxocations involved in the positive electrode reactions compared to the free cations involved in the negative
electrode reactions of a VRFB.
6. Conclusions
A commercial carbon felt has been modified with carbon nanofibers grown in situ on its surface using Ni nanoparticles 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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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 nanofibers where the catalytic decomposition of methane takes
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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 electrochemical double layer, allowing a fast charge and discharge, high efficiency, and excellent performance with
time. Carbon materials have been widely used in supercapacitors, 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 different types of carbon materials (both pristine and modified) in
supercapacitor applications [2]; thus, showing the importance of these materials in energy storage. Metal-Organic Frameworks (MOFs), as templates or C precursors to
prepare high-surface porous carbons, present several benefits, 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 terephthalic 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 resistance to the environmental humidity, which can be detrimental to obtaining an ordered porous structure.
2. Experimental
2.1 Synthesis of MOF-5 derived carbon
MOF-5 was synthesized following the procedure reported by Villarroel-Rocha et al. [3]. Here, Benzene 1, 4-dicarboxylic 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 consisted 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 N 2 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 temperature. 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 calculated by the BET equation using the N2 adsorption data. The
micropore volumes (VμP-N2 and VμP-CO2), were obtained applying 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 distributions of material were evaluated by the modified HorvathKawazoe 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 Instruments) using the Kernel “N2 at 77 K on carbon (slit/cylindrical 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 isopropanol, 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 ensure binding between the sample and the support. The typical 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 electrochemical cell was used for the cyclic voltammetry, galvanostatic charge-discharge, and impedance measurements. 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 carbon 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 calculated from the discharge processes according to:
𝐼∆𝑡

𝐶 = 𝑚∆𝑉

under study presents a peak of mesopore at 2.5 nm and a
small secondary mesoporosity (Fig.1b). In the micropore region, 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.
CO2 at
273 K

N2 at 77 K
Sample

VμP-N21

VμP-CO2 4

SBET
(m2 g-1)

(cm3g-1)

VMP2
(cm3g-1)

VTP 3
(cm3g-1)

(cm3g-1)

(1)

MOF-5

1600

0.58

0.04

0.62

0.59

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].

CMOF-5

2305

0.89

0.24

1.13

0.63

1

Calculated with Dubinin-Rasdushkevich equation and aS-plot
method
2V
MP = VTP - VμP-N2
3 Calculated with Gurvich rule
4 Calculated with Dubinin-Rasdushkevich equation

3. Results
3.1 CMOF-5 Characterization
800

a)

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 structure with both micro- and mesopores.
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Fig. 1. a) N2 adsorption-desorption isotherms at 77 K and b) PSD of
MOF-5 and CMOF-5.

-0.5
5 mV/s
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-1.0
-1.5

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 classification. 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
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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
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Fig. 4. Cycling performance at an applied current density of 2 A/g.
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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 surface functionalities that contribute with additional pseudocapacitance [2], also, the ZnO remaining from de MOF-5 carbonization show no contribution to the electrochemical response of CMOF-5. At higher scan rates (from 100 mV/s) the
voltammograms appear tilted, caused by increasing resistance in the ion transfer from the bulk solution to the surface of the electrode, apart from that, the shape of the voltammograms remains unchanged.

3000

Currently, the behavior of CMOF-5 is being studied in an
alkaline solution, in a three-electrode electrochemical system, in addition to the performance of the CMOF-5 as a symmetric supercapacitor in a two-electrode cell using both
acidic and alkaline media.
Acknowledgments

4000

5000

t (s)

Fig. 3. Charge-discharge profiles at different current densities. Inset: Variation of specific capacitance with the current density.

The charge-discharge profile at different current densities 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 decrease. In addition, the specific capacitance values also decrease 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 iontransfer 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 reported 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 carbonization of MOF-5; this carbon exhibited high surface area, micro, and mesoporosity. In addition, CMOF-5 presented a
good electrochemical performance, with specific capacitance values of 339.72 F/g at 0.1 A/g and capacitance retention of 97.3 % after 1050 cycles at 2 A/g. The presence of
ZnO did not interfere with the CMOF-5 electrochemical response.

The authors wish to thank CONICET, INTI, and UNSL for
the financial support of this project.
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1. Introduction

2. Experimental

Among the numerous transition metal oxides, manganese-based oxides are particularly attractive as cathode materials for Li-ion batteries (LIB) due to their low cost and no
toxicity. These transition metal oxides show interesting electrochemical 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]

2.1 Oxide synthesis

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 behaviors, modifying their performance as electrodes [3].
In general, cathodes are made of transition metals that
are toxic to the environment. In this context, the sonochemical 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 varying approximately between 500 and 1000 nm. The data
have allowed to propose the cation distribution for each oxide formulation.
We will show studies of the electrochemical properties
of the material as a potential cathode for lithium-ion batteries.

The powdered oxide of LiFe0.25Zn0.25Mn1.5O4 was synthesized 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 nonahydrate (III) (Fe(NO3)3*9H2O) and manganese nitrate monohydrate (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 ultrasound 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 maintained at this temperature for 6 h in air [6]. The black powder 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 Oxford X-Act Energy Dispersive Spectrometer (EDS) for quantitative elemental characterization.

3. Discussion
3.1 X-ray diffraction
After the synthesis of the material, the result was analyzed by X-ray diffraction (XRD) at room temperature. It was
visualized that the structure presented by the new compound 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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LiFe0.25Zn0.25Mn1.5O4
a= 8.269(2) A
Intensity (a.u.)

Fig. 3. EDS spectrum of LiFe0.25Zn0.25Mn1.5O4
4. Conclusions
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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 characterized 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 similar morphologies to those shown here. It is known that the
application of ultrasounds in the synthesis of materials, promotes the formation of nano-sized particles. Being a synthesis route, which is carried out in solution it opens the possibility of mixing the starting materials at the atomic level.

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 crystallinity and, more importantly, with the cations being in high oxidation states. This synthesis method can have promising applications in the preparation of oxide cathodes for Li batteries.
Acknowledgements
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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 company 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 consolidated 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 projects 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 industry. We are focused on the development of the local lithium value chain and cell manufacturing adding the largest
proportion of local inputs and/or components in these processes. Also, we are involved in the development of an industry of storage systems, based on Lithium-Ion batteries.

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 electrolyte 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 technologies (Bus line 59), storage system of digital control technologies 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 produced 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 lithium-ion cells industrial plant.

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 possibility 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. 2. 3D model of the UNILIB lithium-ion cell plant

3. Conclusions

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, silicon compound anodes.

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 lithium-ion battery technologies.
References
1 https://y-tec.com.ar/en
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