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1. Introduction

Attending to the worldwide rush to curb the alarming 
atmospheric carbon concentrations, many strategies have 
emerged to couple efficient technologies to renewable 
energy sources. Thanks to the major breakthroughs in the 
development of conductive and stable anion exchange 
membranes (AEM), ionomers and precious group metal 
(PGM)-free catalysts for oxygen involving reactions, the 
unitized regenerative AEM fuel cells (UR-AEMFC) have 
gained considerable attention in the recent years. The 
possibility for having a dual-function operation in both 
galvanic and electrolytic modes in the same stack, i.e., as an 
energy conversion system, (fuel cell mode, FC) or energy 
storage system (water electrolyzer, WE), respectively, poses 
numerous advantages compared to conventional energy 
storage devices. 
Even though PEM-based UR-FCs are nowadays a well-
established and more mature technology, the round-trip 
(RT) efficiencies are still rather low and the penetration of 
the technology in the market is hampered due to the high 
costs associated with the materials used; namely, noble 
metal catalysts to beat the sluggish kinetics of oxygen 
evolution and reduction reactions (OER/ORR) and expensive 
non-biodegradable perfluorosulfonic based membranes to 
boost ion exchange capacity (i.e: Nafion). However, due to 
the compact configuration, high specific energy density (400 
to 1000 Wh·g-1 ) and light-overall weight, it suits the needs 
of mobile applications in remote islands, for the military 
operation, aircraft, on-site energy generation systems, 
space applications and mainly as a suitable power supply in 
buildings when coupled to renewable energies [1]. In fact, 
solely an overall maximum round-trip efficiency of 60 % is 
achieved in acidic media at moderate current densities of  
0.4 A·cm-2 while employing prohibitive loadings of PGM 
catalysts (Pt, Ru, Ir), 1-7 mgPGM·cm-2 [2]. The main reasons for 
these limitations concern the poor water and gas 
management at the porous transport media and catalyst 
layer level, when switching from galvanic (FC) to electrolytic 
mode (WE), which results in steep mass transport 
overpotentials. Nonetheless, achieving high round-trip 
efficiencies is of utmost importance to seize the advantages 
of having a unitized device. In that regard, much progress 
had been made toward the development of novel bi-
functional catalysts with low or completely PGM-free 
loadings. PGM-free catalysts are foreseen as the new 

generation of materials to feature low cost alongside with 
high reversibility, activity and stability towards efficient 
evolution and reduction reactions of oxygen (OER/ORR), in 
detriment of common Ir-Pt mixtures [3]. Moreover, since 
ORR and OER are surface-sensitive, innovative engineering 
strategies are utterly important for boosting the intrinsic 
activity of PGM-free catalysts. 

Thereupon, doping high surface and conductive materi-
als, such as carbon, with earth-abundant elements, namely 
Ni, Fe or even Co emerges as promising alternative to PGM 
layers to ensure higher OER/ORR catalytic activities. 
Amongst recent discoveries, nitrogen coordinated Fe atoms 
dispersed over carbon-based supports (Fe-N–C), have 
spiked special attention. Fe-Nx-based species hold an ideal 
synergy effect between the highly ordered graphitic carbon 
structures, the nitrogen and the Fe atoms, which has been 
assigned to boost the electro-activity towards ORR/OER in 
both acidic and alkaline media [4]. In the latter, the electro 
conductivity is increased due to the enhanced 𝜋-𝜋 conju-
gated electron transfer from donating and withdrawing na-
ture of basal plane carbon and N atoms [5]. Continuous ef-
forts are driven in the direction of maximizing the utilization 
of such active species in the overall catalyst while boosting 
the active surface area. 
The deployment of recent highly conductive yet cheaper an-
ion membranes for operation in low KOH concentration 
or/and in ultrapure water, namely quaternized ammo-
nium/pyrrolidine functionalized polystyrene/butylene co-
polymer membranes, has allowed reaching unprecedented 
power densities of ca. 2 W·m2 in AEM fuel cells. Similar pol-
ymeric formulations had been tested in AEM water electro-
lysers as both membrane or catalyst binder, allowing to at-
tain nearly 3.5 A·cm-2 at 1.8 V and 60 °C [6], thus ruling out 
pivotal directions towards the design of novel Unitized re-
generative fuel cells.  
The mentioned breakthroughs rule the motivation of this 
work which consists on the development of hybrid by-func-
tional structures of metal (Fe, Ni) nucleated on nitrogen 
doped carbon, from waste phenolic resins for the OER/ORR 
and its further testing in a UR-AEMFC. PGM-free based elec-
trodes, consisting of synthesized bi-metallic FeNiNC yielded 
great current densities both in galvanic mode and electro-
lytic mode, and thus larger round-trip efficiencies in compar-
ison to commercial Pt/C, thereafter, paving the way for the 
implementation of sustainable routes in the production of 
bi-functional MEAs.  
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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 cat-
alysts supported on nitrogen-doped carbon.  A ratio of 1:1 
of the precursors Fe(NO3)3·9H2O (Alfa Aesar) and 
Ni(NO₃)₂.6H₂O (Sigma Aldrich) was dispersed in 20 mL of ul-
tra-pure water solution containing melamine. A sample of 
100 mg of carbonized phenolic resin waste was added to the 
former solution and continuously stirred. The obtained pow-
der was calcined under argon flow at 550 ˚C for 3 h followed 

by 1 h at 750 ˚C. For a fair assessment of the bi-functionality 
OER/ORR of the produced catalyst, its electrocatalytic activ-
ity was compared with that of commercial 40% Pt/C (Preme-
tek), IrO2 (Premetek), and synthetized Fe using commercial 
Ketjenblack EC-600J as support (Tanaka).  

 
2.2 Electrochemical characterization  

A rotating disk electrode (RDE, PineResearch) was used for 
carrying out the electrochemical evaluation of the prepared 
catalysts. A carbon rod and a saturated Ag/AgCl in 3 M 
KCl(aq) were used as counter and reference electrodes, re-
spectively, assuming a three-electrode configuration cell. 
After sonication, a droplet of catalyst suspension was dried 
onto the working electrode at 700 rpm and 25 °C. The load-
ing of the catalysts was set to 400 µg∙cm-2. The ohmic re-
sistance ascribed to the 0.1 M KOH electrolyte was deter-
mined by performing electrochemical impedance spectros-
copy (EIS) at 0.4 V using an amplitude perturbation of 5 mV. 
Cyclic voltammograms (CVs) were obtained by sweeping the 
potential of the working electrode, under argon-saturated 
0.1 M KOH(aq) at 20 mV∙s-1. ORR activity was evaluated by 
performing Linear Sweep Voltammograms (LSVs). The po-
tential of the working electrode (glassy carbon of 0.196 cm2) 
was scanned from 0.05 to 1 V at 1600 rpm in O2-saturated 
electrolyte. Background currents were subtracted from the 
ORR results, by performing LSVs under Ar-saturated electro-
lyte. Regarding OER measurements, a gold tip was used as 
the working electrode and OER activity was evaluated by 
scanning the potential between 1.2 V and 1.9 V (vs RHE) un-
der N2-saturated 0.1 M KOH (aq) at 1600 rpm.  

2.3 Membrane Electrode Assembly (MEA) preparation 

An anion exchange membrane – EURODIA AMX-fg – was 
stored overnight in 0.5 M KOH to be converted into the hy-
droxide form. Afterward, the oxygen synthetised electrocat-
alysts (FeNiNC) and benchmark catalysts were used to pre-
pare a catalytic ink which was further dispersed onto the 
membrane via automatic spray for ensuring a strong inter-
facial contact between the electrode-electrolyte pair. The 
ratio between Fumion ionomer (Fumatech, 10 wt.% solu-
tion) and the total amount of solid nanoparticles was ad-
justed from 25 to 50 wt.% and its impact on the performance 
was analysed. FeNiNC catalyst loading was set to 3 mgPt∙cm-

2 using an active area of 6.25 cm2. Porous titanium sheet was 
used as a backing layer porous transport layer. The hydrogen 
electrode consisted of a commercial gas diffusion electrode 

(GDE; Fumatech) consisting of 40 % Pt/C with 0.3 mgPt⸱cm-2. 
The MEA was assembled in a Ti-based cell electrolyzer (Fuel 
Cell Store). The gas flows of H2 and O2 were governed by sat-
urating 1 L·min-1 and 900 mL·min-1, respectively in a 0.1 M 
KOH circulating electrolyte (aq). The cell temperature was 
kept at 50 ˚C.  

3. Results 

Fig. 1a) and b) show that FeNi-based catalysts supported 
on nitrogen-doped carbon supports are an interesting alter-
native to the benchmark PGM OER/ORR catalysts (IrO2 and 
Pt/C, respectively) due to their highly increased electroactiv-
ity towards oxygen reactions. PGM-free FeNC catalysts al-
ready display competitive electro-activities compared to no-
ble metals, as per the similar activation overpotential ob-
served at ca. 0.9 V vs. RHE (ORR) and 1.5 V vs. RHE (OER), 
respectively; nonetheless the addition of Ni to the structure 
clearly boosts the performance and appears to improve liq-
uid-gas diffusion as per the increased limiting current densi-
ties attained, even though the carbon support was entirely 
recycled from waste phenolic resin. In fact, FeNi catalysts 
largely surpassed the 3 mA∙cm−2 threshold, usually consid-
ered for oxygen bifunctionality, revealing a diffusion-limited 
current density of 5 mA∙cm−2 at 0.4 V [1]. 

The synergy between Fe and Ni, with heteroatoms (N) 
over the carbon matrix impacts particularly the catalytic 
conductivity of the produced non-noble catalysts. Bimetallic 
FeNi-based catalysts displayed lower ohmic drop towards 
ORR and OER and thus, slightly lower capacitive behavior, 
compared to the relative FeNC, Fig. 1c). 

 
Fig. 1 a)  LSVs under O2-purged 0.1 M KOH electrolyte at 1600 rpm 
for ORR. b) LSVs under N2-purged 0.1 M KOH electrolyte at 1600 
rpm for OER c) CVs obtained under Ar-saturated 0.1 M KOH elec-
trolyte. Catalyst loading of 400 µg∙cm-2. Scan rate of 20 mV∙s−1. 

 
Another crucial parameter determined was the Tafel 

slope. A commercial 40 % Pt/C demonstrates a Tafel slope 
of 82 mV∙dec-1 in 0.1 M KOH. The incorporation of Fe and Ni 
leads to a decrease of 73 mV∙dec-1, which indicates a faster 
kinetics towards ORR.  

 
 



 
 

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

 

A deeper understanding of the structure of the FeNiNC MEA 
was obtained by performing a systematic investigation on 
the influence of ionomer content (Fumion) throughout the 
catalyst layer (Ionomer to catalyst, I/C). The concentration 
of ionomer in the catalyst layer was adjusted from 25 to 50 
%. Scanning electron microscopy (SEM; Phenom-World) sur-
face-images reveal that excessive ionomer content will re-
duce the porosity of the catalyst layer and block the reac-
tants/products transport pathways. In fact, for percentages 
of ionomer > 30 %, the catalyst layer demonstrated a plastic-
like handling of highly hydrophobic behaviour. In contrast, 
25 % ionomer concentration does not guarantee fair adhe-
sion of the nanoparticles to the surface of the membrane, 
delivering instead an insufficient network of triple-phase 
boundaries (TPB). The coating immediately laminated from 
the surface of the membrane when in contact with caustic 
solution, perhaps mainly due to the different water uptake 
properties of the solid electrolytes employed and insuffi-
cient binder concentration on the overall ca. 35 μm catalyst 
thick layer. At 30 % of ionomer concentration, SEM images 
evidenced a homogeneous, and porous structure of the cat-
alyst layer, which strongly facilitates mass transport of reac-
tants and products, Fig.2. 
 

 

 
 
Fig. 2 SEM images of a) FeNiNC catalyst layer using 50 % of ionomer 
content; b) top-view of FeNiNC catalyst layer using 30 % Fumion at 
800 X magnification.  

 

Preliminary results in a UR-AEMFC show that using nitrogen 
doped bimetallic PGM-free oxygen catalysts (FeNiNC) allow 
to achieve fair current densities when compared with Pt/C, 
Fig.3, thus emerging as a promising alternative to PGM con-
figurations. However, since one of the greatest challenges in 
a UR-AEMFC refers to maintaining a fair stability and high 
conductivity of OH- on the AEM membrane and ionomer es-
pecially when in contact with PGM-free catalysts, further 
studies will include the optimization and monitoring of the 
cell operating conditions to ascribe possible degradation 
mechanisms happening at the oxygen compartment. Typi-
cally, the positive anchoring functional groups of the AEM 
are highly sensitive to the direct nucleophilic attack of hy-
droxide ions, especially at higher temperatures (> 75 °C) 
since it triggers the production of parasitic hydrogen perox-
ide radicals. Moreover, KOH typically reacts with atmos-
pheric CO2 to generate carbonate and bicarbonate anions 
which block the permeation of the membrane to OH- ions, 
thus causing high ohmic overpotentials [7]. Further work will 
address improving the UR-AEMFC’s round-trip energy con-
version; and therefore, the development strategy will in-
clude the purge of the oxygen chamber when operating in 

water (WE) mode, to avoid the oxidation of materials to CO2, 
while maintaining a closed loop, and the stability of the UR-
AEMFC cell will be screened in operation with O2 saturated 
distilled water at the anode compartment.  
 

 

Fig. 3. Preliminary results of the AEM-URFC operating in 0.1 M KOH 
under flowing of 1 L·min-1 of H2 and 900 mL·min-1 of O2 with FeNiNC 
or Pt/C oxygen electrocatalysts in a I/C = 30 %. 

Conclusions 

These results have shown the possibility for successfully 
introducing phenolic-resin waste as the carbon source to 
produce bifunctional PGM-free ORR/OER catalysts with 
promising electrical and microstructural features to increase 
the performance of unitized regenerative AEM fuel cells and 
thus eliminate the prohibitive use of PGM catalysts (Pt, Ir, 
Ru) and PFSA based membranes; the latter is essential for 
the deployment of cost-friendly, efficient and clean technol-
ogies.  
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