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A B S T R A C T

Low-temperature anion exchange membrane water electrolyzer (AEMWE) is widely recognized as a highly 
promising approach for sustainable hydrogen production. Nevertheless, current membrane–electrode assemblies 
(MEAs) still achieve their best performance when employing platinum group metal (PGM)-based electrocatalysts, 
while PGM-free alternatives generally exhibit inferior activity. In this study, a straightforward and unified 
synthetic route is presented for the preparation of non-noble metal electrocatalysts suitable for both the 
hydrogen and oxygen evolution reactions (HER and OER). The resulting electrocatalysts are composed of FeNi₃/ 
FeNiOx nanosponges and were produced by a straightforward two-step synthetic route in aqueous solution, 
exploiting aluminum powder as a cementation agent. The developed electrocatalyst delivers overpotentials of 97 
mV for the HER and 254 mV for the OER at a current density of 10 mA cm⁻² in 1 M KOH, enabling a direct 
assessment of both mass-specific and geometric activities in comparison with PGM-based electrocatalysts. 
Beyond the initial electrochemical evaluation of the FeNi₃/FeNiOx material, the electrocatalyst was integrated 
into an MEA, operating as both the anode and the cathode and tested in an AEMWE. Under these conditions, the 
device achieved a cell voltage of 2.037 V at 1 A cm⁻² and 50 ◦C, without iR correction. Notably, the resulting 
PGM-free MEA exhibited superior performance relative to a benchmark configuration employing Pt/C at the 
cathode and RuO₂ at the anode, with a voltage reduction of 105 mV at 1 A cm⁻². Long-term operation was 
evaluated over 150 h under a discontinuous power profile to gain insight into degradation behavior relevant to 
industrial operation. These results highlight a simple and scalable approach to the synthesis of earth-abundant 
electrocatalysts enabling high-performance AEMWE.

1. Introduction

Hydrogen is an essential industrial chemical, extensively utilized in 
processes such as ammonia production, petroleum upgrading, and 
metallurgical treatments [1]. More recently, it has gained increasing 
interest as a versatile energy vector and carbon-free fuel [1–3]. At 

present, most of the global hydrogen production is achieved from 
methane steam reforming, a process associated with substantial envi
ronmental issues. In 2022 alone, hydrogen production and consumption 
accounted for more than 900 million tonnes of CO₂ emissions [1]. As an 
alternative, water electrolysis has emerged as a sustainable route for 
hydrogen generation, particularly when integrated with electricity 
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sourced from renewable energy systems [1]. Among the available 
electrolysis technologies, Proton Exchange Membrane Water Electro
lyzers (PEMWEs) and Alkaline Water Electrolyzers (AWEs) are the most 
technologically mature and commercially deployed [4,5]. PEMWEs 
offer high operational flexibility, enabling elevate current densities with 
high energy efficiency. However, their reliance on highly acidic envi
ronments imposes the use of noble metal electrocatalysts, costly system 
components, and fluorinated polymer membranes, which collectively 
increase capital costs, raise environmental concerns, and limit 
large-scale deployment [6]. Conversely, AWEs represent a 
well-established and robust technology, benefiting from alkaline oper
ating conditions that allow the use of more abundant and cost-effective 
materials with a lower environmental impact. Nonetheless, the con
ventional use of porous diaphragms for electrode separation leads to 
enhanced gas crossover, which poses significant challenges under dy
namic and intermittent operating conditions typical of renewable en
ergy integration [7,8]. In recent years, growing research interest has 
been directed toward anion exchange membrane water electrolyzers 
(AEMWEs). This technology integrates several key benefits derived from 
both PEMWE and AWE systems, including (i) suitability for operation 
under intermittent power input from renewable energy sources, (ii) the 
use of a non-porous and non-fluorinated polymer membranes that en
sures effective physical separation of the electrodes while enabling in
ternal hydrogen pressurization, (iii) the possibility of employing 
cost-effective, non-noble-metal electrocatalysts [2]. Despite these ad
vantages, AEMWEs have not yet achieved widespread commercial 
deployment. Their limited large-scale implementation is primarily 
attributed to the insufficient long-term stability of membranes (AEMs) 
and ionomers (AEIs), as well as to the relatively low intrinsic activity of 
available electrocatalysts for both the anodic and cathodic reactions [9]. 
These limitations result in reduced overall efficiency when compared 
with state-of-the-art PEMWE [5]. During water electrolysis, the 
hydrogen evolution reaction (HER) occurs at the cathode, while the 
oxygen evolution reaction (OER) takes place at the anode. To reduce 
kinetic losses and enhance reaction rates, electrocatalysts are employed 
to decrease the associated overpotentials. Despite the alkaline operating 
environment, platinum group metals (PGMs) remain the benchmark 
electrocatalysts for both anodic and cathodic half-reactions. In partic
ular, ruthenium dioxide (RuO₂) and platinum supported on carbon 
(Pt/C) are widely regarded as the state-of-the-art electrocatalysts for the 
OER and HER, respectively [10,11]. Despite their excellent electro
catalytic activity, these materials suffer from high costs and limited 
availability, being classified as critical raw materials (CRMs) by the 
European Union. These limitations significantly restrict their scalability 
and long-term sustainability. Consequently, the replacement of CRMs 
with more abundant and economically viable alternatives is a key 
requirement for the widespread implementation of this technology [12,
13]. Among earth-abundant electrocatalysts, nickel-based materials 
have emerged as particularly promising candidates thanks to their low 
cost, adequate electrical conductivity, and excellent stability in alkaline 
environments. The activity of nickel-based electrocatalysts can be 
further improved through heteroatom or metal doping strategies. In this 
context, iron stands out as a particularly appealing dopant due to its high 
natural abundance and its well-documented ability to enhance electro
catalytic performance [14–16]. In our previous work, FeNi₃/FeNiOx 
nanoparticles prepared via chemical reduction using hydrazine 
demonstrated an overpotential of 234 mV for the OER at a current 
density of 10 mA cm⁻² [17]. As highlighted in our previous study, several 
reports in the literature have investigated nickel–iron–based electro
catalysts for both the HER and OER, employing a variety of synthetic 
approaches [9]. Luo et al. reported the fabrication of a NiFe nanosheet 
film deposited onto nickel foam via electrodeposition, which functioned 
as a bifunctional electrocatalyst for both HER and OER. The resulting 
NiFe/NF electrode exhibited overpotentials of 139 mV at a current 
density of 10 mA cm⁻² for the HER and 240 mV at 20 mA cm⁻² for the 
OER [18]. Wei et al. synthesized FeNi₃ layered double hydroxide (LDH) 

nanosheets through the reduction of nickel and iron precursors in an 
autoclave at 120 ◦C for 12 h, followed by a CH₄ plasma treatment to 
anchor the material onto a carbon support and induce a phase transition 
from face-centred cubic (fcc) to hexagonal close-packed (hcp). The 
resulting hcp-phase electrocatalyst exhibited enhanced electrocatalytic 
performance, delivering overpotentials of 70 mV for the HER and 201 
mV for the OER at a current density of 10 mA cm⁻² [19]. A more 
straightforward route for the synthesis of these materials can be ach
ieved through the low-temperature chemical reduction of nickel and 
iron salts in aqueous media using appropriate reducing agents. Such 
strategies offer the potential to decrease production costs and enable the 
large-scale fabrication of electrocatalysts for green hydrogen generation. 
Among these approaches, the reduction of metal ions on the surface of a 
less noble metal, commonly referred to as cementation, represents a 
particularly promising pathway. This method is already employed 
industrially for metal recovery and the purification of 
metal-ion-containing solutions [20–25]. In a previous study, we 
demonstrated the feasibility of this approach by synthesizing two types 
of nanostructured materials, namely FeCo₃/FeCoOx and Ni1-xCoₓ/Ni
CoOx, which were evaluated as OER electrocatalysts and exhibited 
overpotentials of 288 mV and 296 mV, respectively, at a current density 
of 10 mA cm⁻² [26]. Furthermore, the Ni1-xCoₓ/NiCoOx electrocatalyst 
was additionally evaluated in an ion-solvating membrane–based elec
trolyzer under different KOH concentrations [27]. Aluminum is espe
cially attractive for cementation-based synthesis due to its strong 
reducing capability, low cost, and favorable environmental profile. 
Nevertheless, despite its significant potential, aluminum has remained 
largely unexplored for the preparation of electrocatalytic nanoparticles 
for water splitting [28].

In this study, we report, to the best of our knowledge, the first 
example of Ni₃Fe nanosponge synthesized via a feasible aqueous-phase 
route employing aluminum powder as the reducing agent and subse
quently applied as a bifunctional electrocatalyst for both HER and OER. 
The obtained nanosponges were extensively characterized using high- 
resolution transmission electron microscopy (HRTEM), high-angle 
annular dark-field scanning transmission electron microscopy 
(HAADF-STEM), X-ray photoelectron spectroscopy (XPS), X-ray 
diffraction (XRD), X-ray fluorescence (XRF), and scanning electron mi
croscopy (SEM). The FeNi₃/FeNiOx materials were then employed to 
fabricate electrodes capable of catalyzing both HER and OER in an 
AEMWE, exhibiting the overpotentials of 97 mV for the HER and 254 
mV for OER, respectively, at a current density of 10 mA cm⁻². When 
integrated in a fully PGM-free MEA, the AEMWE delivered cell voltages 
of 2.037 V at 1 A cm⁻² and 50 ◦C, without iR correction. Despite the 
higher electrocatalyst loading, these performances surpassed those ob
tained using a benchmark MEA based on PGM-based electrocatalysts, 
specifically Pt/C at the cathode and RuO₂ at the anode, with a voltage 
reduction of 105 mV at 1 A cm⁻². Furthermore, degradation behavior 
was investigated by subjecting the MEA to a discontinuous power profile 
representative of renewable energy operation. A durability test 
employing a daily power cycle over a total operation time of over 150 h. 
Overall, this work demonstrates the feasibility of employing a single 
nickel-based electrocatalyst for both HER and OER, offering significant 
advantages in terms of scalability and industrial flexibility, and enabling 
the development of high-performance, fully PGM-free MEAs for sus
tainable hydrogen production.

2. Materials and methods

2.1. Reagents

Iron(II) chloride tetrahydrate (FeCl2⋅4 H2O), nickel(II) chloride 
hexahydrate (NiCl2⋅6 H2O), ruthenium(IV) oxide (RuO2, 99.9% metals 
basis), ethanol, polyvinyl alcohol (Mw 89,000-98,000 gmol-1, 99% hy
drolyzed), polytetrafluoroethylene 60 wt% dispersion in H2O, sodium 
hydroxide (NaOH, 98%), and potassium hydroxide (KOH, purity 85%). 
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All chemicals were purchased from Sigma-Aldrich and used without 
additional purification. Aluminum powder (Al, 325 mesh, 99.5%) and 
platinum supported on carbon (Pt/C, 40 wt%) were purchased from 
Thermo Scientific and used without additional purification. Nafion™ 
dispersion D520CS was purchased from Ion Power and used without 
additional purification. As substrates and supports, carbon cloth porous 
transport layers (thickness 0.410 mm, Xiamen Zopin New Material 
Limited, China) and nickel foam (thickness 1.5 mm, Xiamen Tmax 
Battery Equipments Limited, China) were used. The AEM (AT-100) was 
kindly provided by Ne.m.e.sys. s.r.l. (Italy).

2.2. Synthesis FeNi3/FeNiOx NPs

Step 1. FeNi₃/FeNiOₓ nanosponge was obtained via a wet chemical 
reduction route. NiCl₂⋅6 H₂O (5.0 g, 21 mmol) and FeCl₂⋅4H₂O (1.0 g, 
5.0 mmol) were dissolved in 50 mL of distilled water. After 5 minutes 
of stirring, the solutions were heated to 90 ◦C and aluminum powder 
(5 g) was introduced. An exothermic reaction with gas release 
occurred within a few minutes, and the mixtures were maintained at 
90 ◦C until the water was completely evaporated. The resulting black 
powder was magnetically collected on one side of the vessel and 
thoroughly rinsed with water five times. In each cycle, the powder 
was first suspended, then magnetically decanted to eliminate non- 
magnetic residues.
Step 2. To separate the nanosponge from the surface of aluminum 
particles, the powders were redispersed in 100 mL of water at room 
temperature, followed by the addition of an excess of NaOH (50g) 
solution to dissolve the aluminum. After the gas evolution subsided, 
a washing sequence was carried out consisting of five rinses with 
distilled water and five additional washes with ethanol. In each 
cycle, the nanosponge was first suspended, then magnetically dec
anted to eliminate non-magnetic residues. After the final ethanol 
washing, the product was filtered and collected.

2.3. Preparation of electrode

2.3.1. Preparation of the standard electrodes for the LSV measurements
The anode was prepared by dispersing RuO₂ (0.024 g) in 200 µL of a 

50:50 water/isopropanol mixture and mixing it with 44 µL of a 5% w/v 
alcohol Nafion dispersion, selected to ensure the formation of a homo
geneous and stable catalyst ink (with an amount of Nafion 10wt% of the 
total solid content). The resulting ink was applied onto 6 cm² of nickel 
foam and dried overnight in an oven at 30 ◦C, yielding an electrode with 
an electrocatalyst loading of 4 mg cm⁻². The cathode was prepared by 
sonicating for 10 minutes a dispersion of 12.6 mg of Pt/C in 1000 µL of a 
solution composed of 28 µL of a 5% w/v alcohol Nafion dispersion, 
selected to ensure the formation of a homogeneous and stable catalyst 
ink (corresponding to 10 wt% Nafion with respect to the total solid 
content), and the remainder being a 50:50 water/isopropanol mixture. 
Then, 10 µL of the ink was applied onto 0.1 cm² of glassy carbon and 
dried at room temperature, yielding an electrode with a platinum 
loading of 0.5 mg cm⁻².

Pt/C and RuO₂ were employed as benchmark electrocatalysts for the 
HER and OER, respectively, owing to their well-established high elec
trocatalytic activity under alkaline conditions [10,11].

2.3.2. Preparation of the standard electrodes for the single-cell AEMWE 
tests

The anode was prepared by dispersing RuO₂ (0.020 g) in 200 µL of a 
50:50 water/isopropanol mixture and mixing it with 37 µL of a 5% w/v 
alcohol Nafion dispersion, selected to ensure the formation of a homo
geneous and stable catalyst ink (with an amount of Nafion 10wt% of the 
total solid content). The ink was applied onto 5 cm² of nickel foam and 
dried overnight in an oven at 30 ◦C, resulting in an electrode with an 
electrocatalyst loading of 4 mg cm⁻². The cathode was prepared by 
dispersing Pt/C (6.3.10–3 g) in 100 µL of a 50:50 water/isopropanol 

mixture and mixing it with 15 µL of a 5% w/v alcohol Nafion dispersion, 
selected to ensure the formation of a homogeneous and stable catalyst 
ink (with an amount of Nafion 10wt% of the total solid content), fol
lowed by sonication for 10 minutes. The ink was applied onto 5 cm² of 
carbon cloth and dried overnight at 50 ◦C, resulting in an electrode with 
a platinum loading of 0.5 mg cm⁻².

2.3.3. Preparation of the FeNi3/FeNiOx electrode for the LSV 
measurements

The anode was prepared by dispersing FeNi₃/FeNiOₓ (0.150 g) in 
800 µL of ethanol and mixing it with an aqueous PTFE dispersion (0.027 
g, 60 wt%). The resulting ink was applied onto 6 cm² of nickel foam and 
dried overnight in an oven at 30 ◦C, yielding an electrode with a catalyst 
loading of 25 mg cm⁻². The cathode was prepared by sonicating for 10 
minutes a dispersion of FeNi₃/FeNiOₓ (0.025 g) in 100 µL of a solution 
composed of 55 µL of a 5% w/v alcohol Nafion dispersion, selected to 
ensure the formation of a homogeneous and stable catalyst ink (corre
sponding to 10 wt% Nafion with respect to the total solid content), and 
the remainder being a 50:50 water/isopropanol mixture. Then, 10 µL of 
the ink was applied onto 0.1 cm² of glassy carbon and dried at room 
temperature, yielding an electrode with a FeNi₃/FeNiOₓ loading of 25 
mg cm⁻².

2.3.4. Preparation of the FeNi3/FeNiOx electrode for the single-cell 
AEMWE tests

The anode was prepared by dispersing FeNi₃/FeNiOₓ (0.125 g) in 
500 µL of ethanol and mixing it with an aqueous PTFE dispersion (0.023 
g, 60 wt%). The ink was applied onto 5 cm² of nickel foam and dried 
overnight in an oven at 30 ◦C, resulting in an electrode with a catalyst 
loading of 25 mg cm⁻². The cathode was prepared by sonicating for 5 
minutes FeNi₃/FeNiOₓ (0.125 g) dispersed in 280 µL of an aqueous 
polyvinyl alcohol solution (10% w/v). The ink was applied onto 5 cm² of 
carbon cloth (PTL) and dried overnight at 30 ◦C, resulting in an elec
trode with a FeNi₃/FeNiOₓ loading of 25 mg cm⁻².

2.4. Electrochemical measurements

The electrochemical measurements for HER were carried out using a 
GAMRY Interface 1010B potentiostat/galvanostat (Gamry Instruments, 
Warminster, USA), while the OER measurements were carried out using 
an Arbin BT-G battery testing system (Arbin Instruments, USA). A Mini 
HydroFlex 80521 reversible hydrogen electrode (RHE, Gaskatel, Ger
many) was used as the reference electrode in a three-electrode config
uration. Linear sweep voltammetry (LSV) measurements were recorded 
at a scan rate of 5 mV s⁻¹ under constant stirring at 600 rpm to prevent 
gas bubble accumulation on the electrodes, at room temperature. Before 
acquiring the LSV data, the electrodes were activated through cyclic 
voltammetry (CV), applying a potential window between 1.2 V and 1.8 
V versus RHE for OER and between 0.02 V and − 0.5 V versus RHE for 
HER, at a scan rate of 50 mV s⁻¹, until a stable CV curve was obtained. 
The overpotentials of the electrocatalyst were determined from the LSV 
curves and were estimated at a current density of 10 mA cm⁻². Tafel plots 
were derived from the LSV data by plotting the applied potential as a 
function of the logarithm of the current density. All measured potentials 
were corrected for the ohmic drop (iR compensation) before construct
ing Tafel plots. The Tafel slope was obtained by linear fitting in the 
kinetically controlled region.

Overall, water electrolysis tests were conducted in a single-cell 
AEMWE with an active area of 5 cm² (H5, Antares Electrolysis S.r.l., 
Italy), equipped with nickel end plates, a bipolar plate, and a plastic 
frame. The performance of the FeNi₃/FeNiOₓ electrocatalyst synthesized 
in this study was compared with that of platinum on carbon (Pt/C) for 
HER and RuO₂ for OER, by acquiring polarization curves at 50 ◦C. The 
MEA was made by inserting the AT-100 membrane between the anode 
and cathode and compressing it with a pressure of 2 MPa. Before the 
assembly, the membrane was activated in a 1 M KOH solution for 24 
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hours, thus reaching a thickness of 60 μm. The electrodes, instead, were 
immersed in a 1 M KOH solution for 30 minutes. The electrolyte used 
was an aqueous 1 M KOH solution, circulated through a peristaltic pump 
at a flow rate of 48 mL min-1. The polarization curves were recorded by 
applying current steps and simultaneously measuring the cell voltage 
using a Hioki 3560 AC mW HiTester (Hioki Corporation, Japan). Finally, 
an analysis of the degradation trend of the FeNi₃/FeNiOₓ MEA under 
intermittent power supply was carried out. The AEMWE was subjected 
to a daily operating protocol consisting of continuous operation at a 
current density of 0.4 A cm⁻² for approximately 8–9 h. Each operating 
cycle included controlled ramp-up and ramp-down steps at 0.2 A cm⁻², 
each lasting 30 min, which were not counted within the total 153 h of 
operation. After completion of each daily cycle, the system was left at 
open circuit overnight with no applied current.

2.5. Characterization methods

2.5.1. XPS analysis
XPS measurements were performed using a Specs XR50 source with 

an Al anode at a power of 300 W. The analyzer employed was a Specs 
Astraios 190 with a 2D-CMOS detector and a 3×25 mm entrance slit. All 
scans were acquired in normal emission conditions and at room tem
perature. The survey scans were performed at a pass energy of 50 eV, 
whereas all high-res scans were performed at a pass energy of 10 eV. The 
binding energies of the spectra have been referenced to the position of 
the adventitious carbon C 1s at 285.2 eV. All spectra were first elabo
rated by complementing Shirley or Tougaard backgrounds with a linear 
component due to inelastically scattered electrons from XPS signals at 
lower binding energies. Subsequently, envelopes associated with metals, 
oxides, and hydroxides were reproduced with few mutually constrained 
symmetric Gaussian-Lorentzian sums (for non-metallic compounds) or 
asymmetric Lorentzian profiles (for metallic states) and fitted to the 
data. The employed components have been grouped in main line and the 
satellite envelope for clarity of visualization. Standard spin doublet 
constraints were enforced.

2.5.2. XRD analysis
Crystallographic analysis was carried out using XRD with a Rigaku 

Miniflex 600 instrument equipped with a copper source, operating over 
a 2θ range from 10◦ to 90◦.

2.5.3. XRF analysis
Qualitative inorganic elemental analysis was performed using XRF 

with an Artax 200 instrument (Bruker, Billerica, MA, USA) equipped 
with a molybdenum anode.

2.5.4. SEM analysis
Morphological characterization of the electrocatalyst was conducted 

using a desktop SEM (Thermo Fisher Phenom G6, Eindhoven, The 
Netherlands) equipped with a thermionic CeB₆ source, capable of 
operating within a magnification range of 400x to 70,000x.

2.5.5. HRTEM analysis
HRTEM images were obtained using a Thermo Fisher Talos F200X 

G2 operated at an accelerating voltage of 200 kV, equipped with a high- 
speed CETA camera at a resolution of 4096 × 4096 pixels and without an 
objective aperture. HAADF images were captured using a Panther 
annular STEM detector with a convergent beam angle of 10.5 mrad and 
a camera length of 330 mm. EDX mapping was performed with a Super X 
spectrometer fitted with four 30 mm² silicon drift detectors, providing a 
collection angle of 0.7 srad.

3. Results and discussion

3.1. Synthesis and characterization

As already discussed in our previous work, cementation can be 
described as a coupled chemical–physical process in which metal ions 
dissolved in solution are reduced and deposited onto the surface of a less 
noble metal [28]. Although metallic aluminum possesses a highly 
negative standard redox potential (Al³⁺/Al, − 1.66 V), markedly lower 
than those of Fe²⁺/Fe (− 0.44 V) and Ni²⁺/Ni (− 0.25 V), its effectiveness 
as a reducing agent in aqueous media is strongly limited by the rapid 
formation of a thin, electrically insulating oxide layer on its surface. This 
passivation process occurs within a nanosecond timescale and signifi
cantly suppresses aluminum reactivity, particularly under near-neutral 
pH conditions [29]. To overcome this limitation, chloride-based metal 
precursors were employed. Chloride anions are known to promote 
pitting corrosion on aluminum surfaces even in neutral aqueous envi
ronments. At approximately neutral pH, the native aluminum oxide 
layer is believed to carry a net positive charge, which favors the elec
trostatic adsorption of chloride ions. These anions penetrate the oxide 
film and reach the underlying metallic aluminum, where localized 
oxidation and dissolution occur in the presence of confined water mol
ecules. As a consequence, a mildly acidic microenvironment is generated 
at the metal–solution interface, which prevents oxide layer reformation 
and sustains continuous aluminum oxidation, electron release, and 
simultaneous hydrogen evolution. The hydrogen radicals produced 
during this process act as reactive intermediates, diffusing toward the 
solution interface and reducing the dissolved metal ions, thereby initi
ating nanosponge nucleation and growth, as previously reported [28,
29].

The evolution of the reaction can be effectively monitored by 
acquiring SEM images at different stages of the process. During step 1, 
pristine aluminum particles (Fig. 1a) become progressively coated with 
a Ni₃Fe nanosponge layer formed via cementation (Fig. 1b). In step 2, 
alkaline treatment with NaOH promotes the solubilization of the resid
ual aluminum through the formation of aluminate species, as described 
by Eq. 1, ultimately leaving behind a hollow FeNi₃/FeNiOₓ shell struc
ture (Fig. 1c). 

2 Al(s) + 6 H2O(l) + 2 OH–
(aq) → 2 [Al(OH)4]–

(aq) + 3 H2(g)                (1)

In both reaction steps, the process is exothermic and accompanied by 
gas evolution, occurring simultaneously with the formation of a fine 
black powder. From a practical viewpoint, the methodology is 
straightforward, without the use of a capping agent, requires minimal 
equipment, and reactions are completed within a few minutes, followed 
by rapid work-up. According to the work of Lu et al. [30], when the 
Ni/Fe molar ratio is below 3, nanoparticles exhibit both the FeNi₃ alloy 
and crystalline Fe₄O₃, whereas a ratio of exactly 3 results exclusively in 
FeNi₃ formation. In our study, to promote the appearance of an amor
phous phase within the nanoparticles, we adopted a Ni/Fe ratio of 4. 
This excess of nickel, as previously demonstrated in our earlier work, 
beyond the stoichiometric requirement for alloy formation, enabled the 
coexistence of amorphous nickel and iron oxides. Such a configuration is 
beneficial, as it enhances the electrocatalytic performance for HER and 
OER [31–34].

XRF analysis confirmed the simultaneous presence of nickel and iron, 
thereby verifying the incorporation of both metals into the electro
catalyst (Fig. S1).

The XRD profile reported in Fig. 2 is dominated by three intense 
reflections appearing at approximately 44.5◦, 51.7◦, and 76.3◦ (2θ). 
These diffraction features are consistent with those reported for FeNi₃ 
(JCPDS Card No. 38-0419, awaruite). Indexing of the peaks allows their 
assignment to the (111), (200), and (220) crystallographic planes, cor
responding to d-spacings of 2.05 Å, 1.77 Å, and 1.25 Å, respectively. The 
observed diffraction pattern is therefore characteristic of a face-centered 
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cubic (fcc) FeNi₃ alloy, in which nickel atoms preferentially occupy the 
face-centered lattice sites, while iron atoms are located at the cube 

corners [35]. In addition to the crystalline reflections, the diffractogram 
displays peak broadening accompanied by a modulated background 

Fig. 1. SEM images at different magnifications of: (a) raw aluminum powder. (b) FeNi₃/FeNiOₓ formed on aluminum powder after cementation; (c) FeNi₃/FeNiOₓ 
aggregates after aluminum removal.

Fig. 2. XRD pattern of the synthesized nanosponge.

Fig. 3. (a) HR-TEM analysis of FeNi₃/FeNiOx (b) SAED showing main reflexes for thr FeNi₃ phase.
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signal, which suggests the presence of poorly ordered or amorphous 
phases. Nevertheless, as XRD does not allow a definitive identification of 
amorphous components, this observation should be interpreted 
cautiously and corroborated by complementary characterization 
techniques.

HRTEM (Fig. 3a) showed sponge-like agglomerates with non- 
homogeneity in size and morphology. The selected area electron 
diffraction (SAED) pattern acquired from the circled region (Fig. 3b) 
shows well-defined diffractionrings, corresponding to the (111), (200), 
(220), (311), and (400) reflections of a face-centered cubic of Ni₃Fe, 
confirming the high level of crystallinity seen by XRD. STEM EDS 
mapping (Fig. 4) confirmed the presence of nickel and iron along with 
oxygen. In addition, EDS highlighted a trace of aluminum incorporated 
into the nanoparticle matrix, most likely as amorphous oxide, with an 
estimated atomic fraction below 1%.

STEM EDS analysis of FeNi₃/FeNiOx nanosponge (Fig. 5 and Table 1) 
enabled the estimation of an average Ni:Fe:O molar ratio of approxi
mately 5:1:4. These stoichiometric values were subsequently used to 
calculate the reaction yields by comparing the mass of precursor salts 
with that of the final washed and dried powders (after the second step) 
for three independent synthesis batches. The results, summarized in 
Table S1, indicate reaction yields of 86.8% for FeNi₃/FeNiOx. The 
observed mass loss may arise from a combination of incomplete 
cementation and minor material losses during washing and handling 
steps. A minor residual Al content (1.09 %) was detected by EDS. 
Although partial dissolution under alkaline conditions cannot be 
excluded, the electrolyte was renewed at each restart during the dura
bility test, minimizing possible accumulation effects.

Fig. 6 reports the XPS high-resolution scans in the 2p-core-level en
ergy ranges of nickel (Fig. 6a) and iron (Fig. 6b) and in two distinct core- 
level energy ranges of aluminum (Fig. 6c and d), partially overlapped 
with nickel. The overall high binding energies of the detected signals 
suggest a predominantly oxidized surface of the particles, consistent 
with the O 1s signal visible in the survey scan in Fig. S2. The shape and 
width of the main peaks further imply a non-trivial chemical composi
tion and the necessity to consider the overlap of multiple envelopes 
related to oxides, oxyhydroxides, and hydroxides of the metals under 
investigation, each of them shifted with respect to the previous one 
according to variations in the screening of the nuclear charge. Ordinary 
envelopes for each compound were thus reproduced from references 
[36–40], by including components related to main transitions and 
shake-up satellites in the covalently bound compounds, which are 
separately plotted. In Fig. 6a, the signal detected from the Ni 2p level can 
be fully explained in terms of Ni oxides (~10%), NiOOH (~35%), and Ni 
(OH)2 (~55%) envelopes. Conversely, the spectrum of Fe 2p in Fig. 6b is 
compatible with a fraction of the atoms persisting in the metallic state 
(<15%), while the rest can be attributed to iron oxides (~15%) and 

(oxy)hydroxides (~70%). The scans in Fig. 6c and d were aimed at 
ascertaining the presence of aluminum residues on the particles' surface. 
However, adopting the Ni 3s and Ni 3p envelopes of the Ni compounds 
identified in the Ni 2p range leads to the conclusion that aluminum is 
absent from the sample, at least within the limits of the lower 
signal-to-noise ratio, which is consistent with EDX measurements. The 
identified backgrounds include a linear component to model the 
contribution from inelastically scattered electrons at lower binding en
ergies. Standard spin doublet constraints were enforced, and the 
resulting components are aggregated within the individually plotted 
lineshapes.

In Figures S3, SEM micrograph of the prepared electrodes are re
ported, confirming the complete coating of the porous transport layer 
(PTL). This means that the catalyst and binder work well together, which 
leads to even mixing and strong adhesion to the support. At a higher 
magnification, the surface of the electrode showed cracks, rough tex
tures and local inhomogeneities. These structural irregularities are 

Fig. 4. Elemental mapping of FeNi₃/FeNiOx obtained by EDX.

Fig. 5. Area of the sample used to extract atomic percentages of the sample 
via EDS.

Table 1 
Corresponding elemental atomic ratios of the STEM EDS area in the FeNi₃/ 
FeNiOx sample.

Atomic fraction [%]

C O Al Fe Ni

30.85 27.26 1.09 6.39 34.39
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advantageous, as they increase the available surface area, improve mass 
transport, and facilitate the release of gaseous products, thereby boost
ing both OER and HER activity [41].

3.2. Electrochemical activity

The electrocatalytic behavior of FeNi₃/FeNiOₓ toward HER and OER 
was initially examined through LSV in 1 M KOH using a conventional 
three-electrode configuration, while kinetic parameters were assessed 

via Tafel slope analysis. For comparison, commercial RuO₂ and Pt/C 
were employed as benchmark electrocatalysts for OER and HER, 
respectively, and tested under identical experimental conditions. In all 
cases, the electrocatalyst loading on the electrode surface was kept 
constant, as specified in the “Materials and Methods” section. To further 
investigate the potential of FeNi₃/FeNiOₓ in low-temperature water 
electrolysis, single-cell AEMWE experiments were performed. Polariza
tion curves were recorded at 50 ◦C using 1 M KOH as the electrolyte.

Due to the higher availability of precursors, low production costs, 

Fig. 6. XPS high-resolution scans of (a) Ni 2p, (b) Fe 2p, (c) Al 2s - Ni 3s, and (d) Al 2p - Ni 3p. The backgrounds include a linear component due to inelastically 
scattered electrons at lower binding energies. "sat" refers to the shake-up satellites.

Fig. 7. (a) LSV curves of FeNi₃/FeNiOx (red) and RuO₂ (black) as OER electrocatalysts in 1.0 M KOH at 5 mV s⁻¹ scan rate. (b) Tafel slope analysis for OER elec
trocatalysts: FeNi₃/FeNiOx (red) and RuO₂ (black).
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and the simple synthetic route of FeNi₃/FeNiOₓ nanosponge, a larger 
electrocatalyst loading was employed relative to that of PGM-based 
references, simulating a scenario more aligned with industrial prac
tice. Nevertheless, both mass activity and geometric activity [42] were 
evaluated to provide a normalized comparison, as reported in Fig. 11.

3.3. Oxygen evolution reaction of FeNi3/FeNiOx electrocatalysts

Fig. 7 compares the OER electrocatalytic behavior of FeNi₃/FeNiOₓ 
nanosponge and commercial RuO₂ through their polarization responses. 
Under identical testing conditions, the FeNi₃/FeNiOₓ catalyst reaches 
the reference current density of 10 mA cm⁻² at a substantially lower 
anodic overpotential than RuO₂. Specifically, FeNi₃/FeNiOₓ requires 
254 mV, whereas RuO₂ exhibits a significantly higher value of 325 mV, 
resulting in a performance advantage of 71 mV for the Ni–Fe–based 
material (Fig. 7a).

Further insight into the reaction kinetics was obtained from Tafel 
analysis. The FeNi₃/FeNiOₓ catalyst shows a markedly smaller Tafel 
slope of 33 mV dec⁻¹ compared to 119 mV dec⁻¹ for RuO₂ (Fig. 7b), 
indicating faster charge-transfer kinetics and more efficient OER 
catalysis.

Both electrocatalysts were further evaluated at the device level by 
incorporating them as anode electrocatalysts in MEAs, while Pt/C was 
employed at the cathode. The resulting MEAs were tested in a single-cell 
AEMWE operated at 50 ◦C, and their polarization behavior is reported in 
Fig. 8 and Table 2. Across the entire investigated current density range, 
the cell assembled with FeNi₃/FeNiOₓ consistently operated at lower 
voltages than the corresponding RuO₂-based system. The voltage 
advantage of the FeNi₃/FeNiOₓ anode averaged approximately 203 mV 
and became more pronounced at higher current densities, increasing 
from 203 mV at 0.4 A cm⁻² to 266 mV at 1 A cm⁻². This trend indicates 
more favorable anodic kinetics for FeNi₃/FeNiOₓ under high-rate oper
ating conditions.

The superior performance observed at the cell level confirms the high 
OER activity of FeNi₃/FeNiOₓ, in agreement with previous reports on 
Ni–Fe oxide–based alloy electrocatalysts [43–45]. It should be noted 
that the electrocatalyst loading employed for FeNi₃/FeNiOₓ was higher 
than that used for RuO₂. While this partially offsets the intrinsically 
higher mass activity of the noble-metal benchmark, it results in an 
enhanced geometric activity, as illustrated in Fig. 11. This strategy is 
commonly adopted for PGM-free OER electrocatalysts operating in 
alkaline environments [42] and, in the present case, represents a prac
tical and justified trade-off considering the low cost and straightforward 

synthesis of FeNi₃/FeNiOₓ.

3.4. Hydrogen evolution reaction of FeNi3/FeNiOx electrocatalysts

Fig. 9 illustrates the HER polarization behavior of FeNi₃/FeNiOₓ in 
comparison with the Pt/C benchmark. In contrast to the trend observed 
for the OER, the nickel–iron–based electrocatalyst does not achieve su
perior HER performance, even when employed at higher electrocatalyst 
loadings. As highlighted in Fig. 11, FeNi₃/FeNiOₓ remains inferior to Pt/ 
C in terms of both mass-specific and geometric activity. At a current 
density of 10 mA cm⁻², FeNi₃/FeNiOₓ requires an overpotential of 97 
mV, whereas Pt/C reaches the same current at only 27 mV, resulting in a 
performance gap of approximately 70 mV (Fig. 9a). Kinetic analysis 
further emphasizes this difference. The Tafel slope derived for Pt/C is 66 
mV dec⁻¹, significantly lower than the 126 mV dec⁻¹ measured for FeNi₃/ 
FeNiOₓ (Fig. 9b), indicating faster reaction kinetics on the noble-metal 
electrocatalyst. This disparity suggests distinct rate-determining steps 
for the two materials, with FeNi₃/FeNiOₓ exhibiting slower hydrogen 
evolution (HER) at the electrode interface, likely associated with less 
efficient water dissociation and hydrogen adsorption processes within 
the Volmer–Heyrovsky mechanism.

Single-cell AEMWE tests were further conducted by employing RuO₂ 
as the anode electrocatalyst, while FeNi₃/FeNiOₓ and Pt/C were alter
natively used at the cathode. The resulting polarization behavior, 
recorded at an operating temperature of 50 ◦C, is reported in Fig. 10 and 
Table 2. In agreement with the trends observed in half-cell measure
ments, the AEMWE assembled with FeNi₃/FeNiOₓ at the cathode 
exhibited systematically higher cell voltages compared to the Pt/C- 
based configuration. The voltage difference between the two systems 
averaged approximately 148 mV over the investigated current density 
range and became more pronounced at higher currents, increasing from 
152 mV at 0.4 A cm⁻² to 192 mV at 1 A cm⁻². This outcome highlights 
that, despite significant progress in PGM-free electrocatalyst develop
ment, Pt/C still represents the most effective cathodic material for the 
HER. The persistent performance gap can be rationalized by considering 
the fundamental requirements of HER electrocatalysis, which are 
strongly governed by the adsorption strength of hydrogen intermediates 
on the electrocatalyst surface. According to the Sabatier principle, 
optimal HER activity is achieved when hydrogen adsorption is neither 
too strong nor too weak, allowing a balanced interplay between 

Fig. 8. Polarization curve of AEMWE single cells with Pt/C || RuO₂ and Pt/C || 
FeNi₃/FeNiOx, tested at 50 ◦C without iR correction.

Table 2 
Electrocatalytic performance of noble and non-noble MEA in AEM cells at 50 ◦C.

Anode Cathode V at 0.4 A cm- 

2
V at 0.6 A cm- 

2
V at 1 A cm-2

FeNi3/ 
FeNiOx

Pt/C 1.674 1.751 1.876

RuO2 FeNi3/ 
FeNiOx

2.029 2.115 2.334

RuO2 Pt/C 1.877 1.982 2.142
FeNi3/ 

FeNiOx

FeNi3/ 
FeNiOx

1.829 1.899 2.037

Fig. 9. (a) LSV curves of FeNi₃/FeNiOx (red) and Pt/C (black) as HER elec
trocatalysts in 1.0 M KOH at 5 mV s⁻¹ scan rate. (b) Tafel slope analysis for HER 
electrocatalysts: FeNi₃/FeNiOx (red) and Pt/C (black).
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activation and desorption steps. This criterion is commonly quantified 
by the Gibbs free energy of hydrogen adsorption, ΔG(H*), with values 
close to the thermoneutral condition (ΔG(H*) ≈ 0 eV) being ideal. 
Density functional theory calculations reported by Ni et al. indicate a ΔG 
(H*) value of 0.48 eV for Ni₃Fe, whereas platinum exhibits a value close 
to zero, accounting for its exceptional HER activity and its role as the 
benchmark electrocatalyst over a wide pH range [46–48]. No 
pre-reduction treatment was applied prior to HER measurements, as the 
catalyst was designed to operate as a bifunctional material without 
additional activation steps, in view of process simplification and po
tential scalability. While partial electrochemical reduction of surface 
oxides under cathodic polarization cannot be excluded, detailed inves
tigation of surface evolution during HER was beyond the scope of this 
work.

3.5. AEMWE test with electrocatalysts fully PGM-free

The device-level performance of an AEMWE assembled using FeNi₃/ 
FeNiOₓ nanosponge as a single, bifunctional electrocatalyst at both 
electrodes was systematically investigated and benchmarked against a 
conventional MEA comprising Pt/C at the cathode and RuO₂ at the 
anode (Fig. 12 and Table 2). Polarization curves were recorded in 1 M 
KOH at an operating temperature of 50 ◦C. At low current densities, up 
to approximately 0.2 A cm⁻², the voltage response of the fully PGM-free 

MEA closely overlapped with that of the noble-metal-based reference. 
Beyond this regime, the FeNi₃/FeNiOₓ-based system exhibited progres
sively lower operating voltages. This trend indicates that, at elevated 
current densities, the enhanced OER activity of FeNi₃/FeNiOₓ effectively 
compensates for its comparatively slower HER kinetics. This effect is 
particularly relevant given that the OER, involving a four-electron 
transfer, largely governs the overall cell overpotential [49]. With 
increasing current density, the voltage advantage of the PGM-free 
configuration became more pronounced, increasing from 48 mV at 0.4 
A cm⁻² to 105 mV at 1 A cm⁻² at 50 ◦C. Notably, the AEMWE equipped 
with the bifunctional FeNi₃/FeNiOₓ electrocatalyst achieved a cell 
voltage of 2.037 V at 1 A cm⁻², underscoring the strong potential of this 
fully PGM-free MEA for high-current-density operation.

A summary of the results from the polarization curves recorded at 50 
◦C in 1 M KOH electrolyte is presented in Table 2.

3.6. Degradation trend

Fig. 13 shows the degradation trend of the MEA employing FeNi₃/ 
FeNiOx at both the anode and cathode, which was assessed by examining 
its response to intermittent power operation. This testing protocol was 
specifically designed to mimic the intermittent operation associated 
with renewable energy sources, while simultaneously imposing repeated 
start-up and shut-down stresses on the electrode assemblies.

The extent of performance degradation after 153 h of operation was 
evaluated by comparing the polarization curves collected at the begin
ning and at the end of the durability test (Fig. 14). The cell voltage 
increased by 195 mV at a current density of 0.4 A cm⁻² and by 395 mV at 
1 A cm⁻², respectively.

Although this experiment was carried out at the small scale and of
fers valuable insight into degradation tendencies, it should not be 
regarded as a comprehensive durability assessment from an industrial 
perspective, where a broader range of operating conditions and signif
icantly longer testing durations are required. The observed voltage in
crease indicates that further optimization of the catalyst layer and MEA 
architecture is required to improve long-term stability. The present 
study focuses on validating the synthetic strategy rather than delivering 
an optimized industrial device.

4. Perspective and outlook

Hydrogen generated by water electrolysis using renewable elec
tricity has the potential to challenge conventional, carbon-intensive 

Fig. 10. Polarization curve of AEMWE single cells with Pt/C || RuO₂ and 
FeNi3/FeNiOx || RuO2, tested at 50 ◦C without iR correction.

Fig. 11. Evaluation of mass activity and overpotential at 10 mA cm⁻² for HER 
and OER electrocatalysts.

Fig. 12. Polarization curves of AEMWE single cells with Pt/C || RuO₂ and 
FeNi3/FeNiOx || FeNi3/FeNiOx, tested at 50 ◦C without iR correction.
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production routes. Achieving this goal and enabling hydrogen to assume 
a key role as a low-carbon energy vector in the energy transition requires 
the large-scale deployment of low-temperature electrolysis technolo
gies. Such progress will critically depend on substantial cost reductions, 
simplified manufacturing pathways, and a reduced environmental 
impact throughout the production chain [50,51]. Addressing these 
challenges requires the development of electrocatalysts obtainable 
through simple, scalable, and environmentally benign synthetic routes, 
capable of delivering high electrocatalytic performance without the use 
of noble metals. In this context, the present work introduces a green and 
still scarcely explored synthetic strategy for the preparation of electro
catalysts for AEMWE. The approach described in the article was 
employed to synthesize a nanosponge material based exclusively on 
earth-abundant, non-noble metals, like nickel and iron. The work pre
sented here retains the key advantages demonstrated in our previous 
study on FeNi₃, including the use of a single, unchanged synthetic route 
for both OER and HER electrocatalysts, water as the reaction medium, 
low-temperature processing, and a rapid and straightforward work-up. 
Moreover, the electrochemical performance achieved is comparable to 
that of MEAs based on PGM electrocatalysts. In addition to these 
established benefits, the present approach offers enhanced environ
mental compatibility, arising from the use of aluminum powder as a 
benign and sustainable reducing agent. Although the results obtained in 
this study are promising, the present work should be regarded as a 
starting point for further optimization efforts. Future developments may 
focus on tailoring the FeNi₃/FeNiOx composition and structure to 
enhance HER activity, while carefully balancing performance im
provements against process scalability and overall cost–benefit consid
erations. In parallel, optimization of the electrocatalyst loading on the 
electrodes represents an important parameter for further performance 

enhancement. AEMWE tests were conducted at the laboratory cell level; 
however, a more comprehensive investigation of catalyst degradation 
phenomena is necessary to properly assess long-term stability and sup
port the potential scale-up from laboratory to pilot-scale and, subse
quently, to industrial implementation.

5. Conclusions

In summary, a FeNi₃/FeNiOₓ nanosponge was successfully synthe
sized through a simple and scalable chemical reduction route employing 
aluminum powder as the reducing agent. Comprehensive structural and 
surface characterization was performed using XRD, SEM, XPS, HRTEM, 
and HAADF-STEM techniques. The electrocatalytic activity of FeNi₃/ 
FeNiOₓ toward both HER and OER was systematically investigated by 
LSV, Tafel analysis, and single-cell AEMWE testing. The obtained per
formance was benchmarked against commercial PGM-based electro
catalysts, with particular attention to both mass-specific and geometric 
activity. The developed electrocatalyst delivers overpotentials of 97 mV 
for the HER and 254 mV for the OER at a current density of 10 mA cm⁻² 
in 1 M KOH. The resulting PGM-free MEA, based on a single bifunctional 
electrocatalyst, outperforms a fully PGM-based configuration. In single- 
cell AEMWE tests, the MEA achieved a cell voltage of 2.037 V at 1 A cm⁻² 
and 50 ◦C (without iR correction), corresponding to a voltage advantage 
of 105 mV over the PGM-based reference at the same current density. 
Furthermore, the system was operated for over 150 h under a daily 
power profile designed to emulate the intermittency of renewable en
ergy sources. Overall, this work demonstrates an effective strategy for 
the development of high-performance, non-precious-metal-based MEAs 
relying on a single electrocatalyst, offering a promising pathway toward 
sustainable green hydrogen production.
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[46] M. Ďurovič, J. Hnát, K. Bouzek, Electrocatalysts for the hydrogen evolution 
reaction in alkaline and neutral media. A comparative review, J. Power. Sources. 
493 (2021) 229708, https://doi.org/10.1016/j.jpowsour.2021.229708.

[47] Y. Ni, W. Zhang, Y. Li, S. Hu, H. Yan, S. Xu, Ultralow-content Pt nanodots/Ni3 Fe 
nanoparticles: interlayer nanoconfinement synthesis and overall water splitting, 
Nanoscale 16 (15) (2024) 7626–7633, https://doi.org/10.1039/D4NR00029C.

[48] Y. Hu, T. Xiong, M.-S.J.T. Balogun, Y. Huang, D. Adekoya, S. Zhang, et al., 
Enhanced metallicity boosts hydrogen evolution capability of dual-bimetallic 
Ni–Fe nitride nanoparticles, Mater. Today Phys. 15 (2020) 100267, https://doi. 
org/10.1016/j.mtphys.2020.100267.

[49] K.S. Exner, On the mechanistic complexity of oxygen evolution: potential- 
dependent switching of the mechanism at the volcano apex, Mater. Horiz. 10 (6) 
(2023) 2086–2095, https://doi.org/10.1039/D3MH00047H.

[50] E. Taibi, H. Blanco, R. Miranda, M. Carmo, Green Hydrogen Cost Reduction: 
Scaling up Electrolysers to Meet the 1.5◦ C Climate Goal, Abu Dhabi, Irena, 2020.

[51] P. Nuss, M.J. Eckelman, Life Cycle Assessment of Metals: A Scientific Synthesis, 
PLoS. One 9 (7) (2014) e101298, https://doi.org/10.1371/journal.pone.0101298.

F. Malaj et al.                                                                                                                                                                                                                                   Electrochimica Acta 560 (2026) 148642 

12 

https://doi.org/10.1039/D3TA01819A
https://doi.org/10.1016/j.jpowsour.2021.229708
https://doi.org/10.1039/D4NR00029C
https://doi.org/10.1016/j.mtphys.2020.100267
https://doi.org/10.1016/j.mtphys.2020.100267
https://doi.org/10.1039/D3MH00047H
http://refhub.elsevier.com/S0013-4686(26)00534-7/sbref0050
http://refhub.elsevier.com/S0013-4686(26)00534-7/sbref0050
https://doi.org/10.1371/journal.pone.0101298

	Green synthesis of FeNi₃/FeNiOₓ nanosponges via aluminum cementation for PGM-free anion exchange membrane water electrolysis
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Synthesis FeNi3/FeNiOx NPs
	2.3 Preparation of electrode
	2.3.1 Preparation of the standard electrodes for the LSV measurements
	2.3.2 Preparation of the standard electrodes for the single-cell AEMWE tests
	2.3.3 Preparation of the FeNi3/FeNiOx electrode for the LSV measurements
	2.3.4 Preparation of the FeNi3/FeNiOx electrode for the single-cell AEMWE tests

	2.4 Electrochemical measurements
	2.5 Characterization methods
	2.5.1 XPS analysis
	2.5.2 XRD analysis
	2.5.3 XRF analysis
	2.5.4 SEM analysis
	2.5.5 HRTEM analysis


	3 Results and discussion
	3.1 Synthesis and characterization
	3.2 Electrochemical activity
	3.3 Oxygen evolution reaction of FeNi3/FeNiOx electrocatalysts
	3.4 Hydrogen evolution reaction of FeNi3/FeNiOx electrocatalysts
	3.5 AEMWE test with electrocatalysts fully PGM-free
	3.6 Degradation trend

	4 Perspective and outlook
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Supplementary materials
	References


