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ARTICLE INFO ABSTRACT

Handling Editor: Fanglin F. Chen Green hydrogen production via anion exchange membrane water electrolyzers (AEMWEs) is becoming a game
changer as a sustainable energy solution by offering a cost-effective alternative to conventional electrolyzers. In
this study, Ni-Fe-Co spinel electrocatalysts, with a specific nanorod morphology engineered to optimize ion
diffusion, were synthesized via a sono-hydrothermal method and evaluated as anodes in AEMWEs. Four different
compositions of nanostructured Ni-Fe-Co oxides, all based on the NiCo204 spinel, and named NiCo3-S, NiCo4-S,
NiFel-S (10 % Fe), and NiFe2-S (20 % Fe) were synthesized and spray-coated onto nickel felt gas diffusion
layers. A Pt/C cathode and an Aemion + membrane completed the 5 cm?> AEMWE assembly. The structural
analysis confirmed well-defined spinel phases and a nanorod morphology for all the electrocatalysts, with
NiFe2-S exhibiting enhanced crystallinity and smaller nanorod dimensions. Electrochemical tests revealed that
AEM cells equipped with NiFe2-S anodes achieved a low cell voltage of 1.808 V at 1 A. cm ™2 and 2.06 V at 2 A.
cm ™2, outperforming other electrocatalysts. A 45-h DC stability test showed only a slight voltage increase (1.815
V-1.866 V), while a 20-h accelerated stress test (AST) confirmed minimal degradation. These results demonstrate
that Fe incorporation inside an already optimized nanorod structure improves electrocatalytic activity, charge
transfer, and durability, making NiFe2-S a promising anode material for scalable AEMWE applications, further

Keywords:

Anion exchange membrane water electrolysis
Alkaline water electrolysis

Green hydrogen production

Oxygen evolution reaction

Ni-Fe-Co nanorod spinel

Metal oxide electrocatalyst

advancing the development of cost-effective green hydrogen production.

1. Introduction

Water electrolysis is a highly efficient and sustainable technology for
producing green hydrogen in a world that is intensifying its efforts to
transition toward renewable energy and as a solution for reducing car-
bon dioxide by industries and energy systems [1-4]. Producing green
hydrogen by anion exchange membrane water electrolyzers (AEMWEs)
brings some interesting benefits for splitting water into hydrogen and
oxygen in comparison to conventional alkaline water electrolyzers
(AWEs), such as using no or less platinum group metals in the cathode
and having higher current densities [5-10]. However, a drawback holds
AEMWEs back from becoming widely used, as there is still a need to
figure out how to engineer oxygen evolution reaction (OER) catalysts
that are both highly effective and tough enough to last a long time under
real-world conditions. Solving this durability could reveal their full
potential in sustainable energy production for having a clean environ-
ment [11-15]. As an active part of an electrolyzer in which water
splitting happens, transition metal-based electrocatalysts offer a
cost-effective option for AEMWE electrodes, while maintaining high
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performance, enabling the achievement of higher current densities
without relying on expensive noble metals [16-19].

Among the various non-precious metal-based electrocatalysts stud-
ied for OER, spinel-type transition metal oxides have gained prominence
due to their tunable electronic properties, multiple oxidation states, and
high intrinsic stability in alkaline media [20-23]. Spinel oxides, spe-
cifically Ni and Co spinels with the primary composition as NiCo204, are
well known for their OER activity by providing a unique structural
framework that facilitates efficient charge transfer and oxygen adsorp-
tion [24-27]. However, despite the promising characteristics of
NiCo204, conventional spinel oxides often suffer from moderate con-
ductivity and limited active surface area, which can restrict their overall
electrocatalytic performance [28,29]. One approach for improving the
electrochemical activity of NiCo,04 for OER and especially for AEMWE
would be doping of metal ions, or incorporation of these ions inside the
lattice parameters, such as W-doped NiCo504 [4], Ce- NiCo304 [30], Fe
ion doped NiCo204 [31], and Mn-doped NiCo504.5 [32]; in which the
OER activity can be enhanced through morphological tuning and
composition optimization. Hydrothermal synthesis is a promising
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technology for achieving particles of desired shape, which can lead to
interesting performance in AEMWE, as demonstrated by Ni
(OH)2@FeOOH and NiP@FesP507 (1 A em 2 at1.84 V) [33], NiFe304
1.2 A cm 2 at 1.8 V) [34], h-NiFeMoO, (current density of 1000 mA
cm 2 at voltages of 1.83 and 1.56 V at 25 and 80 °C) [35]. In general, Fe
incorporation improves the redox properties and electronic conductivity
of the catalyst [36]. Another approach to enhance the catalyst perfor-
mance is to work on optimizing ion transport; this means to synthesize
spinel catalysts with particular nanoshaped structures, which can pro-
vide a higher density of active sites and improved electron transport
pathways by offering faster charge transport and better accessibility of
active sites [37-39].

In this study, we adopted both the described approaches and syn-
thesized Ni-Fe-Co spinel nanorod electrocatalysts with the sono-
hydrothermal method assisted by urea and tested them as anodes in-
side AEMWE cells with a dry cathode configuration. The uniqueness of
this work is not only associated with having an electrocatalyst with a
single morphology of the nanorod structure, obtained using chloride
precursor (Ni2", Co?" and Fe?") and optimizing process conditions, but
also with the evaluation of their performance inside the AEMWE near
industrial operating conditions. We used four different powders to pre-
pare the anodes in which two of them had the NiCo504 spinel structure
with small shape differences due to the choice of calcination tempera-
ture (NiCo3-S, NiCo4-S), while the other two had Fe inside the lattice of
NiCo204 (10 %: NiFel-S and 20 % NiFe2-S). The catalysts were
deposited onto nickel felt gas diffusion layers (GDLs) using a spray-
coating technique as a conventional method, while the cathode was
Pt/C with 0.5 mg of Pt loading. A combination of X-ray diffraction
(XRD), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM) were used to analyze the structural and morpholog-
ical properties of the electrocatalysts; electrochemical performance was
evaluated through both three-electrode (1 cm? active area electrode)
and full-cell AEMWE testing (5 cm? active area cell). After assessing the
best anode in AEMWE through the galvanostatic polarization curve (PL),
the best anode underwent further durability and stability tests, including
a 45-h DC stability test at 1 A. cm™2 to determine long-term operational
robustness. Furthermore, an accelerated stress test (AST) was performed
over 20 h, subjecting the AEMWE to repeated current fluctuations be-
tween 1 A. cm ™2 and 0.05 A. cm ™2 to simulate dynamic load conditions
and assess degradation resistance through measuring high-frequency
resistance (HFR) every 4 h. This study can uncover previously unrec-
ognized benefits of NiCoy04 and, more importantly, Fe incorporated
NiCo204 nanorod anodes in AEMWEs, particularly under long-term
operation, by evaluating their electrochemical performances through
AST and DC stability tests at current densities ranging from 50 A cm ™2 to
2 A cm™2 near realistic operating conditions.

2. Experimental
2.1. Materials

To synthesize Ni-Fe-Co mixed metal oxide electrocatalysts,
NiCl,.6H20 (99 % purity), FeCly.4H20 (99 % purity), CoClz.6H20 (98 %
purity), and Urea (99 % purity) were purchased from Carlo Erba (Italy).
For electrolyte preparation KOH (99 % purity) pellets were also sourced
from Carlo Erba (Italy). The ion exchange membrane mounted inside the
AEMWE was Aemion+® AF3-HWK9-75-X (thickness: 75 pm; IEC:
1.9-2.7 meq/g, ASR: <190 mQ cm?; Delivery state counter ion: Cl1~/1;
Reinforcement: Woven PEEK [40]), as well as ionomers (Ionomr In-
novations Inc., Canada). For the fabrication of the cathode, Pt/C powder
(CARE-E 30 %Pt) was supplied by Cabro S.p.A.(Italy). Ethanol (EtOH)
and 2-propanol (IPA) used for electrocatalyst ink preparation were
purchased from Sigma Aldrich (Germany). Gas diffusion layers (GLDs)
in all AEMWE were Ni felts (1 mm thickness, porosity 0.85), supplied
from QL Metal Fiber Co., Ltd. (China).
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2.2. Ni-Fe—Co mixed metal oxide spinel electrodes preparation

All four electrocatalysts used in this study have a spinel structure
with the general formula AB;O4, where A and B are Ni- and Co-based
metals. NiCop,04 powder was synthesized under different calcination
conditions and designated as NiCo3-S and NiCo4-S. The synthesis fol-
lowed a sono-hydrothermal method using urea as a hydrolysis agent in
which the pH during the synthesis was indirectly controlled by adjusting
the urea-to-precursor (UTP) ratio. A value of UTP equal to 10:1, corre-
sponds to pH around 10 and promotes the formation of NiOOH and
CoOOH intermediates, leading to homogeneous nanorod structures; a
lower UTP ratio as 2:1 (with a corresponding pH near 7) leads to a less
uniform morphology as described in our previous studies [41-43].

For the synthesis of nanorod spinel oxide based on NiCoy04 struc-
ture, 1.008 g of NiCly-6H30 precursor was dissolved in 15 mL of
deionized (DI) water and gradually added dropwise to a separate solu-
tion of 2.017 g CoCly-6H50 in 20 mL of DI water. After both salts of Ni
and Co were dissolved by having a transparent solution appearance,
urea as a hydrolysis agent at a 1:10 M ratio of the catalyst was added,
and the mixture of Ni, Co, and Urea was vigorously stirred for 40 min. To
enhance nucleation and nanoparticle formation, the solution was soni-
cated at 110 W for an additional 40 min, and the final mixture was
transferred into a 50 mL Teflon-lined stainless-steel autoclave, which
was subjected to hydrothermal treatment at 125 °C for 12 h. After the
sono-hydrothermal reaction, the NiCoyO4 was thoroughly washed with
DI water and ethanol, filtered, and dried in a vacuum oven at 70 °C.
Finally, the dried material underwent thermal treatment by calcination:
NiCo3-S was calcined at 380 °C for 3 h, while NiCo4-S was treated at
430 °C for 3 h, both with a controlled heating rate of 10 °C/min. NiFel-S
and NiFe2-S were synthesized following the same procedure as NiC-
04-S, except FeCly-4H,0 partially replaced Ni, with a 10 % molar sub-
stitution in NiFe1-S and a 20 % substitution in NiFe2-S within the spinel
structure.

2.3. Spray-coating preparation of electrode

Before spraying catalyst inks, NiFelts were washed with acid to
remove any impurities and oxide layers. To do this, Nifelts were
immersed in 3 M HCI for 15 min and then rinsed with Acetone and DI
(50 %-50 %) and sonicated for 30 min. The anode consists of synthe-
sized powder sprayed on the NiFelt as gas diffusion layers (GDLs).
Accordingly, the catalyst inks were made by dispersing NiCo3-S, NiC-
04-S, NiFel-S, or NiFe2-S in a mixture of ethanol and water (1:1 vol
ratio) along with Aemion+® AP3-HNN9-00-X ionomer, maintaining a
catalyst-to-ionomer weight ratio of 10:1 with the catalyst concentration
to be adjusted to 5 mg/mL as the standard method for AEMWE [44-46].
The solution was subjected to sonication for 1 h to ensure homogeneity
before application. The ink was sprayed by hand onto GDLs using a
spray gun equipped with a 0.5 mm nozzle (FE-134K aerograph plus
FD-186 compressor, Fengda) while maintaining a substrate temperature
of 85 °C on a heated magnetic plate and using compressed air at 1.5 bar
as the carrier gas. The final catalyst loading was controlled by regulating
the volume of the sprayed dispersion, ensuring a deposition of 5
mg/cm?, which was verified gravimetrically by measuring the electrode
mass before and after coating [47]. To be more precise, ink was kept
under continuous sonication during the spraying process; this precau-
tion ensured a homogeneous distribution of catalyst particles and pre-
vented precipitation or agglomeration within the ink. Additionally, after
each electrode preparation, three-electrode measurements were per-
formed for each newly prepared electrode, ensuring reproducibility (less
than 2 % overpotential deviation) with those prepared in previous steps
using the same method.

Pt/C ink was prepared following the same methodology, with a
catalyst-to-ionomer weight ratio of 10:2 and a catalyst concentration of
1 mg/mL. It was sprayed similarly, with a Pt mass loading adjusted to
0.5 rngpt/cm2 [47].
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2.4. Physicochemical characterization of materials

The structural and morphological characteristics of synthesized
electrocatalysts were studied for NiCo3-S, NiCo4-S, NiFel-S, and
NiFe2-S in powder form in order to grasp their behaviour. To do so, we
started by taking X-ray diffraction (XRD) patterns, collected at room
temperature in ambient air, utilizing a PANalytical AERIS diffractom-
eter. XRD can make it possible to identify the crystalline phases and
evaluate the overall structural properties. Meanwhile, we examined the
surface morphology and microstructure using both SEM imaging, which
was performed with a TESCAN microscope, and also high-resolution
TEM (HRTEM) by using a JEM 2100 Plus by JEOL Ltd.

2.5. AEMWE single cell assembly

After preparation by spraying of both the anode and cathode, the
anion exchange membrane water electrolyzer (AEMWE) single cells
were mounted with a 5 cm? active area using a Dioxide Material cell
assembly. Corrosion-resistant nickel plates with patterned flow fields
served as bipolar plates in the cell. The core part of the cell is the
membrane electrode assembly (MEA) consisting of the Aemion+® AF3-
HWK9-75-X membrane (maintained in a hydrated state to preserve their
ionic conductivity by immersing in KOH for at least 24 h), the anode,
and the cathode. By using Polytetrafluoroethylene (PTFE) spacers in
each electrode compartment, appropriate compression of the GDLs
(approximately 20 % + 5 % compression) is assured to achieve near
zero-gap configuration. This compression can further minimize resis-
tance and consequently enhance electrochemical performances [7,13].
Meanwhile, spray-coated Pt/C served as the cathode, while NiCo3-S,
NiCo4-S, NiFel-S, and NiFe2-S metal oxides functioned as the anode
catalysts. From herein, each AEMWE cell test is named corresponding to
the anode name, and the AEMWE cell tests of NiCo3-S vs. Pt/C, NiCo4-S
vs. Pt/C, NiFel-S vs. Pt/C, and NiFe2-S vs. Pt/C named NiCo3, NiCo4,
NiFe-(10 %) and NiFe-(20 %), respectively.

2.6. Electrochemical performances and measurements

For a three-electrode configuration test, electrochemical measure-
ments were conducted using a Vertex.10A potentiostat (Ivium Tech-
nologies B.V., Netherlands) within a 1 M KOH electrolyte. Three
electrode measurements can give the initial idea about the performances
of the single electrode before mounting it inside the AEMWE cell. The
working electrodes, each with an exposed area of 1 cm x 1 cm, included
NiCo3-S, NiCo4-S, NiFel-S, or NiFe2-S, sprayed with ionomer on
Nifelt. A Hg/HgO electrode (1 M KOH) was used as the reference, while
Pt foil served as the counter electrode. To ensure consistency in potential
measurements, all values referenced to Hg/HgO were converted to the
reversible hydrogen electrode (RHE) scale using equation (1), with 100
% iRg compensation applied to correct for resistance-related errors:

E ruE) = E (Hg/Hgo) + 0.927V—iRsE (ruE) = E(ng/ngo) + 0.927V — iRs(1)

Backward linear sweep voltammetry (BLSV) was carried out in the
potential window of 1.0-1.7 V vs. RHE, employing a scan rate of 5 mV/s.
Additionally, electrochemical impedance spectroscopy (EIS) was per-
formed over a frequency range spanning 0.01 Hz to 100 kHz, at 0.6 V vs.
Hg/HgO. The obtained impedance spectra were analyzed using an
equivalent circuit model, where the solution resistance (Rg) was
extracted for further calculations.

When it comes to testing the AEMWE single cell, the tests were
performed using a VSP-300 potentiostat (Biologic, France) with an
external 20 A booster. The protocol in this study consists of pretreatment
of the cell for about 3-4 h, starting by warming up the electrolyte up to
60 °C £ 1.5 °C, pumping the electrolyte to the anode part, and raising
the cell temperature gradually up to 60 °C. Then, the open circuit
voltage (OCV) was observed for possible leakage and short circuits
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before activating the electrode and MEA. For activation of the MEA,
cyclic voltammetry (CV) was performed from O to 2.5 V at a scan rate of
50 mV s~! for 30 cycle numbers and after that, the AEMWE was kept
under 250 mA cm™! of current density for 2 h. Galvanostatic polariza-
tion curves (PL) were recorded using a multistep chrono-potentiometry
(CP) method, where the current density was systematically increased
from 50 mA.cm 2 to 2.5 mA cm ™2, with each step maintained for 3 min
to minimize capacitive influences and the reported polarization curve
values were obtained by averaging the cell voltage over the final minute
of each current step. EIS was performed with 1 A cm™2 of current density
with 50 mA of perturbation between 100 kHz and 100 mHz in which the
high-frequency resistance (HFR) is allocated to the MEA resistance is
shown for comparison.

A DC stability test was conducted after pretreatment and the first PL
by running the AEMWE at 1 A cm™2 for 45 h to assess long-term per-
formance. Additionally, a 20-h accelerated stress test (AST) was per-
formed by alternating current density between 1 A cm™2 and 0.05 A
cm ™2 every 15 min and measuring HFR each 4 h, completing 40 cycles
over the test period. This approach simulates rapid current fluctuations,
allowing for the evaluation of electrode durability under dynamic
operating conditions. It should be emphasized that all reported data for
AEMWE are presented without HFR correction, ensuring that the results
reflect realistic operating conditions relevant to industrial applications.

3. Results and discussion
3.1. Physicochemical characterization of materials

The physicochemical characterization of powder electrocatalysts
was evaluated using XRD, SEM, and HRTEM to get a solid understanding
of structure and morphology and the results are depicted in Fig. 1.

XRD spectra (Fig. 1 (a)) were taken for NiCo3-S, NiCo4-S, NiFel-S,
and NiFe2-S between 20 of 15-75° and all of them are aligned with
JCPDS No 20-0781 at 18.90°, 31.15°, 36.70°,

38.40°, 44.62°, 55.43°, 59.09°, 64.98°, and 77.54° which correspond
to the (111), (220), (311),

(222), (400), (422), (511), (440), and (533) crystallographic planes
of NiCoy04. XRD analysis proved that the synthesized electrocatalysts
are single-phase and have a crystalline structure that makes them suit-
able for water splitting, especially in AEMWE.

Although the XRD is a must-characterization technique and can
reveal valuable features of the synthesized electrocatalysts, other char-
acterization are important in terms of morphology. Accordingly, SEM
and HRTEM analyses were performed as a morphology characterization
technique. Fig. 1 (b) and (c) show the SEM analysis for NiCo3-S and
NiCo4-S, respectively. It can be seen that the structure is nanorod with
the desired dimension, with no observation of second morphology,
revealing a clear success of our optimized sono-hydrothermal synthesis
process using urea as a hydrolysis agent which can facilitate nucleation
of nanorods over time. To go further, HRTEM analysis of NiCo4-S as an
example was investigated and shown in Fig. 1(d), which demonstrates
lattice spacing of 0.247 nm related to the (311) plane of NiCo204 spinel
electrocatalyst, confirming further what was obtained by SEM and XRD
analysis and revealing the purity of the synthesized samples with nano
dimension. Moreover, NiFel-S (Fig. 1(e)) and NiFe2-S (Fig. 1(f)), which
have Fe inside the lattice show smaller nanorods and well distribution of
catalyst growth without losing the nanorod shape as Fe is inserted inside
the lattice of NiCo204. (EDS analysis of the NiFe2-S is given in Figs. 1(S)
and 2S (Supporting Information) for the distribution of elements in the
spinel structure).

3.2. Evaluation of electrodes in standard three-electrode setup
After physicochemical characterizations, the synthesized NiCo3-S,

NiCo4-S, NiFel-S, and NiFe2-S electrocatalysts, sprayed on Ni Felt,
underwent three-electrode cell measurements, which can reveal their
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Fig. 1. Physicochemical Characterization of NiCo3-S, NiCo4-S, NiFel-S and NiFe2-S: (a) XRD analysis; (b) SEM analysis of NiCo3-S Powder; (c) SEM analysis of
NiCo4-S Powder; (d) HRTEM analysis of NiCo4-S Powder; (e) SEM analysis of NiFel-S Powder; (f) SEM analysis of NiFe2-S Powder.

electrochemical activity for the oxygen evolution reaction (OER) before
assembling the synthesized Ni-Fe—Co electrodes into the AEMWE single
cells.

The linear sweep voltammetry (LSV) data, fully corrected for iRy
losses (100 %), are displayed in Fig. 2(a). All in all, all the electro-
catalysts are active for OER as anode while NiFe2-S is the most active
electrode standing behind the NiFel-S, NiCo3-S, and NiCo4-S, con-
firming the results obtained by SEM and TEM in which highly crystalline
and nanorod structure of NiFe2-S with 20 % of Fe inside the structure
can enhance the electrochemical activity. For instance, by considering
the current density of 50 mA cm~2, NiCo3-S, NiCo4-S, NiFel-S, or
NiFe2-S require a potential of 1.629, 1,615, 1.606, and 1.593 V vs. RHE,
respectively. For better comparison, overpotentials of NiCo3-S, NiC-
04-S, NiFel-S, or NiFe2-S are calculated and depicted in Fig. 2(b) at 10,
50, and 100 mA cm 2. Results of overpotentials demonstrate that at
lower current densities, all four electrodes are performing the same with
just a maximum 6 % difference in lower current density and a maximum
of 13 % in higher current densities, making them reliable electrodes for
AEMWE, while at higher current densities where it is crucial for in-
dustrial AEMWE, NiFe2-S decisively performs better. Qi et al. [48] re-
ported an overpotential of 328 mV for porous NiFeOx in 1 M KOH at 10
mA cm ™2, while their NiFe oxide nanorod arrays exhibited 380 mV at 5
mA cm2. Similarly, Ullah et al. [49] investigated Ni-NiO@3DHPG,
Co-CoO@3DHPG, and 3DHPG synthesized via ion exchange/activation,
achieving overpotentials of 1.52, 1.59, and 1.67 V (vs RHE) at 10 mA
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cm™2, respectively. Bejar et al. [50] compared NiCoz204 and Co3O4,
obtaining overpotentials of 1.54 and 1.57 V (vs RHE) in 1 M KOH at 10
mA cm 2 Li et al. [51] evaluated various electrocatalysts, including
Co304 (370 mV), CoMoO4 (340 mV), and RuO, (312 mV) in 1 M KOH at
10 mA cm_z; with their best material, Fe-CoM004-0.2, showing a
significantly lower overpotential of 274 mV. Notably, our catalyst ach-
ieves an overpotential of just 306 mV, demonstrating competitive per-
formance compared to both noble and non-noble catalysts.

To investigate the electrical transport properties of the electrodes, we
carried out electrochemical impedance spectroscopy (EIS) at about 0.6 V
vs. Hg/HgO where the current density is at around 10 mA cm ™2 for each
electrode in this study. The resulting Nyquist plots, fitted to an equiva-
lent circuit, are presented in Fig. 2(c). The solution resistance (Rs),
which is used for iR correction, was 0.492, 0.456, 0.529, and 0.451 Q at
100 kHz for NiCo3-S, NiCo4-S, NiFel-S, and NiFe2-S, respectively. As
all electrocatalysts are based on spinel NiCo,04 nanorod electrocatalyst,
the semicircle shape is similar but with different charge transfer resis-
tance (Rct) that plays a significant role in the electrochemical activity.
Rt determined from the semicircle diameter in the plots was 1.42,
1.359, 1.25, and 1.22 Q for NiCo3-S, NiCo4-S, NiFel-S, and NiFe2-S,
respectively.

Tafel slopes, which shed light on OER kinetics and mechanisms, are
shown in Fig. 2(d) and again confirm the better performances of NiFe2-S
in comparison to its pioneering electrocatalysts. While the Tafel slope
for NiFe2-S was 83.6 mV/dec, NiCo3-S, NiCo4-S, and NiFel-S achieved
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Fig. 2. Three-Electrode cell measurements for NiCo3-S, NiCo4-S, NiFel-S, and NiFe2-S: (a) backward LSV scans with 5 mv/s; (b) comparison of the overpotentials
measured at 10, 50, and 100 A cm ™2 of current density; (c) EIS analysis at 10 mA cm™?; (d) Tafel slope; (e) Chronopotentiometry test at various current densities; (f)

Chronoamperometry test at various electrode potentials.

113.1, 101.3 and 96.2 mV/dec, respectively. The lower slope for
NiFe2-S suggests it accelerates OER with a reduced energy barrier
compared to the others.

We also assessed the short-term stability of NiCo3-S, NiCo4-S,
NiFel-S, and NiFe2-S using chronopotentiometry (CP) and chro-
noamperometry (CA) protocols without iR correction. In the CP test
(Fig. 2(e)), current densities from 10 to 60 mA cm 2 were held for 100 s
each as expected based on the prior three electrode tests and
morphology analysis. NiFe2-S displayed reliable stability with lower
overpotentials than others, standing as a better choice as an anode in
AEMWE, especially for higher current densities. For the CA test (Fig. 2
(f)), potentials were increased from 350 to 600 mV vs. Hg/HgO in 100 s
increments, revealing the stable performance for NiFe2-S at a higher
voltage (600 mV vs. Hg/HgO) by achieving 514 mA em 2 while for
NiCo3-S, NiCo4-S and NiFel-S the current density can achieve 341,
413, and 418 mA cm 2, respectively.

All in all, comparing the results of XRD, SEM, and TEM with standard
three-electrode test results, adding Fe to the lattice of NiCo204 can
improve the electrochemical performances while keeping the structure
in a nanorod shape without changing the morphology with homoge-
neous single shape electrocatalysts. Ni substitution with Fe inside the
spinel structure can enhance electrical conductivity by having multiple
oxidation states inside the electrocatalyst, including Fe** and Fe3*.
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Moreover, the 3d orbitals of Fe can interact with Ni and Co by modifying
the electronic structure as a synergistic effect, resulting in a better
electrochemical activity for NiFel-S and NiFe-2S in comparison to pure
NiCo0504 in NiCo3-S and NiCo4-S [52]. These facts lead to a faster
electron transfer and improved charge transfer that is of paramount
importance for OER in water splitting, making way for reliable green
hydrogen production [27,53].

3.3. AEMWE electrochemical tests

Based on the previous results, it was grasped that the optimized sono-
hydrothermal method assisted by urea can lead to the formation of
nanorod-shaped Ni-Fe-Co electrocatalysts, which can improve OER
performances, especially for AEMWE. Among the 4 different electrodes
named NiCo3-S, NiCo4-S, NiFel-S, and NiFe2-S, the NiFe2-S per-
formed better not only in electrochemical behavior in three-electrode
measurements with lower overpotential and higher stability but also
with better morphology based on SEM analysis. However, the perfor-
mance in the single-cell AEMWE would be slightly different as all the
synthesized electrocatalysts in this study are based on the spinel struc-
ture of NiCo204 with just adding 10 % or 20 % iron in the structure.
Thus, another important step for choosing the suitable electrode was to
investigate the behavior of NiCo3-S, NiCo4-S, NiFel-S, and NiFe2-S in
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5 cm? AEMWE at different cell conditions.

The behavior of electrodes in AEMWE after pretreatment is shown in
Fig. 3. Fig. 3(a) shows a schematic of AEMWE used in this study, which
consists of the cathode (0.5 mg/cm2 loading of Pt as standard cathode
for AEMWE), the anode, which are the synthesized electrocatalyst
sprayed on the GDL (5-5.5 mg/cm2 loading) and membrane (Aemion+).

Fig. 3(b) reveals the galvanostatic PL for NiCo3, NiCo4, NiFe-(10 %)
and NiFe-(20 %) up to 2 A cm 2. The electrolyte (1 M KOH) flow rate
was adjusted to 6 ml/min to the anode side, as a dry cathode configu-
ration, based on a balance between ensuring an effective ion transport
and minimizing ohmic resistance, as well as suggested by the cell
manufacturer; and also to avoid excessive pressure drop within the cell.
Moreover, this flowrate demonstrated to be optimal for assuring uniform
temperature inside the AEMWE, so as verified experimentally by tem-
perature measurements (thermocouple and thermography camera,
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Hikmicro PS), and to efficiently remove bubbles from the anode side. As
can be seen from Fig. 3, all AEMWE show reliable performance by
achieving 1.95, 1.91, and 1.85 V for NiCo3, NiCo4, and NiFe-(10 %)
with1 Acm™2 However, the NiFe-(20 %) showed better performance in
comparison to others, achieving 1.808 V with 1 A cm™2 of current
density inside the AEMWE, outperforming other electrodes in this study.
NiFe-(20 %) goes a step further in reliable performance as at only 2.06 V
it can have 2 A em™2 of current density, while for NiCo3, NiCo4, and
NiFe-(10 %) the voltage of the cell at 2 A em2is 2.179,2.15and 2.08 V,
respectively. Also, the EIS of all AEMWE cells was taken at 1 A cm ™2
between 100 mHz and 100 kHz with 50 mA of amplitude in galvano-
static mode and results are given in Fig. 3 (c). The HFR part (100 kHz),
which is more related to the MEA resistance, for NiCo3, NiCo4, NiFe-(10
%), and NiFe-(20 %) is 60, 56, 51.7, and 47.9 mQ cm _2, respectively,
revealing the advantages of NiFe-(20 %) in AEMWE (The full EIS
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NiFe-(20 %), NiFe-(10 %), NiCo3, and NiCo4; (c) EIS at 1 A cm ™2 for NiFe-(20 %), NiFe-(10 %), NiCo3, and NiCo4. (d) Polarization curve before and after 45 h DC
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analysis with the fitted equivalent circuit used for the extraction of HFR
are provided in Supporting Information, Fig. 3(S) and Table 18).

The initial PL curve with the results obtained from previous experi-
ments in three-electrode tests led us to further evaluate the NiFe-(20 %)
by considering a 45hr DC stability test at 1 A cm™2 that the results were
shown in Fig. 3 (e). The Voltage of the cell starts at 1.815 V, and by a
slight increase, at the end of 45 h, itis 1.866 V. We already compared the
PL before and after 45 h DC tests (Fig. 3(c)), which shows that NiFe-(20
%) as AEMWE has the ability to be scaled up as even after DC test, the
NiFe-(20 %) achieves 2 A cm 2 just by 2.107 V. As NiFe-(20 %) can even
be operated with 2 A cm™2 after 45 h DC test in cell voltage below 2.2 V,
further reveals its advantages using sono-hydrothermal method syn-
thesis procedure in which small nuclei are shaped with using a
controlled sonication power resulting in the formation of nanorod spi-
nels that can facilitate charge transfer and improving the electro-
chemical activity of the NiFe2-S electrode for OER applications.

When it comes to figuring out how well an AEMWE holds up over
time, especially if we want to consider possible scaling up at an indus-
trial scale, only a DC test over time (in this study, 45-h at 1 A cm~2) gives
a decent preview of degradation rather than real degradation by time.
When the cell is under harsh conditions over time (the AST test can
simulate these conditions), dynamic challenges arise at the MEA. So, to
get a better idea of the NiFe-(20 %) toughness, we put it through an AST
ramping up the current density by cycling it every 15 min, mimicking
harsher conditions in a shorter time frame to see how the electrode
handles it.

For the AST of NiFe-(20 %), which the results are given in Fig. 4, we
cycled the current density between 0.05 A cm 2 and 1 A cm ™2 for 20 h
without turning off the NiFe-(20 %) after 45 h DC test. Moreover, every
4 h, the HFR is measured to understand the possible degradation of the
MEA over time in combination with the galvanostatic PL after the AST
test. Fig. 4(a) shows the voltage of NiFe-(20 %) (in red) and HFR changes
during time (in blue). The voltage at 1 A cm™2 at the beginning of the
AST was at 1.874 V with the 205 mQ cm? of the HFR per cell, while at
the end of 20-hr, the voltage of cell achieved 1.886 V with HFR at around
279 mQ cm?. A slight fluctuation is observed after 4 h of AST test, which
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Fig. 4. NiFe-(20 %) 24-hr AST test: (a) 24-hr AST test; (b) Polarization curve
Before Durability, After durability, and after AST test.
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is more related to the addition of fresh electrolyte. Still, a portion of this
change is attributed to the degradation of MEA and, more importantly,
the leaching of active material (an increase in HFR happened at 4 h) but
not in a way that can alter the performance of the cell as the cell
degradation with AST is 0.6 mV h™". This is why AST can reveal some
unseen behavior of the AEMWE near-real conditions. Considering 50
mA cm 2 current density, which does not turn off the cell but keeps it
near to shut down, showed a pretty steady voltage starting from 1.529 to
1.531 V at the end of the AST.

After the AST, we ran galvanostatic PL and it is compared with the
fresh, after 45 h DC test and after AST of NiFe-(20 %), and results are
given in Fig. 4(b). For instance, the cell voltage operating at 1 A cm ™2
during preconditioning, DC, and AST test showed that the voltage from
1.808 V achieved 1.845 V after 45 h of DC test and 1.899 V after 20 h
AST test. The reliable part would be that even by putting the NiFe-(20 %)
under harsh AST conditions, the cell voltage can be 2.107 with 2 A cm ™2
of current density. Considering it all together, the AST showed NiFe-(20
%) is a promising cell configuration for AEMWE. After 20 h of current
cycling, we saw only a slight uptick in overpotential and a small rise in
HFR. This lines up with the 45-h DC test, where voltage went from 1.815
V to 1.866 V, steady enough for long-term use (The full EIS fitted data for
NiFe-(20 %) are given in Table 2S, Supporting Information, from the
beginning of the test up to the end of AST). For anion exchange mem-
brane water electrolysis (AEMWE), NiFe-(20 %) stands out as a reliable
pick, balancing strong OER performance (low overpotential from three-
electrode tests) with the durability we need for scaling up due to the
nanorod structure of the NiFe2-S synthesized with the sono-
hydrothermal method. (The comparison of the synthesized electrode
in this study with non-PGM and PGM electrocatalysts in AEMWE is
provided in Table 3S, Supporting Information.).

Although AST tests are useful for obtaining information in a rela-
tively short time on the durability of cell materials, these tests cannot
provide complete information on long-term stability. Even if the ob-
tained performance in AST of NiFe2-S is relevant, before using this
material on an industrial scale, it is still necessary to test it on a short-
stack scale.

4. Conclusions

This study demonstrates that strategic Fe incorporation into NiCo204
spinel with nanorod morphology, obtained with sono-hydrothermal
method, significantly enhances the performance and durability of
Ni-Fe—Co electrocatalyst for AEM water electrolyzers. Among the four
Ni-Fe-Co anodes investigated, the one produced by spraying NiFe2-S
electrocatalyst was the most promising anode, due to both the well-
defined nanorod morphology and high crystallinity of the catalyst and
the 20 % Fe substitution. The electrochemical evaluation revealed that
NiFe2-S anode exhibits reliable OER performance in 3E tests and in full-
cell AEMWE tests, in which it delivered a cell voltage of 1.808 Vat1 A
cm~2and 2.06 V at 2 A cm ™2, along with low increase in HFR by time at
100 kHz. Overall, our findings highlight the potential of NiFe2-S as a
high-performance, durable anode for AEMWE:s, offering a cost-effective
alternative to noble metal-based catalysts by bridging the gap between
fundamental material design and practical cell performance. At the
actual stage of our research activity we assessed feasibility of production
at a larger scale, but we have not yet carried out a detailed cost analysis
for comparing this catalyst, if used as anode, with commercial available
NiFe oxides. It is particularly noteworthy that the overall cost-
effectiveness ratio must also take into account the fact that improving
the anode materials actually allows for the choice of less noble materials
on the cathode side.
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