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ABSTRACT: This study investigates the synthesis and electro-
chemical performance of NiCo2O4 anodes for water electrolysis in
both alkaline and anion exchange membrane (AEM) config-
urations. An engineered direct growth method using a urea-
mediated sono-hydrothermal approach was used to synthesize
NiCo2O4 on Ni felt, creating a binder-free electrode optimized for
an alkaline environment. We evaluated the electrode’s performance
in AEM water electrolysis, comparing it with a spray-coated
electrode incorporating ionomers and the same electrocatalyst.
Our findings highlight that direct-grown binder-free electrodes,
produced through varied synthesis routes, exhibit remarkable
activity and stability in AEM cells operated in dry cathode mode (1.90 V @ 1 A cm−2), with seamless interaction between the
catalyst layer and the membrane. Moreover, this binder-free NiCo2O4 on Ni felt is also an efficient anode under alkaline electrolysis
configuration, exhibiting high stability and remarkable performance (1.78 V @ 1 A cm−2, 1.92 V @ 2 A cm−2), ascribable to the
increased conductivity and improved charge transfer resistance of the catalyst layer.
KEYWORDS: anion exchange membrane water electrolysis, alkaline water electrolysis, green hydrogen production,
oxygen evolution reaction, NiCo2O4, sono-hydrothermal method, binder-free

1. INTRODUCTION
In today’s world, sustainable energy solutions have brought
attention due to the importance of not only hydrogen
production technologies but also alternative fuel synthesis.1

To this end, water electrolysis stands out as a reliable approach
for producing green hydrogen for achieving zero emissions by
serving as a clean fuel or, most likely, as a chemical
feedstock.2,3 Among several electrolysis setups, alkaline water
electrolysis seems to be an efficient and well-established
technology due to its unique characteristics such as simplicity,
low cost, and high stability under operation.4,5 However,
alkaline water electrolyzers (AELs) face several drawbacks
when paired with intermittent renewable energy sources, such
as wind and solar power. These include: (i) slow dynamic
response, especially under atmospheric pressure, which can
limit the efficiency and result in inconsistent hydrogen
production6; (ii) need for implementing strategies to maintain
a continuous operation or partial load, operation through
complementary storage units, as frequent start−stop cycles
caused by the variable output of renewables and associated
with temporary reverse polarization can lead to mechanical
stress and degradation of AEL components, particularly
electrodes7,8; (iii) limited part-load efficiency since at lower
loads, excessive gas crossover can occur, compromising safety

and potentially leading to shutdowns, which further limits
flexibility in fluctuating power conditions.9−11

On the one hand, anion exchange membrane water
electrolyzers (AEM-WEs) and proton exchange membrane
electrolyzers (PEM-WEs) are generally considered to be more
resilient when operated with intermittent energy sources due
to their quicker dynamic response, higher efficiency at part-
load, and better adaptability to fluctuating power inputs,
making them more compatible with renewable energy sources
than conventional systems such as alkaline electrolyzer.12−15

They have a higher power density and can also operate under
differential pressure, making them ideal for reducing
postproduction costs associated with hydrogen gas compres-
sion. In this context, AEM-WEs combine several advantages of
both AELs and PEM-WEs, while offering additional benefits,
such as compatibility with a broader range of catalysts and
higher operating flexibility. In particular, AEM-WEs do not
necessarily require the presence of precious metal catalysts
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such as Pd and Pt, or allow the reduction of the load of these
metals, significantly decreasing overall system costs while
(ideally) eliminating the need for several critical raw
materials.16−18 Despite these benefits, the success of AEM-
WE technology is still linked to the understanding of the
electrode−membrane interface and the role of ionomers in
facilitating efficient ion transfer.19−21 The presence of
ionomers in AEM-WE fed with pure water seems to be
essential, as they are the only ionic conductors.22 Conversely,
when operating AEM-WEs with alkaline electrolytes (e.g., 1 M
KOH), binder-free electrodes could show better performance,
as the absence of ionomers avoids blockage of the catalyst
active sites and the decrease of electronic conductivity of the
catalyst layer. However, the overall impact of ionomers on cell
stability and efficiency needs further investigation.22

In this study, we focus on the performance assessment of
morphology-engineered NiCo2O4-based anodes produced as
both freestanding, binder-free electrodes, obtained by direct
growth onto the substrate, and their ionomer-containing
counterparts, obtained by spray-coating. Both electrodes have
been tested in zero-gap AEL and AEM-WE configurations.
NiCo2O4 is recognized for its excellent electrochemical activity
in oxygen evolution reactions (OER), due to its chemical
stability and relatively low cost, making it a strong candidate
for integration into commercial electrolysis systems.23−26 To
synthesize NiCo2O4, we use the sono-hydrothermal approach,
a versatile technique that enables the production of highly
crystalline nanostructures with controlled morphology and
dispersion to achieve nanorods with particle size between 20 to
45 nm.27,28 In particular, the sono-hydrothermal process allows
for the direct growth of NiCo2O4 on Ni felt, creating a binder-
free, high-surface-area electrode specifically designed for
enhanced performance in AELs.29

However, given the promising attributes of AEM-WEs, we
sought to extend the application of our engineered NiCo2O4-
based anodes to AEM-WEs, where the presence of an ionomer
in the electrodes and the engineering of catalyst-membrane
interfaces typically play a central role in determining the overall
cell performance. To this end, we prepared NiCo2O4-based
electrodes through both direct growth and spray-coating
techniques, with the latter involving the use of ionomers that
may enhance the electrode/AEM interactions by establishing
continuous anion-conducting pathways. Spray-coating is a
widely adopted technique for the fabrication of AEM-WE
electrodes, allowing for the precise control of catalyst layer
thickness and distribution over the substrate surface.30−33 In
this work, NiCo2O4 powders synthesized through the sono-
hydrothermal method were formulated into inks containing an
ionomer and subsequently spray-coated onto the Ni felt
substrates. Through comparative analysis of the two fabrication
techniques, we aim to elucidate the influence of ionomer on
the electrode performance and stability in both AEL and AEM-
WE cells.

2. EXPERIMENTAL SECTION
2.1. Materials. NiCl2·6H2O (99% purity, Carlo Erba Reagents,

Italy) and CoCl2·6H2O (98% purity, Carlo Erba Reagents, Italy)
served as Ni and Co precursors. KOH (99% purity, Carlo Erba
Reagents, Italy) and urea (99% purity, Carlo Erba Reagents, Italy)
were used for the electrocatalyst synthesis as well as the electrolyte
source. Additionally, 10 wt % Nafion dispersion (D1021 Nafion, Fuel
Cell Store, USA) and Zirfon Perl UTP 220 diaphragm (Agfa) were
adopted for AEL; while Aemion+ AF3-HWK9-75-X AEM and related
ionomer (Ionomr Innovations, Canada) and Pt/C (30 wt %, from

Cabro S.p.A., Italy) were used in AEM-WE cells. Ethanol (EtOH), 2-
propanol (IPA) were purchased from Sigma-Aldrich (Germany). Ni
felts (99% pure nickel, 1 mm thickness, porosity 0.85) gas diffusion
layers supplied from QL Metal Fiber Co (China) were used to
fabricate the electrodes.
2.2. Direct-Growth Preparation of Electrodes for the OER.

The engineered catalyst and electrodes are produced by following the
methodology described in Niyati et al.34 The direct growth method is
a binder-free method to coat directly the electrocatalyst (NiCo2O4)
onto the surface of the Ni felt, as illustrated in Figure 1.

Experimentally, Ni felt was first immersed in a solution of 3 M HCl
for 5 min, followed by rinsing in a mixture of Milli-Q water and
acetone for 15 min with sonication. After cleaning, it was dried
overnight in a vacuum oven at 60 °C. The dried Ni felt was weighed
before and after the sonothermal process so as to accurately
determine the amount of catalyst loaded on the electrode through
the direct growth method.
The NiCo2O4 electrocatalyst was synthesized using a design of

experiments (DOE) approach to optimize the operating conditions of
the sono-hydrothermal process and using urea as a hydrolysis agent,
as described in Paladino et al.27 To synthesize the NiCo2O4
electrocatalyst, 2.015 g of NiCl2·6H2O was dissolved in 25 mL of
Milli-Q water and slowly added dropwise to a CoCl2·6H2O solution
containing 4.0354 g of Co precursor in 40 mL of Milli-Q water. In the
second step, urea was added in a 1:10 molar ratio, and the solution
was vigorously stirred for 30 min. To enhance nucleation and
nanoparticle formation, the solution was subjected to sonication at
100 W for an additional 30 min. The resulting solution was then
transferred to a 100 mL Teflon-lined stainless-steel autoclave for the
hydrothermal reaction. Clean Ni felt was placed inside the autoclave,
and the reaction was carried out at 125 °C for 12 h. After the
completion of the reaction, the electrode was thoroughly washed with
Milli-Q water and ethanol to remove any residual impurities or excess
NiCo2O4. The powder of NiCo2O4 was collected by filtration and
washed with ethanol and Milli-Q water to be used for spray coating.
Both the collected powder and electrode were then dried overnight in
a vacuum oven at 60 °C. In the final step, the dried powder and Ni felt
underwent thermal treatment in air at 420 °C for 3 h with a heating
ramp of 10 °C/min. This process ensured the successful synthesis of
NiCo2O4 with the desired characteristics for subsequent analysis and
application. Through this process, nucleation of NiCo2O4 particles,
which lead to nanorod structures, occurred directly on the active
surface of the Ni felt, achieving a catalyst loading of approximately 5
mg/cm2, which is confirmed by weighing the bare Ni Felt before
sono-hydrothermal reaction and after calcination. This so-produced
electrode is hereafter named NiCo-D.
2.3. Spray-Coating Preparation of the Electrode. The spray

coating method was selected as an established and widely known
technique for the fabrication of electrodes for AEM-WE.4,33,35−37 The
NiCo2O4 ink was prepared by mixing the catalyst powders with
Aemion+ AF3-HWK9-75-X ionomer (for AEM-WE) or Nafion
binder (for AEL, to withstand strongly alkaline media) in an

Figure 1. Synthesis of NiCo2O4 powder and fabrication of the NiCo-
D electrode via a urea-mediated sono-hydrothermal process.
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EtOH:water mixture 1:1,38 using a catalyst concentration from 2 to 5
g/L and ionomer concentration from 0.2 to 1 g/L,31 i.e., in the
optimal ranges suggested by Faid et al.39 The dispersion was then
homogenized by sonication for 1 h before use. The catalyst ink was
sprayed using a spray gun with a 0.5 mm nozzle (FE-134K aerograph
plus FD-186 compressor, Fengda, operated at 1.5 bar with
compressed air) onto the Ni felt, with the substrates placed on a
hot plate at 80 °C.39,40 The amount of deposited catalyst was
controlled by weighing the electrodes before and after catalyst
deposition until reaching a catalyst loading of 5 mg/cm2 to have the
same loading as that of the direct-grown electrode NiCo-D, and the
electrode is hereafter named NiCo-S. The catalyst load was the same
for both directly grown and sprayed ones.
The Pt/C inks, used for the preparation of cathodes, were prepared

similarly to the NiCo2O4 ones and adjusting the ionomer
concentration as suggested in the work of Koch et al.,31 ranging
from 0.2 to 0.3 g/L. The Pt mass loading was 0.5 mgPt/cm2,
compliant with standard low PGM cathodes.41,42

2.4. Physicochemical Characterization of Materials. Various
analytical techniques were used to thoroughly investigate the physical
and chemical properties of the materials. X-ray diffraction (XRD)
measurements were conducted using a PANalytical AERIS diffrac-
tometer, allowing analyzing the crystal structure and phase purity of
the samples. The morphology of the samples was investigated with a
TESCAN scanning electron microscope (SEM), which is coupled
with energy-dispersive spectroscopy (EDS) was utilized to determine
both the distribution and elemental composition of the materials and
electrodes used in this study. Additionally, transmission electron
microscopy (TEM) was performed with a JEM 2100 Plus instrument
from JEOL Ltd. (Japan) to reveal the morphology and structure of the
NiCo2O4 powder.
2.5. Evaluation of Electrochemical Performances. Three-

electrode cell measurements were performed using an IVIUM Vertex
10A potentiostat workstation (Ivium Technologies B.V., Nether-
lands), and a 1 M aqueous KOH was used as the electrolyte. The
working electrodes (1 cm × 1 cm) included NiCo-S, NiCo-D, and Ni

felt (the latter representing the operative blank). A Hg/HgO, filled
with a 1 M KOH solution, was used as the reference electrode, while
the counter electrode was a Pt foil (0.5 mm ID, BAS, Japan). All the
potentials reported in the paper are converted to the RHE scale and
corrected by the ohmic drop of the system by usingeq 1:

= +E E iR(RHE) 0.927 VHg/HgO uc (1)

where Ruc is the series resistance calculated from EIS.43,44 Polarization
curves were recorded through backward linear sweep voltammetry
(LSV) in the range of 1.0 to 1.7 V vs RHE at a potential scan rate of 5
mV/s for better estimation of the OER overpotentials and activity.
Backward LSV allows avoiding the influence of oxidation state
changes that typically occur during the forward scan, which can affect
the accurate determination of overpotentials at lower current densities
(e.g., 10 mA cm−2). Electrochemical impedance spectroscopy (EIS)
was performed across a frequency range of 0.01 to 100,000 Hz at a
potential of 0.55 V vs Hg/HgO. The obtained spectra were matched
and fitted with the proper equivalent circuit (represented mostly by
R(RQ)) to regress Ruc.
A VMP3 potentiostat (Biologic, France) equipped with an external

20 A booster channel and an external EIS channel was used to power
water electrolyzer single cells, performing galvanostatic polarization
curves and EIS measurements. Polarization curves were collected
galvanostatically according to a stepwise chronopotentiometric
approach. The current density window investigated ranged from 50
mA cm−2 to 2 A cm−2, with each step lasting 3 min. I−V data were
obtained by averaging the cell voltage obtained from the last minute
of each step. High-frequency resistance (HFR), associated with the
separator resistance from the intercept of the Nyquist plot with the
real axis at 100,000 Hz, was recorded to evaluate the change in MEA.
It is important to note that all the data for the cells (AEL and AEM-
WE) are presented without i × HFR correction, reflecting the
practical operating conditions typically encountered in industrial
applications. No HFR correction was applied to the zero-gap cell, as
these tests were designed to reflect industrially relevant conditions

Figure 2. Physicochemical characterization of materials: (a) XRD of NiCo2O4. (b) SEM of NiCo2O4 collected on the powder sample obtained by
the sono-hydrothermal method. (c) TEM image collected on the powder NiCo2O4 sample obtained by the sono-hydrothermal method. (d) SEM
image and (e) EDS spectrum and related image (spectrum collected in the red spot), on the pristine NiCo-D electrode.
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where ohmic losses, mainly from MEA, are intrinsic to the system. In
contrast, iR correction was applied to the three-electrode measure-
ments, following standard practice in electrocatalysis, to more
accurately assess the intrinsic activity and stability of the catalysts.
2.6. AEL and AEM-WE Single Cell Assembly. The AEL and

AEM-WE (with an active area of 5 cm2) single cells were assembled
using the zero-gap cell fixture produced by Antares Electrolysis
(Italy), which includes corrosion-resistant Ni anodic plates equipped
with flow fields and Ethylene-Propylene Diene Monomer O-ring seals.
The cell components, including the separator (Zirfon Perl UTP 220
diaphragm for AEL and Aemion+ AF3-HWK9-75-X for AEM-WE)
and electrodes, were compressed to achieve zero-gap cell config-
urations. In the case of AEM-WE cells, the assembly was performed
using activated and hydrated AEMs to prevent cracking and damage
to the membranes.45 Moreover, the membrane is activated by placing
it inside the 1 M KOH for at least 24 h. For each electrode
compartment, polytetrafluoroethylene spacers were used to ensure
proper compression of the cathode/AEM/anode stack (i.e., the
MEA). The spacer thickness was optimized to ensure a GDL
compression of about 15% ± 5%. Sprayed Pt/C electrodes were used
as cathodes, while NiCo-D or NiCo-S were used as anodes, and all
electrodes, before mounting inside the cell, were kept in 1 M KOH for
at least 30 min. The cells were operated differently depending on the
separator used. AEL cells were operated at 80 °C using 30 wt %
aqueous KOH as electrolyte, flowing at both anode and cathode. Two
different reservoirs were used for the anolyte and catholyte, both

flowed at 5 mL min−1. AEM-WE cells were operated at 60 °C using 1
M aqueous KOH as electrolyte in dry cathode mode. Therefore, the
electrolyte was fed only to the anode with a flow rate of 5 mL min−1.
Both types of cells were operated in a two-electrode configuration.
For AEM-WE, Aemion+ AF3-HWK9-75-X ionomer is used as the
binder for spraying Pt/C on the cathode as well as NiCo-S on the
anode. For AEL, the Pt/C is sprayed using Nafion binder (with a
binder to catalyst weight of 2:10), corresponding to a weight ratio.
Nafion is used for spraying AEL's cathode since it is adopted for AEL
at an industrial scale, due to its good stability and lower cost than that
of the anionic binders.

3. RESULTS AND DISCUSSION
3.1. Physicochemical Characterization of Materials.

The XRD, SEM, EDS, and TEM characterizations were
performed to evaluate the physicochemical properties of the
synthesized materials and electrodes, as shown in Figure 2.
Figure 2a shows the XRD pattern of the synthesized

NiCo2O4 powder within the 2θ range of 20° to 80°. According
to JCPDS No-20-0781, the peaks observed at 18.90°, 31.15°,
36.70°, 38.40°, 44.62°, 55.43°, 59.09°, 64.98°, and 77.54°
correspond to the (111), (220), (311), (222), (400), (422),
(511), (440), and (533) crystallographic planes, respectively,
confirming the cubic structure of NiCo2O4.

46 The sharp, well-
defined peaks indicate high crystallinity, meaning that the

Figure 3. Three-electrode cell configuration measurements for NiCo-D, NiCo-S, and Ni felt: (a) backward LSV scans, with 5 mV/s scan rate (b)
comparison of the OER overpotentials measured for the electrodes at different current densities. (c) Electrochemical impedance spectroscopy
(EIS) analysis and (d) pseudo-Tafel plots for the investigated electrodes. (e) Chronopotentiometry (CP) and (f) chronoamperometry (CA) tests
were collected at different current and potentials (CP and CA reported without iRuc correction).
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sono-hydrothermal method combined with calcination fosters
optimal nucleation of the electrocatalyst. This is further
corroborated by SEM and TEM analyses of the NiCo2O4
powder, as shown in Figure 2b,c, respectively. Figure 2b
displays an SEM image revealing a mum-flower-like structure,
where the NiCo2O4 rods cluster together. The TEM analysis in
Figure 2c reveals particle sizes in the range from 20 to 45 nm.
Additionally, the lattice spacing (d) of 0.249 nm, associated
with the (311) plane of NiCo2O4 spinel, validates the
successful synthesis via the sono-hydrothermal method, with
urea serving as the hydrolysis agent.47

The electrode fabricated using the direct growth method
(NiCo-D) was investigated through SEM and EDS measure-
ments, as reported in Figure 2d,e, respectively. Figure 2d
reveals a homogeneous growth of NiCo2O4 electrocatalyst
across the Ni felt fibers while maintaining the porosity of the
electrode and preventing blockage of the pore sites. The rod-
like structure of the electrocatalyst, together with its nano-
structuring, provides a large surface area, aiming at enhancing
electrochemical reaction kinetics.48,49 The EDS analysis in
Figure 2e further confirms the purity of NiCo2O4 and aligns
with the expected stoichiometry of the spinel structure. The
use of urea as a hydrolysis agent, combined with the
sonothermal synthesis method, enables the formation of
small NiCo2O4 nuclei. These nuclei grow homogeneously
not only on the surface of the activated Ni felt but also inside
the pores (the detail in Figure 2e shows the single fiber of
NiFelt with NiCo-D grown on it), ensuring an even
distribution of Ni2+ and Co2+ ions and contributing to the
electrochemical activity of the electrocatalyst; however the
presence of electrocatalyst is limited at the bottom of the GDL
(Figure S7 in SI).50,51

Overall, XRD, SEM, and TEM analyses confirm the
successful synthesis of the NiCo2O4 spinel electrocatalyst via
the sonothermal method using urea as a hydrolysis agent. XRD
demonstrates high crystallinity, while SEM and TEM analysis
reveal mum-flower-like rod structures with high purity.
3.2. Assessment of Electrodes OER Performance in a

Standard Three-Electrode Setup. Three-electrode cell
configuration experiments were carried out on NiCo-D,
NiCo-S, and bare Ni felt to preliminarily assess their catalytic
activity for the OER before being moved to industrially
relevant AEL or AEM-WE testing in a two-electrode flow cell
configuration.
Figure 3a reports the 100% iRuc-corrected LSV curve,

acquired using the backward potential scan mode. NiCo-S,
NiCo-D, and Ni felt achieved a current density of 10 mA cm−2

at 1.544, 1.531, and 1.627 V vs RHE, which corresponds to
314, 301, and 397 mV of overpotentials (Figure 3b),
respectively. Clearly, the presence of NiCo2O4 on the surface
of Ni felt significantly improves the electrochemical activity of
the bare support, regardless of the electrode fabrication
method (i.e., whether a binder is used or not). Tentatively,
this higher activity of the freestanding NiCo-D electrode is
ascribed to the absence of the binder in the catalyst layer,
resulting in a higher number of OER active sites exposed to the
electrolyte.
As shown in Figure 3c, Nyquist plots were fit using an

electrical equivalent circuit, shown in the inset panel. Here, Ruc
is the uncompensated resistance of the system, at high
frequencies (∼1.23 Ω at 100 kHz for all of the investigated
electrodes extracted from the equivalent fitted circuit), and Rct
is the charge transfer resistance, corresponding to the diameter

of the semicircles. Estimated Rct are 1.38, 0.996, and 3.53 Ω for
NiCo-S, NiCo-D, and Ni felt, respectively. Consistent with
previous results and considerations, the lower Rct is measured
for the freestanding NiCo-D electrode, for which the
electrocatalyst is directly grown on the Ni felt in the absence
of any ionomer/binder, thus facilitating the transfer of
electrons. On the other hand, the NiCo-S, which is fabricated
by spraying an electrocatalyst ink (containing a 1:10 solid
weight ratio of binder to catalyst inside the ink) on the surface
of the Ni felt, displays a higher Rct.
Figure 3d shows the pseudo-Tafel slopes for NiCo-S, NiCo-

D, and Ni felt extracted from LSV with a 5 mV/s scan rate and
a 2 mV step, providing key information about the OER kinetics
of the electrodes (the description of pseudo-Tafel slopes is
provided in the SI). The slopes measured for NiCo-S, NiCo-D,
and Ni felt are 84.1, 79.7, and 130.4 mV/dec, respectively,
consistently demonstrating that NiCo-D exhibits enhanced
OER kinetics with respect to the other electrodes. It is also
noteworthy that the presence of NiCo2O4 on the support
results in a significant enhancement of its electrochemical
activity compared with bare Ni felt.
The OER activity of both NiCo-S and NiCo-D was further

evaluated by means of either chronopotentiometry (CP) or
chronoamperometry (CA) protocols, also aimed at a
preliminary assessment of their stability. In the CP and CA
test (Figure 3e,f), both protocols consistently indicate that
NiCo-D performs better at low current densities while NiCo-S
works better at higher current densities, consistent with the
LSV. This behavior could be attributed to a slightly different
gas bubble removal capability of the two electrodes, more
noticeable at higher current densities for gas bubble detach-
ment (the catalyst layer on NiCo-D is in a 3D structure, while
in NiCo-S the catalyst is present only on the surface, due to
spraying on GDL). These data highlight once more how an
electrocatalyst, deemed the most promising from most three-
electrode testing at lab-scale, might turn out to be less
performant under industrially relevant conditions, for example,
when required to operate at high current densities. With the
aim of validating our electrodes in a real industrial scenario, we
then proceeded to test them in flow cells under both AEL and
AEM configurations.
3.2.1. AEL Test of the Direct-Growth Anode. Binder-free

electrodes offer significant advantages for AELs, particularly in
terms of durability and efficiency.52 By eliminating binders,
which can degrade in harsh alkaline environments, these
electrodes reduce the risk of catalyst detachment and ensure
long-term stability. Moreover, the direct integration of the
catalyst into the substrate enhances electrical conductivity by
providing uninterrupted pathways for electron transfer,
optimizing the performance. Additionally, binder-free designs
simplify manufacturing processes, lowering costs and making
them more suitable for large-scale applications. Based on these
considerations, NiCo-D was first tested as an anode in a 5 cm2

zero-gap AEL single cell fed with 30 wt % KOH aqueous
electrolyte and operating at 80 °C. A Pt/C electrode (see the
Methods section for details) was used as a benchmark cathode.
At first, the full cell underwent an activation procedure (mainly
needed to condition the diaphragm and the electrodes but also
to allow for the thermalization of the overall system), which is
reported and commented in the Supporting Information,
Figure S1. Briefly, the I−V curve of the cell stabilizes in the last
30−40 min of the activation process (ca. 3 h long), with the
cell voltage plateauing at ca. 1.78 V (@ 1 A cm−2) and the
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HFR of the system reaching a stable minimum value at ca. 0.1
Ω cm2. The activation was followed by the collection of a
galvanostatic polarization curve (blue stars in Figure 4a), a 24
h long CP step at 1 A cm−2 (Figure S2), a 24 h accelerated
stress test (AST, Figure 4b), and a final galvanostatic
polarization curve (blue circles in Figure 4a). The initial
polarization curve demonstrates that the AEL implementing
NiCo-D achieves state-of-the-art performance, delivering 1 and
2 A cm−2 at 1.78 and 1.96 V, respectively. The stability of the
performance at 1 A cm−2 is confirmed by the day-long CP
registered afterward, with minimal potential oscillation, mainly
imputable to electrolyte refilling operations and temperature
variations in the lab (Figure S2, blue curve). Consistently, the
HFR (red circles in Figure S2) is stable and low throughout
the whole experiment. The AST corroborates the stability data,
demonstrating that the cell can withstand harsh load variations

(cycling from 1 A cm−2 to 50 mA cm−2 every 15 min for 24 h)
and thus is, in principle, compatible with renewable energy
sources. It is noteworthy that the AEL cell not only maintained
this performance after the AST (post-AST polarization curve,
Figure 4a, blue circles) but also achieved better performances,
showing 1.73 V at 1 A cm−2 and 1.92 V at 2 A cm−2. Such an
increase is tentatively ascribed to the roughening of the
electrode under harsh alkaline and anodic conditions, leading
to an increase in the physical and electrochemically active
surface area. Overall, these results highlight the remarkable
OER activity of the NiCo-D electrodes and the stability of the
present AEL cell configuration and the embedded catalysts.
3.2.2. AEM-WE Test of Direct-Growth and Spray-Coated

Anodes. In AELs, binder-free electrodes are highly valued for
their simplicity and stability. However, under the AEM-WE
configuration, electrodes require the presence of ionomers in

Figure 4. Characterization of a single cell AEL implementing NiCo-D as the anode: (a) Galvanostatic polarization curves (and HFR from EIS at
each galvanostatic step) collected before (stars) and after (circles) the AST. (b) 24-h-long AST.

Figure 5. AEM-WE characterization. (a) Polarization curves and HFR collected on NiCo-D and NiCo-S before AST. Electrochemical traces
obtained from AST on (b) NiCo-D and (c) NiCo-S.
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the catalyst layer to ensure ionic continuity and thus achieve
optimal performance. Nonetheless, ionomers can reduce the
electrode activity by blocking access to active sites. Currently,
the role of ionomers in AEM-WEs is still under study.20,53

Although binder incorporation in the cathode layer is
paramount in AEM-WE operated in dry cathode mode, there
are markedly fewer investigations dedicated to shedding light
on the importance of ionomers in the anodic catalyst layer.
In order to investigate this matter, NiCo-D and NiCo-S

electrodes were used as anodes in atmospheric pressure AEM-
WE single cells fed with 1 M KOH and operating at 60 °C in a
dry cathode configuration. Pt/C electrodes (using Aemion+
AF3-HWK9-75-X as ionomer) served as benchmark cathodes.
Cells were named after their respective anodes. Both cells
underwent the same electrochemical routine reported for the
AEL configuration. It is important to point out that, in the case
of AEM-WEs, the activation procedure (Figure S3 and related
discussion) is fundamental to properly hydrate and condition
the AEM itself and is indeed generally recommended by the
producers. Figure 5a shows the initial polarization curves (and
HFR measured at the end of each current step) for NiCo-D
(blue) and NiCo-S (red). The traces obtained from the two
cells are almost juxtaposed, with a divergence only at current
densities higher than 1.5 A cm−2, over which NiCo-D performs
slightly better than its sprayed counterpart. Interestingly, the
HFR of the cell implementing NiCo-S (i.e., the electrode in
which the ionomer is present in the catalyst layer) is higher
than that recorded for NiCo-D. These results suggest that the
presence of the ionomer in the anodic catalyst layer might not
be fundamental for the good functioning of an AEM-WE
operated with 1 M KOH anolyte. 24 h long CP at 1 A cm−2,
collected on both cells (Figures S4a and S5a) return consistent
results, while post-CP polarization curves (Figures S4b and
S5b) confirm the stability of both systems. The electro-
chemical traces obtained from the AST conducted on both
cells are reported in Figure 5b,c. In accordance with fixed
current stability tests (Figures S4 and S5), AST demonstrates
the robustness of both systems and their similar voltage
performance. Similarly, the lower HFR of the deposited
electrode is confirmed.
Post-AST polarization curves (Figure 6a) are consistent with

the initial curves, further corroborating the stable performance
of the overall electrochemical system. Focusing on anode
stability, Figure 6b reports the before and after AST SEM
images of both NiCo-D and NiCo-S. For NiCo-D, most
nanorods remained intact on the Ni-felt substrate, with some

detachment observed (Figure S6, Supporting Information),
likely occurring during disassembly, as parts adhered to the
membrane. NiCo-S displayed a similar scenario, indicating that
the direct growth method produces results comparable to
those achieved with the use of binders regarding catalyst
adhesion to the electrode surface. The homogeneity of the
catalyst layer is preserved on both electrodes, despite a slight
roughening of the surface may be qualitatively observed.
When it comes to similar electrodes in this content, the

results of both NiCo-D and NiCo-S with 5 mg·cm−2 of loading
seem reliable for AEM-WE. For instance, Ahmed et al. used
the NiCo2O4 deposited on the nickel foam (25 mg·cm−2 of
loading) as anode, 1 mg·cm−2 of Pt loading on carbon paper in
combination with the dioxide membrane Sustainion X-37-50
(grade T with a thickness of 50 μm), which achieved
approximately 2.1 V at 1 A·cm−2 at 55 °C with 1 M KOH.54

Moreover, Cossar et al. which focused on the role of ionomer
in the performance of electrode and AEM-WE revealed that
the Ni90Fe10 catalyst with 5 mg·cm−2 of loading on gold (Au)-
coated titanium (Ti) felt (2GDL20-1,0, 1 mm thick, Bekaert
Corporation, Marietta, GA) in combination with 1 mg·cm−2 of
Pt/C loading on Teflon-treated carbon paper with Aemion
AF1-HNN8-50-X membrane achieved 1.941 V at 0.4 A·
cm−2.37

4. CONCLUSIONS
In this study, we successfully tested a NiCo2O4 catalyst,
modified in morphology using the sono-hydrothermal method,
for applications in both AELs and AEM-WEs. Physicochemical
analyses, including SEM and TEM, confirmed the nanorod-like
structure of the catalyst, which enhances electrochemical
activity and improves conductivity. These findings were further
supported by three-electrode cell measurements.
Using innovative fabrication methods, we demonstrated the

effectiveness of direct-grown NiCo2O4 electrodes as binder-
free solutions for AELs, achieving an outstanding performance
(cell voltage of 1.78 V at 1 A cm−2). Additionally, we
compared the binder-free NiCo2O4 electrodes with their spray-
coated counterparts incorporating ionomers in AEM-WE
systems. Both electrode types exhibited promising perform-
ances (1.915 V vs 1.911 V at 1 A cm−2 after preconditioning)
and durability, as validated by 24-h fixed current stability tests
followed by 24-h accelerated stress tests.
The binder-free approach, which yielded excellent results in

AELs, is therefore also a promising methodology for AEM-
WEs, especially considering the safety and environmental

Figure 6. AEM-WE characterization after the AST: (a) polarization curve and HFR of NiCo-D and NiCo-S. (b) SEM images comparing NiCo-D
and NiCo-S before and after operation.
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benefits of avoiding nanometric powder spraying during
electrode fabrication. These results also highlight the
versatility, scalability, and sustainability of NiCo2O4-based
electrodes for advanced electrolyzer technologies. Although
optimizing ionomer and catalyst loading on the electrode
surface by spraying may provide further performance improve-
ments, paving the way for more efficient large-scale electrolyzer
applications compared to current designs of AEMWEs and
AELs, this preliminary study indicates that the use of directly
grown (i.e., binder-free) anodes may represent an efficient
platform under both AEL and AEM-WE configurations.
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