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I-Chun Cheng c and Jian-Zhang Chen *ade

Anion exchange membrane water electrolysis (AEMWE) offers a sustainable route for green hydrogen

production. However, its large-scale deployment is constrained by the limited activity and stability of non-

precious metal electrocatalysts, as well as challenges in designing efficient porous transport layers (PTLs).

In this study, NiMo thin films were sputter-deposited onto tape-cast NiFe foam to construct bifunctional

catalytic PTLs for AEM cells operated under both cathode-wet and cathode-dry conditions. The cell

operating under cathode-wet conditions exhibited a higher current density at 1.8 V (85.5 mA cm−2 at 70

°C) compared to that under cathode-dry operation (46.0 mA cm−2 at 70 °C). When NiMo@NiFe foam was

employed as the anode and coupled with a Ru/carbon paper (Ru/CP) cathode, the AEM cell achieved 820

mA cm−2 and 784.8 mA cm−2 at 1.8 V and 70 °C under cathode-dry and cathode-wet operation,

respectively, outperforming the symmetric NiMo@NiFe foam system. In addition, temperature-dependent

polarization analyses were conducted to investigate the temperature sensitivity of both systems. The

influence of temperature on HER performance under cathode-dry operation was further discussed based

on the catalytic mechanisms associated with different cathode PTLs. To evaluate the stability at an

intermittent power input, an accelerated stress test (AST) was performed. The cathode-wet symmetric cell

exhibited a current density decrease from 41.8 to 27.5 mA cm−2 at 1.8 V after 5000 cycles at 25 °C. This

work integrates sputtered NiMo with tape-cast NiFe foam as a scalable catalytic PTL design, providing

insights into the effects of temperature on AEMWE operation, and the potential and remaining challenges

of non-precious PTLs for practical AEMWE systems.

Introduction

With the growing concerns over climate change and carbon
emissions, reducing the reliance on fossil fuels and
mitigating greenhouse gas emissions have become pressing
global challenges.1 Consequently, the pursuit of sustainable
and clean energy sources has emerged as a critical priority.
Hydrogen energy, as a clean energy carrier, shows great
potential in both energy conversion and storage
applications.2–4 Among various hydrogen technologies, the
production of green hydrogen has attracted significant

attention.5 Green hydrogen is produced via water electrolysis
powered by renewable energy sources such as wind or
solar.6–8 Performing the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER) by using renewable energy
enables hydrogen to be generated with minimal carbon
emissions.9,10 At the same time, owing to the intermittent
nature of renewable energy sources, an efficient energy
conversion method is required. Water electrolysis for
hydrogen production not only involves a relatively simple
system setup but also enables the conversion of electricity
into hydrogen in a low-carbon process.9 These advantages
have driven widespread interest in the development of water
electrolysis technologies.

Among various water electrolysis techniques, anion
exchange membrane water electrolysis (AEMWE) has recently
attracted significant attention. AEMWE combines the
advantages of both alkaline water electrolysis (AWE) and
proton exchange membrane water electrolysis (PEMWE). It
enables the use of nonprecious metal catalysts for both the
OER and HER, and it can be performed in mildly alkaline
and less corrosive environments at relatively low
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temperatures.10–15 However, AEMWE is still at an early stage
of research, and several technical challenges need to be
overcome for achieving large-scale hydrogen production.
These include the development of cost-effective and high
catalytic activity electrocatalysts, design of efficient porous
transport layers (PTLs), reduction of material and processing
costs, and improvement of system performance and long-
term stability.10,11,16,17

Previous studies of electrocatalysts have reported that
NiMo-based catalysts show promising activity and efficiency
for the HER,18–21 and NiFe-based catalysts show excellent
performance and stability for the OER.22–24 In NiMo-based
electrocatalysts, Ni is considered to provide great catalytic
activity for the HER in alkaline environments, whereas the
incorporation of Mo further modifies the electronic structure
of Ni, optimizing the hydrogen adsorption free energy (ΔGH*),
which is one of the key metrics for HER performance.20,25

Moreover, Ni and Mo can exhibit a synergistic effect, in
which Ni facilitates the dissociation of water molecules, while
Mo promotes the HER process through the hydrogen
spillover effect.20,26,27 On the other hand, NiFe-based
materials, composed of earth-abundant and non-precious
elements, offer a cost advantage.22,28–31 The combination of
Ni and Fe not only tunes the electronic structure of the
electrocatalyst but also promotes the formation of
catalytically active OER phases and interfacial species, such
as metallic oxides and hydroxide/(oxy)hydroxide layers.32 In
addition to the catalyst performance, the substrate used as
the PTLs also plays a vital role in the overall efficiency of the
AEMWE cell.16 The key properties of the PTLs, including
electrical conductivity, contact resistance, gas and water
transport capability, and chemical stability, directly influence
the cell performance.33–35 High conductivity and low contact
resistance are essential for minimizing ohmic losses, whereas
efficient gas bubble detachment significantly affects mass
transport.33–35 Furthermore, chemical stability under alkaline
conditions determines the long-term durability of the
AEMWE system.33 Recent studies have indicated that the
intrinsic catalytic properties of PTL substrates can contribute
significantly to the overall hydrogen production
performance.28,36,67,68 Therefore, the design and optimization
of the PTL structure and composition represent important
research directions for the further development of AEMWE
technology.

To address these challenges, we combined tape-casted
NiFe foam and sputtered NiMo to fabricate catalytic PTLs.
Tape casting is a promising method for fabricating porous,
metal-based PTL substrates that could be suitable for
AEMWE. It offers precise control over parameters such as the
thickness, composition, and pore size, thereby facilitating the
fabrication of well-structured and tunable porous alloys
compatible with various catalyst designs.37,38 Further,
sputtering technology is widely used for the deposition of
metal or metal oxide thin films. It allows precise control over
the film thickness, composition, and microstructure by
tuning parameters such as the deposition time, power, and

target material. Owing to its scalability and industrial
applicability, sputtering holds great potential for fabricating
large-area, high-performance electrode materials.39–43

In this study, a NiMo thin film was deposited via
sputtering onto a tape-casted NiFe foam substrate and
evaluated as a bifunctional electrocatalyst for both the HER
and OER. Furthermore, the NiMo-coated NiFe foam was
integrated into a full AEMWE cell, where it served as both
the HER and OER PTLs, to assess its performance under
realistic operating conditions. This study evaluates both
cathode-dry and cathode-wet operations. Cathode-dry
operation is a novel approach that can produce hydrogen
with higher purity and lower humidity under low alkaline
conditions, thus simplifying the back-of-plane (BOP) system
and reducing the cost of processing the obtained hydrogen
gas.44,45 For comparison, a noble metal-based Ru/carbon
paper (Ru/CP) cathode PTL was also evaluated to discuss the
OER potential of the NiMo-coated NiFe foam, as well as to
compare its HER catalytic characteristics with those of the
noble metal Ru and to explore the impact of these differences
on the AEMWE system performance. The reaction
mechanisms were investigated by correlating electrochemical
measurements with the polarization behavior of AEMWE full
cells employing catalytic PTLs under both cathode-dry and
cathode-wet operations. Polarization curves at different
temperatures were conducted to assess the sensitivity of each
configuration to temperature variations and to investigate the
relationship between temperature dependence and catalytic
mechanisms. Further, stability testing was conducted using
an accelerated stress test (AST) with alternating high and low
current loads to investigate both the intrinsic durability of
the materials and their suitability for coupling with
intermittent renewable energy sources.16,25,46

Experimental section
Pre-treatment for the tape-casted NiFe foam

Tape-casted NiFe foam was received from CellMo Materials
Innovation Taiwan Inc. The foam had a thickness of
approximately 0.3 mm with a porosity of 73% and was cut
into 3 × 3 cm pieces. It was subjected to a pre-treatment
process to clean the surface. The cut NiFe foam was first
immersed in 1 M sulfuric acid and ultrasonicated for 15 min.
Subsequently, it was immersed in ethanol and deionized
water, each for 15 min under ultrasonication. This pre-
treatment removed surface grease residues, dust particles,
and undesirable oxide layers. After cleaning, the foam was
dried in an oven at 70 °C for 2 h to ensure complete drying.
This completed the pre-treatment.

Sputtering NiMo metal thin film on the tape-casted NiFe
foam

The pre-treated NiFe foam was then used as a substrate for
NiMo metal thin film deposition (Fig. 1). DC magnetron
sputtering was employed to deposit the NiMo layer. The NiFe
foam was fixed on a holder, and a NiMo alloy target with a
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Ni :Mo ratio of 9 : 1 was used. The sputtering chamber was
first evacuated to a high vacuum of 9 × 10−6 torr using a
rotary pump followed by a turbo pump. Argon gas was then
introduced into the chamber to reach a working pressure of
10 mtorr. Once the pressure stabilized, sputtering was
initiated. A DC power of 80 W was applied during deposition.
A 5 min pre-sputtering was conducted before deposition to
stabilize the system. After that, the shutter was opened, and
sputtering continued for 20 min at the same power; the
deposition rate was ∼1.7 Å s−1. The resulting sample, with a
NiMo thin film deposited on NiFe foam, was denoted as the
NiMo@NiFe foam.

Material characterization

The elemental composition, bonding environment, and
oxidation states of the materials were analyzed using a hard
X-ray photoelectron spectrometer (HAXPES; ULVAC-PHI
Quantes) equipped with an Al Kα X-ray source (1.4 keV). An
X-ray diffractometer (XRD; Bruker D2 PHASER) with a Cu Kα
radiation source (λ = 0.154060 nm) was used to analyze the
crystalline structure. The surface morphology was observed
using scanning electron microscopy (SEM; JEOL 6500F), and
energy-dispersive X-ray spectroscopy (EDS; Oxford
Instruments) was employed to evaluate the elemental
distribution on the surface. A goniometer (model 100SB,
Sindatek) was used to assess the hydrophilicity of the
surface.

Electrochemical measurement

The catalytic activity and electrochemical properties of the
electrodes for both the HER and OER were investigated using
an electrochemical workstation (Autolab PGSTAT204,
Metrohm, Utrecht, Netherlands). A conventional three-
electrode setup was used, where Ag/AgCl, Pt, and the sample
served as the reference electrode, counter electrode, and
working electrode, respectively. A 1 M KOH aqueous solution
was used as the electrolyte. The potential of the Ag/AgCl

reference electrode (EAg/AgCl) was converted to the potential of
the reversible hydrogen electrode (ERHE) using eqn (1):47,48

ERHE = EAg/AgCl + 0.059pH + 0.197 (1)

Electrochemical techniques including linear sweep
voltammetry (LSV), electrochemical impedance spectroscopy
(EIS), and cyclic voltammetry (CV) were employed. LSV
measurements were conducted at a scan rate of 5 mV s−1 to
obtain the polarization curves. In the LSV measurements,
90% iR compensation was applied to the measured
polarization curves to minimize the effect of solution
resistance (Rsolution) on the electrochemical results. The
corrected potential was calculated using eqn (2):

Ecorrected = Emeasured − 0.9 × I × Rsolution (2)

where I is the measured current and Ecorrected is the potential
after iR compensation.49–51

EIS was carried out at overpotentials of −400 mV and +400
mV over a frequency range of 10 kHz to 0.1 Hz to evaluate
the charge transfer resistance (Rct). CV was performed at scan
rates of 2 mV s−1 to 10 mV s−1 in the potential range of −0.05
to +0.05 V (vs. Ag/AgCl) to calculate the double-layer
capacitance (2Cdl).

Anion exchange membrane (AEM) cell

The AEMWE cell used in this study was purchased from
Dioxide Materials (Florida, USA), and its components are
illustrated in Fig. S1. The AEMWE cell consists of a
symmetric structure centered on the anion exchange
membrane (AEM), which is sandwiched by the catalyst-
loaded PTL, flow plates with a 5 cm2 active area for fluid
delivery, and a heating plate for temperature control. A
Fumasep FAA-3-50 was used as the AEM; it can conduct OH−

ions. Prior to use, the membrane was activated by soaking in
1 M KOH electrolyte for 24 h. The NiMo@NiFe foam with a

Fig. 1 Schematic illustration of the fabrication process of NiMo metallic thin film sputtered on tape-casted NiFe foam and its application in an
AEMWE cell.
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size of 5 cm2 was employed as the PTL on both the
cathode and anode sides to evaluate its applicability in a
full AEMWE cell. Additionally, a configuration using Ru/CP
as the cathode PTL and NiMo@NiFe foam as the anode
PTL was also tested to evaluate the OER performance of
the NiMo@NiFe foam. In the AEMWE system, a peristaltic
pump (DGS, DG300LN) was used to circulate the
electrolyte, and a DC power supply (KIKUSUI, PWR401L)
was used to control and monitor the applied voltage and
resulting current.

Preparation of the Ru/CP cathode PTL

In this study, Ru/CP was used as the cathode PTL for
comparison with NiMo@NiFe foam. The Ru/CP electrode was
prepared by a hydrothermal method in which Ru
electrocatalysts were grown in situ on carbon paper. First,
carbon paper (CP) with a thickness of 0.35 mm (purchased
from CeTech, Taiwan) was cut into pieces of 3 × 3 cm2. The
cut CP was then subjected to low-pressure plasma pre-
treatment to remove surface contaminants and enhance
hydrophilicity. The CP was placed in a low-pressure plasma
cleaner (Harrick, PDC-32G) and treated under 0.6 torr
working pressure using 95% Ar and 5% O2 as the working
gas at a power of 11 W for 60 s. After plasma treatment, the
CP was immersed in a thoroughly stirred hydrothermal
precursor solution containing 1.8 mmol of RuCl3·3H2O, 20
mL of ethylene glycol, and 20 mL of deionized water. The
solution and CP were then sealed inside a Teflon autoclave
and heated at 160 °C for 16 h. After the reaction, the
synthesized Ru/CP samples were dried and cut into pieces
with an area of 5 cm2, which were then assembled into the
AEM cell as the cathode PTL. The Ru/CP electrode used in
this study has a mass loading of approximately 1.6 mg cm−2.

Results and discussion

The surface morphology of NiFe foam and NiMo@NiFe
foam was examined using SEM, as shown in Fig. 2.
Fig. 2(a-1) to (a-4) show the morphology of the tape-casted
NiFe foam. Unlike conventional metal foams, the tape-
casted NiFe foam features an irregular framework with
porous structures. At higher magnifications, the foam

exhibits a notably rough surface texture. Compared to
commonly used metal fibers and metal foams, this rough
morphology offers a larger specific surface area, which is
beneficial for providing abundant electrochemically active
sites. Fig. 2(b-1) to (b-4) show the morphology of the
NiMo@NiFe foam after the sputter-deposition of the NiMo
thin film. At lower magnification, the NiMo@NiFe foam
maintains the original structural framework of the tape-
casted NiFe foam, indicating that the sputtered NiMo thin
film does not clog the pores, thereby preserving fluid
transport pathways. At higher magnifications, the rough
surface clearly becomes thicker after NiMo deposition,
suggesting that the sputtered NiMo has effectively coated
the irregular surface features. The inherent roughness of
the NiFe foam also allows the deposited NiMo to retain a
high surface area that is favorable for electrocatalysis.
Elemental mapping by EDS, shown in Fig. S2, confirms the
presence of Mo signals uniformly distributed across the
NiFe foam, in addition to the native Ni and Fe elements.

Fig. 3 presents the XRD and XPS analysis results of the
two samples. Fig. 3(a) shows the XRD patterns, where both
samples exhibit peaks corresponding to γ-FCC austenite
(JCPDS card 31-0619),52 specifically the (111) and (200) crystal
planes. These signals are primarily attributed to the tape-
casted NiFe foam substrate. Fig. 3(b)–(g) shows the results of
the XPS fine-scan spectra analysis. Fig. 3(b) and (c) show the
Ni 2p spectra of the NiFe foam and NiMo@NiFe foam,
respectively. The peaks at 853.9 eV and 871.9 eV correspond
to Ni2+ in Ni 2p3/2 and Ni 2p1/2, respectively. The Ni3+ peaks
are located at 855.5 eV and 873.5 eV, and the metallic Ni0

peak is located at 852.6 eV.48,53 After sputter deposition of
the NiMo thin film, the proportion of metallic Ni0 increased
to 4.02%, and the Ni3+/Ni2+ ratio decreased from 0.35 in the
original NiFe foam to 0.27 in the NiMo@NiFe foam. This
reduction in the oxidation state of Ni can be attributed to
the coverage of the NiMo metallic film. Fig. 3(d) and (e)
show the Fe 2p spectra of the NiFe foam and NiMo@NiFe
foam, respectively. The peaks at 709.6 eV and 711.8 eV,
respectively, correspond to Fe2+ and Fe3+ in the Fe 2p3/2
region.28,29 The Fe3+/Fe2+ ratio in the NiFe foam was
calculated to be approximately 0.42. However, in the
NiMo@NiFe foam, Fe signals are significantly weaker, likely
owing to the surface Fe element being covered by the NiMo
film, making them difficult to detect by surface-sensitive
XPS. Fig. 3(f) shows the Mo 3d spectrum of the NiMo@NiFe
foam. The Mo4+ species exhibit peaks at 229.4 eV (Mo 3d5/2)
and 232.5 eV (Mo 3d3/2), Mo5+ peaks appear at 230.5 eV and
234.1 eV, and Mo6+ peaks appear at 233.1 eV and 235.7 eV.
Metallic Mo0 is observed at 228.0 eV.54,55 These results
confirm the successful deposition of mixed-valence Mo
species in the sputtered NiMo film.

Electrochemical measurements revealed the HER and OER
catalytic activities of the NiFe foam and NiMo@NiFe foam.
To enable comparison with the noble-metal catalyst Ru, the
HER behavior of Ru/CP was also evaluated. Fig. 4 presents
the electrochemical performance for the HER. As shown in

Fig. 2 SEM images of (a-1)–(a-4): NiFe foam at magnifications of 100×,
1000×, 5000×, and 10000×, respectively; (b-1)–(b-4): NiMo@NiFe foam
at magnifications of 100×, 1000×, 5000×, and 10000×, respectively.
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Fig. 4(a and b), the LSV results indicate that the NiMo@NiFe
foam exhibits improved HER activity compared to that of the
pristine NiFe foam after the NiMo metal film was deposited
via sputtering. At current densities of 10, 50, and 100 mA
cm−2, the corresponding overpotentials for the NiFe foam
were 279.9 mV, 337.1 mV, and 372.2 mV, while those for the
NiMo@NiFe foam were 159.7, 266.2, and 319.5 mV,
respectively. These results suggest that the sputtered NiMo
film contributes to lower overpotentials across different
current densities, indicating superior HER catalytic
performance. In contrast, the Ru/CP electrode exhibited
overpotentials of 48.5, 54.0, and 92.7 mV at 10, 50, and 100

mA cm−2, respectively, indicating that there is still room for
improvement in the HER performance of the NiMo@NiFe
foam.

Furthermore, Fig. 4(c) shows that the NiMo@NiFe foam
exhibits a similar Tafel slope (194.6 mV dec−1) to that of the
NiFe foam (191.5 mV dec−1). The Tafel slope provides insight
into the electrochemical kinetics, which in the HER typically
involve three steps (eqn (3)–(5)):

Volmer step: H2O + e− + * → H* + OH− (3)

Heyrovsky step: H* + H2O + e− → H2 + OH− + * (4)

Fig. 3 Material characterization results: (a) XRD patterns; (b) and (c) Ni 2p XPS fine-scan spectra of NiFe foam and NiMo@NiFe foam, respectively;
(d) and (e) Fe 2p XPS fine-scan spectra of NiFe foam and NiMo@NiFe foam, respectively; and (f) Mo 3d XPS fine-scan spectrum of NiMo@NiFe
foam.

Fig. 4 Electrochemical performance of the NiFe foam, NiMo@NiFe foam, and Ru/CP electrodes for (a–d) the HER and (e–h) OER performance of
the NiFe foam and NiMo@NiFe foam. (a and e) iR-compensated LSV curves, (b and f) overpotentials at 10, 50, and 100 mA cm−2, (c and g) Tafel
slopes, and (d and h) Nyquist plots obtained from EIS measurements.
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Tafel step: H* + H* → H2 (5)

where * represents the active site and H* denotes the
adsorbed hydrogen intermediate.56,57 Based on the Tafel
slope analysis, the HER process on both the NiFe foam and
NiMo@NiFe foam is mainly governed by the Volmer step as
the rate-determining step (RDS). In contrast, Ru/CP shows a
smaller Tafel slope of 74.4 mV dec−1, suggesting that, in
addition to the Volmer step, the Heyrovsky step also
contributes significantly to the HER kinetics on Ru/CP.

EIS results in Fig. 4(d) show that the Rct of the NiFe
foam is 1.36 Ω, which significantly decreases to 0.48 Ω

after NiMo film deposition. This confirms that sputtering
NiMo can effectively reduce the Rct and enhance the HER
activity. Combining the LSV, Tafel, and impedance
analyses, it can be concluded that the improvement in
HER performance mainly originates from the reduction of
onset potential and charge transfer resistance induced by
the NiMo metallic layer, which facilitates earlier hydrogen
evolution.

Fig. 5 Performance evaluation of the AEM full cell: (a) schematic of the cell components, (b) illustrations of conventional cathode-wet and
cathode-dry systems, (c) polarization curves with the NiMo@NiFe foam used as both the anode and cathode under different operation conditions,
(d) current densities at 1.8 V under different operating conditions, (e) polarization curves with Ru/CP as the cathode and the NiMo@NiFe foam as
the anode under different operation conditions, and (f) the corresponding current densities at 1.8 V with the Ru/CP cathode. (g) Arrhenius plots
showing the relationship between temperature (1/T) and current density for the calculation of the apparent activation energy (Ea,app).
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Fig. 4(e–h) present the electrochemical measurements
for OER activity. As shown in Fig. 4(e and f), at a current
density of 10 mA cm−2, the overpotentials for the NiFe
foam and NiMo@NiFe foam were 249.1 mV and 236.5
mV, respectively. At 50 mA cm−2, the overpotentials were
respectively 285.5 mV and 276.8 mV, and at 100 mA cm−2,
they were respectively 310.8 mV and 304.2 mV. The LSV
polarization curves reveal that the OER performance of
the NiMo@NiFe foam does not differ significantly from
that of the pristine NiFe foam. Fig. 4(g) further shows
that the NiMo@NiFe foam exhibits a comparable Tafel
slope to that of the NiFe foam, suggesting similar OER
kinetics, indicating that the influence of the NiMo layer
on the OER remains limited. The EIS results in Fig. 4(h)
reveal that the Rct decreased notably from 1.35 Ω (NiFe
foam) to 0.20 Ω (NiMo@NiFe foam) after NiMo sputtering,
mainly due to the improved electrical conductivity of the
deposited NiMo thin film. Although NiMo film deposition
slightly reduces the overpotential for the OER, the
improvement is far less pronounced than that observed
for the HER. This indicates that the OER activity is
primarily governed by the intrinsic catalytic properties of
the NiFe foam, where NiFe remains the dominant active
phase for the OER.

Fig. 5 presents the results of AEM full-cell performance
analysis. Fig. 5(a) shows the structure of the AEM cell used
in this study. The NiMo@NiFe foam was employed as both
the cathode and anode PTLs, assembled with the AEM,
flow field plates, and gaskets to form a complete AEM cell.
In the analysis of the AEMWE system, the polarization
curves were measured. Additionally, the achievable current
densities under a constant input voltage of 1.8 V were
compared. The energy efficiency (η) of the system was
further calculated using the thermal-neutral voltage (VTN)
evaluated by eqn (3).28,58

VTN ¼ ΔH
nF

(6)

where ΔH is the enthalpy of hydrogen (286 kJ mol−1), n is
the number of electrons transferred per mole of H2

produced, and F is the Faraday constant (96 500 C mol−1).
By using the experimentally measured cell voltage (Vcell),
the energy efficiency (η) was calculated by eqn (4):

η ¼ VTN

V cell
(7)

The measured Vcell and corresponding η values under
various operating systems and conditions are summarized in
Table 1.

Fig. 5(b) illustrates the AEMWE operating configurations.
In the conventional cathode-wet system, an electrolyte is
supplied to both the cathode and anode. In contrast, in the
cathode-dry system, the electrolyte is supplied only to the
anode. The electrolyte reaches the cathode via diffusion or
wetting from the anode side, allowing the generation of low-
humidity, low-alkalinity hydrogen gas.44,45 This simplifies
downstream hydrogen purification and reduces processing
costs. In this study, we compare the performance of both
operating systems at various temperatures. Fig. 5(c) shows
polarization curves for the system where both electrodes use
the NiMo@NiFe foam. Under all tested conditions, the
performance improves with temperature owing to the
enhanced electrochemical reaction kinetics. Furthermore,
polarization curves indicate that the cathode-wet system
consistently outperforms the cathode-dry system under
identical temperature settings. Fig. 5(d) and Table 1 present
the current densities at an applied voltage of 1.8 V and the
required voltages to reach 100 mA cm−2, along with the
corresponding energy efficiencies. At 70 °C, both systems
show optimal performance; the cathode-dry system reaches a
current density of 46.00 mA cm−2, whereas the cathode-wet
system reaches 85.52 mA cm−2. To achieve 100 mA cm−2 at 70
°C, the cathode-dry system requires 1.95 V (η = 75.9%),
whereas the cathode-wet system only requires 1.83 V (η =
80.9%). These results confirm the superior hydrogen

Table 1 Measured cell voltages, corresponding overpotentials (η), and calculated apparent activation energies (Ea,app) under various operating systems
and conditions

Current density @ 100 mA cm−2 Temperature (°C) Voltage (V) Energy efficiency (η) Ea,app (kJ mol−1)

NiMo@NiFe foam (+)//NiMo@NiFe foam (−)
Cathode-dry 25 2.00 74.0% 11.8

50 1.99 74.4%
70 1.95 75.9%

Cathode-wet 25 1.94 76.1% 13.1
50 1.89 78.3%
70 1.83 80.9%

NiMo@NiFe foam (+)//Ru/CP (−)
Cathode-dry 25 1.61 91.9% 18.9

50 1.56 94.8%
70 1.50 98.6%

Cathode-wet 25 1.58 93.6% 10.8
50 1.54 96.1%
70 1.50 98.6%
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production efficiency of the cathode-wet system. The
performance gap is likely due to the additional diffusion and
wetting processes required for the electrolyte to reach the
cathode in the cathode-dry configuration; this affects the
water supply and HER performance. Nevertheless, while the
cathode-dry system is slightly less efficient, it offers the
potential advantage of producing hydrogen with higher purity
and lower humidity, which is favorable for downstream
hydrogen energy applications.44,45

Beyond the configuration using the NiMo@NiFe foam for
both PTLs, this study further explores the anodic application
potential of the NiMo@NiFe foam. For this purpose, the
cathode PTL with Ru on carbon paper (Ru/CP) was replaced.
Ru/CP was synthesized via the hydrothermal growth of Ru.
The NiMo@NiFe foam (+)//Ru/CP (−) full-cell configuration
allows us to evaluate the OER catalytic performance of the
NiMo@NiFe foam and to compare the performance of this
nonprecious-metal-based PTL with the noble-metal-based Ru/
CP for the HER.59,60 Fig. 5(e) shows the polarization curves
under various conditions for the configuration using the
NiMo@NiFe foam as the anode and Ru/CP as the cathode. As
expected, the performance improves with increasing
temperature, with the best performance achieved at 70 °C
consistent with the enhanced reaction kinetics. According to
Fig. 5(e) and (f), the cathode-wet system performs
significantly better than the cathode-dry system at room
temperature (25 °C). However, as the temperature increases,
the gap narrows, and by 70 °C the polarization curves for
both systems become nearly identical. Table 1 shows that at
an input voltage of 1.8 V at 70 °C, the cathode-wet and
cathode-dry systems achieved current densities of 784.78 mA
cm−2 and 820.86 mA cm−2, respectively. However, at higher
voltage inputs like 2 V, the cathode-wet system still delivers
the highest current density at 70 °C.

Notably, the influence of temperature differs between the
NiMo@NiFe foam (+)//NiMo@NiFe foam (−) and NiMo@NiFe
foam (+)//Ru/CP (−) systems under cathode-dry operation. In
the NiMo@NiFe foam (+)//NiMo@NiFe foam (−)
configuration, when the temperature is elevated during
cathode-dry operation, improvements occur in electrolyte
diffusion, cathode wettability, and mass transport.
Consequently, the reaction rate increases with temperature,
leading to enhanced overall performance. Although the
performance improves, a clear difference still exists between
the cathode-dry and cathode-wet operation. Even after the
temperature rise enhances diffusion and wettability, the
cathode-dry system still exhibits inferior polarization
behavior compared with the cathode-wet system. In contrast,
for the NiMo@NiFe foam (+)//Ru/CP (−) configuration, the
polarization curve under cathode-dry operation also shifts
toward higher current densities upon temperature elevation.
When the temperature reaches 70 °C, the performance of the
cathode-dry system approaches that of the cathode-wet
system. These two systems, which employ different cathode
PTLs, exhibit distinct sensitivities to temperature. The degree
of performance enhancement upon heating and the

maximum attainable current densities under cathode-dry and
cathode-wet operation differ significantly. Two possible
explanations can account for the different temperature-
dependent polarization behaviors.

First, for the NiMo@NiFe foam (+)//Ru/CP (−) system, the
phenomenon where the performance of the cathode-dry
system approaches that of the cathode-wet operation at
elevated temperature may be attributed to the anodic PTL
limiting the overall cell performance. Ru is a noble-metal
catalyst known for its high HER activity and is considered a
promising alternative to Pt.56,57 In this configuration, the
non-noble-metal-based NiMo@NiFe foam used as the anodic
PTL may have already reached its intrinsic catalytic limit for
the OER. Therefore, at lower temperatures, the cathode-dry
system is constrained by electrolyte diffusion and mass
transport, leading to inferior performance compared with the
cathode-wet system. However, upon heating, mass transport
throughout the system, especially across the interface
between the cathodic PTL and AEM, is significantly
improved. As a result, the Ru/CP cathode can fully utilize its
catalytic capability, resulting in performance close to that of
the wet operation. This explains why the NiMo@NiFe foam
(+)//Ru/CP (−) system under cathode-dry conditions gradually
approaches the cathode-wet operation performance as the
temperature increases.

The second factor relates to the temperature sensitivity of
system, which may be influenced by the intrinsic catalytic
activity and reaction mechanism of the cathodic PTL itself.
As shown in Fig. 5(c) and (e), the two systems exhibit
different temperature-dependent polarization trends. In
Fig. 5(c), for the NiMo@NiFe foam (+)//NiMo@NiFe foam (−),
although the elevated temperature improves mass transport
and electrolyte diffusion, the difference in performance
between room temperature and 50 °C remains insignificant.
Even at 70 °C, the polarization curve improves modestly but
still shows a considerable gap compared to the cathode-wet
system. In contrast, Fig. 5(e) shows that for the NiMo@NiFe
foam (+)//Ru/CP (−), although the polarization curve under
cathode-dry operation at room temperature differs greatly
from that of the cathode-wet system, it becomes progressively
closer as the temperature increases to 50 °C and nearly
overlaps at 70 °C. Fig. 5(g) presents the relationship between
temperature and current density at 1.8 V, from which the
slope is used to determine the apparent activation energy
(Ea,app). Ea,app of the overall system, derived from the
Arrhenius equation eqn (8) and (9):

j ¼ A·e
−Ea;app

RT (8)

ln jð Þ ¼ ln Að Þ þ −Ea;app

R

� �
·
1
T

(9)

where j is the current density (mA cm−1−2), A is the Arrhenius
factor, R is the gas constant (8.314 J mol−1 K), and T is the
absolute temperature (K).61,62 Fig. 5(g) presents the
relationship between temperature and current density at 1.8
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V, from which the slope is used to determine Ea,app. The
NiMo@NiFe foam (+)//Ru/CP (−) cathode-dry system exhibits
the largest Ea,app value (18.9 kJ mol−1), indicating that its
performance is more sensitive to temperature. In contrast,
the Ea,app values for the NiMo@NiFe foam (+)//NiMo@NiFe
foam (−) system under cathode-dry and cathode-wet
operation are closer (10.8 kJ mol−1 and 13.1 kJ mol−1,
respectively) suggesting a smaller temperature dependence.
This observation implies that temperature has a stronger
influence on the NiMo@NiFe foam (+)//Ru/CP (−) cathode-dry
system, likely due to differences in the HER mechanism and
electrochemical characteristics between Ru/CP and the
NiMo@NiFe foam.

In alkaline HER, Ru exhibits superior water dissociation
capability and more favorable hydrogen adsorption/
desorption thermodynamics compared to Ni, Mo, or Fe, with
a hydrogen adsorption free energy (ΔGH*) value close to that
of Pt in the volcano plot.56,57 As shown in the Tafel analysis
(Fig. 4(c)), the RDS for the NiMo@NiFe foam during the HER
is the Volmer step, where water dissociation and H
adsorption/desorption are kinetic bottlenecks. In contrast,
Ru/CP shows a smaller Tafel slope (74.4 mV dec−1), implying
the involvement of the Heyrovsky step and faster kinetics. EIS
analysis (Fig. 4(d)) further reveals that Ru/CP exhibits a much
smaller Rct (0.09 Ω) than the NiMo@NiFe foam. Therefore, in
systems using the NiMo@NiFe foam as the cathodic PTL, the
HER rate is limited by sluggish water dissociation and
hydrogen adsorption/desorption. Although heating increases
the overall reaction rate, the non-noble-metal NiMo@NiFe
foam still faces an intrinsic energy barrier in the Volmer step,
and its Rct remains relatively high. Consequently,
temperature elevation only slightly improves the cathode-dry

operation performance. Conversely, Ru/CP possesses superior
water dissociation ability, smaller Rct, and less limitation
from the Volmer step. Elevated temperature further facilitates
electron transfer during the Heyrovsky step. Thus, in the
NiMo@NiFe foam (+)//Ru/CP (−) cathode-dry system, once the
temperature rises and mitigates the electrolyte diffusion and
mass-transport bottlenecks, the overall performance
significantly improves. Meanwhile, the NiMo@NiFe foam
(+)//NiMo@NiFe foam (−) configuration remains limited by
water dissociation and interfacial properties, resulting in a
weaker temperature-dependent enhancement. This analysis
explains why the two systems exhibit distinct temperature
sensitivities and why their polarization curves respond
differently to temperature under cathode-dry operation.

To investigate the overall stability of the NiMo@NiFe foam
in an AEM full cell, particularly under fluctuating and
intermittent energy input conditions, this study employed an
AST.16,46,63,64 Fig. 6 presents the concept and results of the
AST measurement. Fig. 6(a) illustrates the test procedure and
parameters used for the AST. The measurement was
performed at room temperature using a cathode-wet AEM full
cell configuration. During the AST, alternating high and low
current loads were applied, and after a specific number of
cycles, polarization curves were measured to investigate the
change in performance. Each AST cycle was defined as
applying a low current load of 0.1 A for 5 s followed by a high
current load of 0.5 A for another 5 s. A total of 5000 cycles
were carried out to evaluate the AEM cell stability under
intermittent current fluctuations. Fig. 6(b) shows the
corresponding voltage responses at both high and low
current loads. From cycle 0 to cycle 1000, there was a
noticeable increase in the voltage required for both current

Fig. 6 AST results: (a) schematic of the AST process and current density evolution during testing, (b) voltage changes at high and low current
loads under different cycle numbers, (c) polarization curves every 1000 cycles, and (d) current density at 1.8 V every 1000 cycles.
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levels. However, beyond 1000 cycles, the voltage continued to
increase only slightly and exhibited a more stable trend. This
may be because in the early stages of the AST cycling, the
material has not yet reached a stable state or is undergoing
early surface reconstruction.65,66

After every 1000 cycles, the polarization curves were
measured as shown in Fig. 6(c). A significant change in the
polarization curve was observed after the first 1000 cycles.
After 5000 cycles, the polarization curve displayed a clear
decline in current density at the same applied voltage
compared to the initial measurement. Fig. 6(d) provides a
detailed analysis of the degradation behavior, showing the
current densities corresponding to an applied voltage of 1.8 V
at various cycle intervals. The trend in current density reveals
a more pronounced decline after the first 1000 cycles,
followed by a gradual decrease with every additional 1000
cycles. The current density decreased from an initial value of
41.78 mA cm−2 to 27.50 mA cm−2 after 5000 cycles, indicating
a performance loss in the AEM cell. These results suggest
that the AEM cell stability under dynamic load conditions
can be improved further.

Conclusions

In this study, sputtered NiMo on tape-casted NiFe foam was
tested as the catalytic PTL for AEMWE. After the sputter-
deposition of NiMo, the rough NiFe surface was fully covered
by the NiMo metallic film. The Ni3+/Ni2+ ratio in the
NiMo@NiFe foam decreased from 0.35 to 0.27 owing to metal
film deposition. Additionally, metallic Mo and other Mo
oxidation states were detected.

In terms of electrochemical performance, the NiMo@NiFe
foam exhibited improved HER catalytic activity. The
overpotential at 10 mA cm−2 decreased from 279.9 mV to
159.7 mV after NiMo sputtering, accompanied by a lower Rct
(0.48 Ω). The Tafel slopes before and after NiMo deposition
remained similar (∼190 mV dec−1), indicating that the RDS
was still the Volmer step. For the OER, although the
overpotential slightly decreased, the overall performance was
comparable to that of the pristine NiFe foam, with only a
reduction in Rct, likely due to the enhanced conductivity
introduced by the metallic layer. The dominant OER active
phase remained the NiFe species within the NiFe foam.

Further investigations were conducted on the AEM full cell
under different operating conditions, including cathode-dry
and cathode-wet modes and varying temperatures. In the
NiMo@NiFe foam (+)//NiMo@NiFe foam (−) configuration,
although the cathode-dry mode theoretically produces
hydrogen with lower humidity, superior performance was
observed in the cathode-wet mode at 70 °C. Under 1.8 V, a
current density of 85.52 mA cm−2 and an energy efficiency of
80.9% were achieved. To evaluate system durability under
intermittent energy input, an AST was carried out under
cathode-wet conditions at 25 °C. The cell was subjected to
alternating high and low current cycling. After 5000 cycles,
the current density at 1.8 V decreased from 41.78 mA cm−2 to

27.50 mA cm−2, indicating noticeable performance
degradation.

To further explore the potential of the NiMo@NiFe foam
as an OER PTL, as well as to compare the effects of different
cathode PTLs under various conditions, a precious metal-
based cathode (Ru/CP) was employed. In the NiMo@NiFe
foam (+)//Ru/CP (−) configuration, the cathode-dry operation
achieved 820.86 mA cm−2, while the cathode-wet operation
reached 784.78 mA cm−2 at 1.8 V and 70 °C. Ru/CP clearly
outperformed the NiMo@NiFe foam as the cathode PTL in
AEMWE.

The two systems exhibited distinct temperature
sensitivities, particularly under dry operation. The cathode-
dry system is typically limited by electrolyte diffusion and
mass transport, so temperature elevation facilitates these
processes. The stronger temperature dependence observed in
the Ru/CP-based system can be attributed to the intrinsic
HER mechanism of Ru. Meanwhile, the NiMo@NiFe foam is
limited by the Volmer step and its relatively weak water
dissociation ability, making temperature less influential. The
Ru catalyst exhibits superior water dissociation capability
and greater participation of the Heyrovsky step, which
enhances the HER performance. Upon temperature elevation,
the improved mass transport and electrolyte diffusion further
accelerate the reaction kinetics, thereby causing the
polarization curves under cathode-dry operation to exhibit
higher temperature sensitivity. On the other hand, the
polarization curves of the NiMo@NiFe foam (+)//Ru/CP (−)
under cathode-dry and cathode-wet modes nearly overlapped
at 70 °C, possibly due to the catalytic limitation at the anode
PTL, which constrained the overall cell performance.

Therefore, the AEM full cell analysis highlights the strong
correlation among catalyst reaction mechanisms,
temperature dependence, and overall AEMWE performance.
Selecting appropriate anode and cathode PTLs is thus crucial
for optimizing system efficiency and stability.
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