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An Alloy Nanowire-Based Water Splitting Electrode Adapting

Fluctuating Electric Power Input

Yunyi Jia, Hongjie Liu, Jingjing Weng, Lumeng Wang, Ju Chen, Rui Yao, Yunxiang Zhao,
Weisheng Pan, Shunhang Hua, Caiwu Liang, Johnny C. Ho, and Cheng Yang*

Water electrolysis is a promising strategy for storing surplus renewable
electricity in the form of green hydrogen. However, the intermittent nature of
renewable power causes frequent start-stop cycles in electrolyzers, inducing
reverse current, which accelerates catalyst degradation and compromises
electrode durability. Despite its long-standing industrial relevance, the
understanding of irreversible damage mechanisms under dynamic cycling
and effective mitigation remains limited. Here, a self-supported ternary alloy
nanowire electrode is presented with exceptional tolerance to intermittent
operation via synergistic structural and electronic regulation. The assembled
anion membrane electrolyzer delivers a low cell voltage of 2.33 V at 4 A cm—2
and maintains stable performance over 900 h at 1 A cm~2. Under 2000 cycles
of intermittent reverse current, the ternary alloy electrode exhibits ~40%
lower voltage decay than its binary NiFe counterpart. The nanowire
architecture, combining high surface area and mechanical flexibility, facilitates
efficient gas bubble release and alleviates local stress. Incorporation of cobalt
stabilizes active sites by increasing vacancy formation energy and tuning the
electronic structure, thereby mitigating degradation caused by reverse current
pulses. This work establishes a benchmark for reverse-current adaptive
electrode design for water splitting, promoting stable hydrogen production
and storage under intermittent renewable energy sources.

Integrating renewable energy with wa-
ter electrolysis enables the storage and
utilization of hydrogen, facilitating grid
load balancing and enhancing the effi-
ciency and flexibility of renewable en-
ergy systems.*’ This approach provides
a promising route to convert intermittent
electricity into storable chemical energy,
thereby enabling large-scale deployment of
green hydrogen technologies.

Under practical deployment scenarios,
renewable electricity is prioritized for di-
rect grid supply, particularly during peak de-
mand periods, while surplus low-cost off-
grid power is allocated to hydrogen pro-
duction (Figure 1a).l’) However, the in-
herently intermittent and fluctuating na-
ture of surplus renewable electricity poses
significant challenges to the stability and
long-term reliability of water electrolysis
systems. To utilize such power efficiently,
electrolyzers inevitably undergo frequent
start-stop cycles, which induce sponta-
neous electrochemical responses such as
reverse current (Figure 1b).”l In practi-
cal alkaline water electrolyzers, particularly
in parallel-stack configurations prone to

1. Introduction

Hydrogen has emerged as a key energy carrier in the transi-
tion toward a sustainable and carbon-neutral energy future.'=]

current redistribution, reverse currents are commonly observed
during sudden shutdowns or voltage drops.!®! Electrochemical
measurements confirm this phenomenon: when the cell volt-
age in a Pt/C || IrO, electrolyzer abruptly drops from 2 to 0 V,
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Figure 1. Reverse current phenomenon in renewable energy-driven water electrolysis systems. a) Renewable electricity is prioritized for grid supply;
excess energy can be directed to water electrolysis for hydrogen production. b) Reverse current phenomenon in electrolyzer systems. c) The reverse
current phenomenon occurs when the voltage is switched between 0 and 2 V. d) Electrochemical reactions during the self-driven reverse current process.

e) Proposed mechanism for reverse-current-induced electrode degradation.

a reverse current density exceeding 1 A cm™ appears during the
transient decay phase (Figure 1c). The reverse current originates
primarily from a sharp potential gradient formed between oxi-
dized species at the anode and accumulated reductive interme-
diates at the cathode during sudden shutdown or voltage drop
(Figure 1d).” This gradient induces a directional electric field
across electron-conducting bipolar plates, while ion migration
along the ion-exchange membrane establishes a dual-channel
charge transport pathway comprising both electronic and ionic
conduction. This self-driven charge transport process, powered
by internal chemical potential, results in a reverse current from
the cathode to the anode.

Reverse current is not merely a superficial phenomenon but
can cause detrimental effects on electrode materials, including
metal dissolution, electrode deactivation, and structural damage
(Figure 1e).'%11 At the cathode side, it drives surface oxidation,
forming insulating oxides that block active sites and compromise
stability.['?] In transition metal catalysts, high-valent species dis-
solve irreversibly under high potential, disrupting the catalytic
layer and accelerating aging.['3 Moreover, positive potentials also
degrade conductive supports, leading to catalyst detachment and
increased resistance.['* Recent studies further reveal that reverse
current can trigger Ni/Fe dissolution, lattice reconstruction, and
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local pH fluctuations, which synergistically destabilize the cat-
alyst framework and induce irreversible phase transitions.!%]
Similar polarity-reversal-induced corrosion has been reported
for RuO, electrodes, where hydroxylated phases dissolve into
soluble ruthenates, further highlighting the susceptibility of
transition-metal oxides to such electrochemical stress.[®! At the
anode, reverse currents induce reductive transformations that
modify surface chemistry, forming low-activity oxides or de-
positing reduced impurities, diminishing oxygen evolution effi-
ciency. For Ni-based catalysts, it reduces active NIOOH back to
Ni(OH), or inert phases, causing passivation. Additionally, im-
purity deposition, phase transitions, and mechanical stress con-
tribute to particle fracture and delamination, further accelerating
degradation.!”]

Exploring catalyst systems that resist fluctuating current in-
puts, along with understanding stability enhancement mech-
anisms, is vital for optimizing the compatibility of electrolyz-
ers with renewable energy under various operational conditions.
NiFe-based catalysts are archetypes of high-performance elec-
trocatalysts for water splitting under alkaline conditions. Their
widespread application underscores the necessity to probe how
these catalysts respond to variable energy inputs. However, these
catalysts face stability challenges, particularly rapid degradation
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during prolonged reactions, primarily due to the loss of active
sites from ion segregation and structural degradation.'81°]

Recent studies have shown that incorporating guest elements
into catalyst alloys can enhance structural stability, particularly by
mitigating metal dissolution during catalytic processes.°! Mean-
while, introducing additional elements to the electrode can pro-
mote hydrogen evolution reaction (HER) performance, and thus
these bifunctional electrodes have emerged as a potential solu-
tion, capable of meeting the demands of both anodic and ca-
thodic applications simultaneously. However, previous studies
have predominantly focused on the catalytic activity in static test-
ing conditions, while these testing protocols often diverge signifi-
cantly from practical operating environments. Under practical in-
termittent inputs, alloy electrodes may experience rapid degrada-
tion due to frequent potential fluctuations and current reversals.
These conditions can induce redox transitions, local pH shifts,
and gas bubble accumulation, leading to phase instability and
structural damage, hindering the adoption of high-performance
multimetallic or nanostructured catalysts in commercial alkaline
water electrolysis (AWE) and anion exchange membrane water
electrolysis (AEMWE) systems. Yet, direct evidence demonstrat-
ing improved resistance to reverse current induced degradation,
which presents a major challenge for electrolyzer operation un-
der intermittent renewable power, is still lacking. Research on
this degradation mechanism is remains limited, and compre-
hensive benchmark studies for its mitigation have yet to be con-
ducted.

In this work, we benchmark the performance of cobalt-
incorporated NiFe-based electrodes under intermittently re-
versed current conditions and provide the first experimental evi-
dence that cobalt incorporation significantly enhances resistance
to reverse current-induced degradation. Specifically, we have de-
veloped a Ni,sFe sCo,, (at.%) nanowire electrode (NFCW) with
enhanced structural stability, which exhibits superior service life
under fluctuating power inputs compared to binary nickel-iron
alloys. The introduction of cobalt stabilizes the NiFe coordina-
tion environment by increasing vacancy formation energy, ef-
fectively mitigating metal dissolution under harsh conditions.
NFCW demonstrates exceptional bifunctional performance for
both the hydrogen evolution reaction (HER) and oxygen evolu-
tion reaction (OER). When assembled in an AEMWE cell, the
NFCW electrode demonstrates high operational efficiency and
stability, requiring only 2.33 V to deliver 4 A cm~2 and maintains
stable operation at 1 A cm™2 for over 900 h. After 2000 cycles of
intermittent reverse current, it reduces the voltage decay rate by
~40% compared to a binary NiFe electrode, demonstrating re-
markable resilience to dynamic current fluctuations. These re-
sults support its potential for integration into systems powered
by intermittent renewable energy sources.

2. Results and Discussion

2.1. Synthesis and Structural Characterization

The alloy nanowire electrodes were synthesized via a magnetic
field-assisted chemical reduction method (Figure 2a). By pre-
cisely controlling the reduction of Ni**, Fe?*, and Co?* ions un-
der a directional magnetic field, vertically aligned nanowires with
an interconnected 3D network were obtained (Figure S1, Sup-
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porting Information). The precursor ratios of nickel, iron, and
cobalt are detailed in Table S1 (Supporting Information), with
ICP-OES analysis confirming the compositions (Table S2, Sup-
porting Information). Among the synthesized compositions, the
optimal Ni,Fe,;Co,, exhibited superior electrocatalytic activity
and is referred to as NFCW in this study (See Experiment Section
in Supporting Information for details). NFCW demonstrates a di-
ameter distribution ranging from 80 to 160 nm (Figure S2, Sup-
porting Information). The initial bulk of the nanowires is fully
mechanically compressible, and the resulting films can endure
repeated bending tests (Figures S3 and S4, Supporting Informa-
tion), which is important for mechanical stress dissipation and
protection of the catalyst structure against bubble-induced im-
pact and delamination. Using the same synthetic method, we
produced nanowire-integrated electrodes with varying composi-
tions, including Nickel Nano-Wires electrodes (NW) and Nickel-
Iron Alloy Nano-Wires electrodes (NFW) (Figures S5 and S6, Sup-
porting Information). NFCW can be easily reshaped into self-
supported film electrodes of various sizes through mechanical
pressing (Figure S7, Supporting Information), owing to its lamel-
lar porous structure (Figure S8, Supporting Information), which
adapts to stress and withstands rapid bubble impact. This struc-
ture exhibits a high Brunauer—-Emmett-Teller (BET) specific sur-
face area of 7.58 m? g~! (Figure S9, Supporting Information), fa-
cilitating easy access of reactants to the catalytic sites. Addition-
ally, contact angle measurements reveal the superior hydrophilic-
ity of NFCW (Figure S10, Supporting Information).

High-resolution structural analyses reveal the hierarchical ar-
chitecture of NFCW. Transmission electron microscopy (TEM)
reveals the uniform alignment of nanowires, while selected-area
electron diffraction (SAED) patterns (Figure 2c) exhibit four dis-
tinct rings indexed to the (111), (200), (220), and (311) planes
of a face-centered cubic (FCC) lattice. High-resolution TEM
(HRTEM) further uncovers a well-defined core—shell structure
(Figure 2d). The ordered crystalline core exhibits an interplanar
spacing of 0.206 nm (matching the FCC (111) plane) (Figure
S11, Supporting Information), while the surface transitions to an
amorphous oxide layer. The amorphous area observed on the sur-
face indicates the presence of oxidation state species, likely due
to oxidation and hydroxide formation during and after synthesis.
This amorphous oxide layer can function as a protective shell,
mitigating surface reconstruction under electrochemical condi-
tions and thereby reducing the direct exposure and dissolution
of underlying metal atoms. Energy-dispersive X-ray spectroscopy
(EDX) mapping shows that Ni, Fe, and Co are uniformly dis-
tributed across the nanowires (Figure 2e). X-ray diffraction (XRD)
analysis in Figure 2f reveals intense peaks at ~44.5°, 51.6°, and
76.0° for NCFW. The absence of additional peaks suggests that Co
incorporation does not disrupt the crystal lattice. Moreover, peak
shifts to lower angles upon Fe and Co doping indicate lattice ex-
pansion and solid solution formation.[*!) Increasing Co content
results in reduced peak intensities, reflecting diminished crys-
tallinity (Figure S12, Supporting Information).

X-ray photoelectron spectroscopy (XPS) further supports these
findings, with the survey spectrum (Figure S13, Supporting
Information) confirming the presence of Ni, Co, Fe, and O.
Depth-resolved XPS spectra reveal that the majority of the
nanowires remain in a metallic state, with only mild surface oxi-
dation (Figure S14, Supporting Information). The O 1s spectrum
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Figure 2. Synthesis and structural analysis of the NFCW. a) Schematic of the magnetic field-assisted preparation process and SEM image of NFCW.
b) TEM image of NFCW. c) SAED pattern of NFCW. d) HRTEM image of NFCW. e) EDX elemental mapping. f) XRD patterns of NW, NFW, and NFCW.

g) Ni 2p and h) Fe 2p XPS spectra of NFW and NFCW.

reveals three components: lattice oxygen (M-O) at x529.9 eV,
mixed oxides/hydroxides (M-OH) at 531.3 eV, and water adsorp-
tion at 533.2 eV (Figure S14d, Supporting Information).[??] The
Ni 2p; , signal can be deconvoluted into two main peaks at 852.8
and 853.9 eV, corresponding to Ni°® and Ni?*/Ni** (Figure 2g).!**]
Fe 2p peaks at 707.24, 711.27, and 713.10 eV correspond to Fe?,
Fet/Fe’t, and Ni LMM (Figure 2h),[?*%] exhibiting a 0.50 eV
shift toward the lower energy state. The Co 2p,, peaks at 778.4
and 779.8 eV correspond to Co® and Co?*/Co** (Figure S15, Sup-
porting Information).l?*! The observed 0.50 eV low-energy shift
in Fe 2p peaks suggest strong electronic interactions between Co
and Ni/Fe, which stabilize the metallic phase by reducing surface
defect density and oxidation propensity.!?’]

2.2. Bifunctional Catalyst Performance and Kinetic Analysis
The HER/OER activities of different samples were evaluated in
1 M KOH using a standard three-electrode system. The results

(Figures S16 and S17, Supporting Information) indicate that cat-
alytic performance improves with increasing cobalt atomic ratios

Small 2025, 21, e09828

09828 (4 of 10)

up to #10%, with minimal enhancement beyond this level. As il-
lustrated in Figure 3a, NFCW exhibits excellent bifunctional cat-
alytic performance, with HER overpotential of only 40 mV and
OER overpotential of 220 mV at 10 mA cm~2, outperforming both
NW and NFW. NFCW demonstrates excellent catalytic efficiency,
with Tafel slopes of 44 mV dec™! for HER and 35 mV dec! for
OER (Figure 3b) and low charge transfer resistances of 2.45 Q for
HER and 0.45 Q for OER (Figure 3c), indicating rapid electron
transfer and superior catalytic activity. The electrochemical sur-
face area (ECSA) was further assessed, revealing a high double-
layer capacitance (Cy) of 76.55 mF cm~? for NFCW, indicative
of a large ECSA and abundant active sites (Figures S18 and S19,
Supporting Information). To decouple intrinsic activity from ge-
ometric contributions, we further compared ECSA-normalized
HER and OER activities (Figure S20, Supporting Information),
which confirm that NFCW possesses superior intrinsic catalytic
activity relative to NW and NFW. The OER and HER performance
of NiFeCo powder still outperforms those of NiFe powder (Figure
S21, Supporting Information), indicating that the powder catalyst
also exhibits similar optimization effects. Furthermore, NFCW
outperforms reported non-noble metal electrocatalysts in HER
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Figure 3. Electrochemical performance and DFT calculations of the NFCW. a) LSV curves of NFCW, NFW, NW, Pt/C, and IrO,. The iR compensation
values are listed in Table S3 (Supporting Information). b) Tafel plots. c) EIS Nyquist plots. d) In situ Raman spectra and e) the corresponding contour
plot of NCFW. f) In situ Raman spectra and g) the corresponding contour plot of NFW. h) Gibbs free energy diagram of H20O dissociation in NFW and
NFCW. Ni, Fe, Co, O, and H are represented by white, orange, and blue respectively. i) Gibbs free energy diagram for the four steps of the OER process
in NiFeCo-OOH and NiFe-OOH. j) Projected density of states (PDOS) curves of Ni 3d and Fe 3d orbital.

and OER performance (Tables S4 and S5, Supporting Informa-
tion).

In situ Raman spectroscopy was employed to probe the dy-
namic structural evolution and chemical bonding states of elec-
trocatalysts. As shown in Figure 2d, two characteristic peaks
emerge at 478 and 556 cm™! with increasing applied potential.
These are assigned to the depolarized E, mode and the polarized
A, stretch vibration of Ni-O in Fe, Co-doped y-NiOOH.I”®! The
absence of Fe- or Co- specific oxide peaks in both ex situ and
operando measurements confirms the successful lattice incor-
poration of heterometals rather than forming segregated oxide
phases. Reversing the potential leads to a near-complete disap-
pearance of these Raman features. The intensity ratio (I5ss/I,74)
serves as a quantitative descriptor of structural disorder, where
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lower values correlate with higher lattice distortion.[?>3% The ra-
tios for NW, NFW, and NFCW are 1.82, 1.31, and 1.20, respec-
tively, suggesting an increase in structural disorder, likely due to
the incorporation of Fe and Co into the NiOOH lattice. During the
OER process, the surface primarily exists in the form of Ni(FeCo)-
LDH. Upon reaching the OER potential, it in situ transforms into
Ni(FeCo)OOH, which serves as the active phase. Conversely, dur-
ing HER, the surface reverts to a metallic state, where the pure
metal phase acts as the active site.

To elucidate the origin of the electrocatalytic performance
from an electronic structure perspective, density functional the-
ory (DFT) calculations were conducted. As shown in Figure 3h,
NFCW exhibits a lower AG for the water dissociation step
(*H,0 — *[OH—H] — [OH + H]), indicating easier water
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Figure 4. Stability evaluation. a) Stability test of NFCW at + 500 mA cm™2 in 1 m KOH. The data fluctuations are due to electrolyte replacement and
bubble evolution. b) XRD pattern of NFCW after low-term HER/OER. c,d) TEM images of NFCW after 1000 h of HER and OER. e) EDX elemental mapping
of NFCW post-OER; purple denotes oxygen f,g) TEM images of NFW after 500 h of HER and OER. h) EDX elemental mapping of NFW post-OER; purple
denotes oxygen. i) CV cycling Accelerated durability test (CV-ADT). j) ICP-OES analysis of Fe ion concentration in electrolytes after CV-ADT. k) Calculated

vacancy formation energy for Ni/Fe sites.

dissociation and an accelerated HER process. NFCW also demon-
strates a markedly reduced AG.,, reflecting accelerated adsorp-
tion/desorption processes and enhanced HER activity (Figure
S24, Supporting Information), and the models for the OER pro-
cess are presented (Figures S25 and S26, Supporting Informa-
tion). DFT calculations reveal that the rate-determining step
(RDS) for OER in NiFeCo-OOH is the transition from OOH"
to O, which is different from O* — OOH* for NiFe-OOH. No-
tably, NiFeCo-OOH exhibits a lower Gibbs free energy for the
RDS (Figure 3i). The improved process of NiFeCo-OOH from
O* — OOH* confirms that Co doping can accelerate the forma-
tion of highly active NiFeCo-OOH species during OER, suggest-
ing improved bond activation. The details of Gibbs free energy
are given in Tables S6-S8 (Supporting Information). The pro-
jected density of states (PDOS) in Figure 3j shows that NFCW
has a deeper d-band center of —0.906 eV for Ni 3d compared to
NFW (—0.833 eV), demonstrating the promoted electron redis-
tribution and weakened Ni-H interaction,®! which is beneficial
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for hydrogen desorption. Meanwhile, the d-band center of Fe 3d
shifts toward the Fermi level, which is beneficial to enhance the
adsorption ability of oxygen-containing intermediates during the
OER process, thereby reducing metal dissolution under high ox-
idation potentials.®”! Thus, Co doping is thought to stabilize the
local coordination environment of Ni and Fe, reducing their dis-
solution and consequently enhancing the stability of the NFCW
electrode.

2.3. Mechanism of Stability Enhancement

NFCW demonstrated exceptional long-term stability, exhibiting
negligible performance degradation under continuous operation
at + 500 mA cm™ for 1000 h (Figure 4a). In contrast, NFW
displayed rapid performance deterioration, with marked decay
observed within the first 500 h (Figure S27, Supporting Infor-
mation). Furthermore, NFCW outperforms reported non-noble
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metal electrocatalysts in HER and OER performance (Tables
S9 and S10, Supporting Information). XRD results (Figure 4b;
Figure S28, Supporting Information) show minimal shifts in
peak position following both HER and OER, with noticeable vari-
ations in peak intensities. Prolonged HER increases crystallinity,
while OER leads to a reduction in intensity, likely due to the accu-
mulation of oxidative species. Aside from the peaks of the NiFeCo
alloy, peaks observed at 11.6°, 23.4°, 34.7°, 38.4°, 59.8°, and 61.4°
align with the characteristic peaks of NiFe LDH (PDF#40-0215),
consistent with the SAED ring pattern in Figure S29 (Supporting
Information).

To further probe structural evolution, transmission electron
microscopy (TEM) analysis was conducted. As depicted in
Figure 4c,d, NFCW retains its nanowire structural integrity even
after prolonged HER and OER. Ni, Fe, and Co remain uni-
formly distributed along the nanowire core, while oxygen is
predominantly localized within the surface oxide layer. Figure
S30 (Supporting Information) demonstrates that, despite ex-
tended reduction reactions, residual oxidized species persist on
the NFCW surface, indicative of oxidative reactions during sys-
tem shutdown and confirming the influence of reverse current.
Additionally, Figure S31 (Supporting Information) reveals trace
amounts of Co deposited on the NFCW surface, originating from
a dissolution-redeposition process. The Co-rich layer forms an
impermeable barrier, effectively blocking electrolyte diffusion
pathways and mitigating galvanic corrosion, thereby ensuring
long-term operational stability under harsh electrochemical con-
ditions. In contrast, NFW exhibits severe structural deteriora-
tion during HER (Figure 4f; Figure S32a, Supporting Informa-
tion). The synergistic effects of periodic H, bubble stripping,
cyclic volume expansion/contraction in alkaline media, and se-
lective oxidative dissolution of Ni/Fe progressively fragment the
nanowires into porous particle aggregates. Post-OER character-
ization (Figure 4gh; Figure S32b, Supporting Information) re-
veals the formation of a thick, porous oxide layer on NFW, indi-
cating active site depletion and structural collapse due to Ni/Fe
dissolution. ICP-OES results (Tables S9 and S10, Supporting In-
formation) show that the Ni/Fe ratio in NFCW remains stable af-
ter HER/OER, while the ratio in NFW increases after prolonged
OER, indicating Fe leaching.

Fluctuations in electric current input during electrolysis can
significantly compromise the durability of catalytic electrodes.
To evaluate catalyst resilience under realistic operating condi-
tions, accelerated durability tests were performed.*}] As shown in
Figure 3i, NFCW maintains stable OER and HER performance
after over 3000 potential cycles accelerated durability test (CV-
ADT), demonstrating its resilience under complex and fluctuat-
ing conditions. XPS analysis (Figure S33, Supporting Informa-
tion) indicates that NFCW retains a low-valence metal structure
after the ADT test. The Ni and Fe peaks on the surface of NFCW
shift toward lower valence states compared to NFW, indicating a
smaller extent of structural changes. Based on ICP-OES results
(Figure 4j; Tables S11 and S12, Supporting Information), after
CV-ADT, the concentrations of Ni and Fe in the electrolyte of the
NFW sample gradually increase, indicating continuous leaching
of these elements. In contrast, the Ni and Fe concentrations in
the Co-doped NFCW sample remain stable. These results sug-
gest that Co doping significantly enhances the long-term stabil-
ity of the NiFe catalyst by mitigating the leaching of active metal
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species, thereby maintaining structural integrity under repeated
forward and reverse current cycling.

Generally, the decline in catalyst stability can be attributed to
several factors, including the dissolution and reconstruction of
active sites on the catalyst surface, dissolution of metal atoms,
corrosion in highly alkaline environments, and bubble impact.*
For Ni- and Fe-based catalysts, instability arises partially from the
oxidation of Ni/Fe to higher valence states and their subsequent
dissolution. This instability can be evaluated through the forma-
tion energies of Ni and Fe vacancies.’°! Figure 4k reveals that
Ni and Fe vacancy formation energies are 1.42 and 1.79 eV for
NFCW, respectively, compared to 0.82 and 1.23 eV in NFW. The
higher vacancy formation energies of Ni and Fe in NFCW sup-
press the dissolution tendency, thereby enhancing the stability
of the material. This is consistent with earlier findings,**! where
incorporating Co into the alloy adjusts the properties of the cat-
alytic electrodes, thereby enhancing the stability of the catalyst
structure and composition under fluctuating conditions.

2.4. AEMWE Performance and Optimization Mechanisms

The NFCW demonstrates exceptional bifunctionality, serving ef-
fectively as both anode and cathode in AEMWE. As illustrated in
Figure 5a, the assembled AEMWE integrates key components,
including end plates, Nickel-based current collectors, bipolar
plates, gaskets, gas diffusion electrodes (GDEs), and an anion ex-
change membrane. In the symmetric NFCW || NFCW configura-
tion, the device achieves high current densities of 1 Acm™! at 1.81
Vand 4 A cm™! at 2.33 V without iR compensation (Figure 5b),
benefiting from ultralow ohmic (R,,,) and charge transfer re-
sistances (R). Performance improves linearly with rising elec-
trolyte temperature (Figure S35, Supporting Information). The
NFCW-based AEMWE achieves 935 mA cm @2V in 0.1 M KOH
and 520 mA cm™2@2 V in pure water, with higher KOH con-
centrations reducing electrolyte and charge transfer resistances
(Figure S36, Supporting Information). Compared to NFW and
noble metal benchmarks, NFCW exhibits superior activity across
a broad voltage range (Figure 5c).

To evaluate the tolerance of electrodes to fluctuating energy in-
puts, a critical requirement for coupling with renewable energy,
the electrodes were subjected to rigorous dynamic ADT tests.
While stable under constant current operation, electrodes show
noticeable degradation under voltage and current square-wave cy-
cling, revealing stability limitations under dynamic conditions.
In order to simulate the sudden shut-down and start-up process,
the electrodes were tested with potential square wave cycling be-
tween 0 and 2 V. The NFCW || NFCW configuration exhibits a
slight decrease over 2000 cycles, whereas the NFW || NFW system
shows significant performance loss (Figure 5d). This substantial
difference is attributed to cobalt-mediated stabilization of the cat-
alyst structure during rapid redox transitions. After 2000 cycles at
2V, the NiFeCo alloy retains a substantially higher current density
compared to the NiFe counterpart, which maintains only ~40%
of its initial value, highlighting the enhanced durability enabled
by cobalt incorporation. Additionally, a current square wave test,
alternating between 500 and —500 mA cm~2 over 1000 cycles, re-
veals stable voltage retention of NFCW, while NFW || NFW and
IrO, || Pt/C experience notable voltage degradation (Figure Se).
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Figure 5. Electrolyzer performance and optimization mechanism. a) Schematic diagram of the AEMWE cell setup. b) Polarization curves of IrO, || Pt/C,
NFW || NFW and NFCW || NFCW electrolyzer. ¢) Comparison of cell voltage at different current densities. d) Start-up and shut-down simulation square
wave test between 2 (10 s) and 0V (10s). e) Reverse current cycling test between + 500 mA cm~2, each lasting 20 min. f) Stability of NFCW || NFCW at
1000 mA cm~2. Curve fluctuations are due to electrolyte replacement. g) Illustration of the advantages of the integrated nanowire structure in enhancing
activity and structural stability. h) Stability enhancement achieved through component regulation.

The NFCW-based AEMWE demonstrates excellent stability, with
no significant voltage degradation observed over 900 h at 1000
mA cm~? (Figure 5f).

This exceptional operational stability results from the syn-
ergistic effect of electronic and structural reinforcement. The
integrated 1D nanowire architecture unifies catalytic activity
and mass transport within a continuous conductive framework
(Figure 5g). The ultrahigh specific surface area ensures abun-
dant active site exposure, while the flexible nanowire framework
accommodates mechanical stress during cell assembly and mit-
igates deformation from gas evolution. This hierarchical design
enhances mass transport and structural resilience, ensuring re-
liable performance under dynamic operating conditions. Cobalt
incorporation further strengthens electrochemical robustness by
enhancing resistance to catalyst dissolution (Figure 5h). Strong
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electronic interactions between Co and Ni/Fe modulate the lo-
cal charge density and elevate the energy barrier for vacancy for-
mation, thereby suppressing active site leaching and prolonging
catalyst lifespan. Collectively, these findings highlight NFCW as a
highly promising electrode architecture for water electrolysis sys-
tems under intermittent and fluctuating power inputs, demon-
strating both improved efficiency and enhanced durability suit-
able for renewable-energy-integrated applications.

3. Conclusion

This study addresses the long-standing challenge of reverse
current-induced degradation in water electrolysis, which remains
a major barrier to the stable and efficient integration of renew-
able energy into hydrogen production. We report a self-supported
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ternary NisFe;;Co,, nanowire electrode that combines high in-
trinsic activity with excellent mechanical resilience. Cobalt incor-
poration optimizes the electronic structure and promotes Ni-Fe—
Co synergy, while increasing vacancy formation energy, leading
to concurrent enhancements in activity and stability. The inter-
connected nanowire network facilitates efficient charge transport
and stress dissipation, ensuring stable performance under inter-
mittent and fluctuating power inputs. NFCW demonstrates out-
standing electrocatalytic performance, enabling AEMWE opera-
tion at 4 A cm~? with a low voltage of 2.33 V while maintaining
stable activity under dynamic conditions. Unlike previous stud-
ies that primarily rely on steady-state performance metrics, this
work systematically evaluates electrode performance under dy-
namic cycling after 2000 cycles of intermittent reverse current,
the ternary electrode shows a ~#40% reduction in voltage decay
rate compared to its binary NiFe counterpart, highlighting the
stabilizing effect of cobalt. These results establish an important
benchmark for robust alkaline water electrolysis and provide a
viable strategy to mitigate reverse current-induced degradation,
a long-standing challenge in coupling electrolysis systems with
intermittent renewable energy sources.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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