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ABSTRACT: Achieving stable and efficient alkaline water electrolysis (AWE)
under fluctuating renewable energy inputs is essential for large-scale green hydrogen
production. However, frequent shutdown-induced reverse current (RC) effects pose
significant challenges to electrode durability. Here, we introduce a gradient
interlayer engineering strategy to develop robust AWE electrodes that intrinsically
resist both electrochemical reconstruction and mechanical fatigue. By constructing a
dense interlayer with Ni(112̅)/Ni3S2(1̅20) heterointerfaces, the electrode
demonstrates high catalytic activity (1.79 V @1000 mA cm−2�meeting the U.S.
DOE 2026 target), excellent operational stability (>1500 h at 1000 mA cm−2 in 30
wt % KOH at 80 °C), and exceptional RC resistance for 3600 accelerated startup/
shutdown cycles. Mechanistic studies through cross-sectional characterizations and
theoretical calculations reveal that the seamless interlayer at the catalyst−substrate
interface enhances interfacial adhesion, mitigates lattice mismatch, and facilitates
charge redistribution, ensuring robust stability and integrity even under operational strains and potential reversals. This work
establishes interface crystallography as a design paradigm for durable electrodes, potentially overcoming the stability−activity
dilemma toward industrially relevant electrolyzers coupled with fluctuating renewable energy sources.

1. INTRODUCTION
Green hydrogen, produced through renewable-powered water
electrolysis, stands as a cornerstone for decarbonizing hard-to-
abate sectors and balancing grid intermittency.1,2 Among
various technologies, alkaline water electrolysis (AWE) has
dominated industrial deployment (>80%) owing to its century-
long development history, high technological maturity, and
capital cost advantages.3−5 However, this established technol-
ogy faces intensifying scrutiny due to critical bottlenecks in
both low operating current density (typically <400 mA cm−2 at
1.8 V) and poor load flexibility (>40% minimum threshold),
both rooted in inherent design and material constraints.6−8

Central to addressing this challenge is the development of
high-performance electrodes capable of accelerating the oxygen
and hydrogen evolution reactions (OER and HER) under
industrial-grade current densities (≥1000 mA cm−2) and
fluctuating operating conditions.9−12 While recent academic
efforts have yielded numerous advanced catalysts with
promising activities at such high current densities,13,14 their
practical adoption remains hindered by a critical yet often
overlooked factor: operational stability.8,10,15

The stability−activity dichotomy underscores a fundamental
gap in catalyst design principles, which intensifies under real-
world operational conditions.16 Industrial AWE operates under
aggressive conditions (30 wt % KOH, 80−90 °C), where
electrodes endure chemical corrosion from prolonged alkali

exposure, mechanical fatigue from bubble turbulence, and
structural collapse under high oxidative potentials.17,18 These
issues are exacerbated in fluctuating renewable-coupled
systems, which frequently cycle between startup and shutdown
operations due to gas crossover and safety issues at low
loads.19,20 Crucially, such dynamic operation triggers the
reverse current (RC) phenomenon as a paramount yet
overlooked failure mechanism for AWE electrodes.6,21−23 RC
originates from the AWE’s stack design: bipolar plates
electrically bridge adjacent cells, while circulating electrolyte
forms ionic pathways, creating unintended short circuits
between anodes and cathodes during shutdowns (Figure
1a).20,24 This transient reverse polarity drives cathodic
oxidation (e.g., Ni → β-Ni(OH)2) and anodic reduction
(e.g., NiOOH → Ni(OH)2),8,22,25 destabilizing electrode
interfaces through rapid phase reconstruction, accelerated
corrosion, and interfacial delamination (Figure 1b).9,22,26

Existing mitigation strategies�external polarized rectifiers27,28

and sacrificial anodes29,30�impose prohibitive efficiency
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penalties or escalate system complexity, rendering them
impractical for industrial deployment.31,32 Consequently,
material-centric solutions that intrinsically enhance the electro-
catalytic activity and RC resistance are urgently needed to
unlock AWE’s full potential in renewable energy systems�a
research frontier that remains underexplored.

In this contribution, we address this challenge through a
gradient interlayer engineering approach that decouples
stability−activity trade-offs (Figure S1). By in situ growing a
Ni3S2 catalytic layer on nickel mesh (NM) with a dense Ni/
Ni3S2 heterointerface buffer through a thermal injection
protocol, we create a self-supported electrode that resists

Figure 1. Reverse current effect and electrode degradation under startup/shutdown cycles. (a) Schematic of the reverse current flow in a bipolar
electrolyzer following shutdown. (b) Schematic of the catalyst layer detachment and electrode corrosion during shutdown. (c) Schematic of the
gradient interlayer engineering and the suppression of electrode degradation.

Figure 2. Chemical stability and in situ reconstruction of Ni3S2. (a) IL-TEM images of Ni@Ni3S2 at 1.3 V (vs RHE): TEM images of (a1) pristine
Ni@Ni3S2 NPs, (a2) after 10 h OER, and (a3) after 20 h OER. Selected area electron diffraction (SAED) of (a4) pristine Ni@Ni3S2 NPs, (a5) after
10 h OER, and (a6) after 20 h OER. (b) Energy dispersive spectroscopy (EDS) quantitative results of Ni, S, and O elements for Ni@Ni3S2 NPs
before and after 10 and 20 h OER. (c) High-resolution S 2p XPS spectra for Ni@Ni3S2 NPs before and after 100 h OER. (d) Ni K-edge XANES
spectra and (e) FT of Ni K-edge EXAFS spectra of Ni NPs, NiO reference, and Ni@Ni3S2 NPs before and after 100 h OER.
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dynamic phase evolution and interfacial delamination to
maintain structural integrity under RC effects (Figure 1c).
The seamlessly bonded gradient heterointerface mitigates
lattice mismatch while facilitating charge redistribution,
enabling robust adhesion even during drastic potential
reversals and at high current densities. When tested under
industrial conditions, the as-synthesized electrode achieves
industrial-grade efficiency (1.79 V @1000 mA cm−2, meeting
the U.S. DOE 2026 target) and unprecedented durability
(>2000 h at 500 and 1000 mA cm−2 with zero degradation;
3600 startup/shutdown cycles). The origin of the enhanced
activity and durability has been comprehensively elucidated by
advanced cross-sectional characterizations and theoretical
calculations. This work underscores the crucial role of gradient
heterointerface stabilization under RC effects and affords a
scalable approach for developing durable AWE electrodes with
enhanced performance.

2. RESULTS AND DISCUSSION
2.1. Chemical Stability of Ni3S2. The stability of catalytic

electrodes is governed by a complex interplay of chemical,
mechanical, and structural factors.10,33,34 To decouple these
effects, we initially investigated the intrinsic chemical stability
of the powdery catalysts. We employed Ni@Ni3S2 core−shell
nanoparticles (NPs), synthesized via one-step in situ sulfidation
of nickel NPs, as a model system to investigate the chemical
evolution during alkaline water splitting. As shown in Figure
S2, the thermal injection of 2-mercaptoethanol as the sulfur
source at 180 °C enables rapid interfacial sulfurization of nickel
NPs while preserving their structural integrity. The X-ray
diffraction (XRD) pattern of Ni@Ni3S2 NPs exhibits a set of
diffraction peaks that are indexed to the heazlewoodite phase
Ni3S2 in addition to metallic nickel (Figure S2). The obtained
Ni@Ni3S2 NPs catalyst demonstrates substantially enhanced
bifunctional activity for both HER and OER compared to
pristine Ni NPs (Figure S3), consistent with previous
reports.35,36 During a 100 h chronopotentiometry test of
catalyst-coated carbon paper (CP) electrodes at 100 mA cm−2

Figure 3. Structure and stability characterization of Ni3S2/NM-I. (a) The element mapping of an individual nickel wire coated with the catalyst. (b)
Cross-sectional TEM image of Ni3S2/NM-I. (c) Cross-sectional element mapping of Ni3S2/NM-I. (d1) HAADF-STEM image and (d2−d4)
corresponding EELS spectra. (d5) DPC-STEM phase mapping reconstructed from 4D-STEM data, where blue indicates the Ni substrate, green
indicates the Ni3S2 catalytic layer, and the transition color between them corresponds to the composition-gradient interlayer. (d6) Charge
distribution image of Ni3S2/NM-I. (e) Mechanical stability tests under ultrasonic or flushing treatments in 1.0 M KOH for Ni3S2/NM-H and
Ni3S2/NM-I. (f) Long-term stability test of Ni3S2/NM-I for HER and OER in 1.0 M KOH at 25 °C.
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in 1.0 M KOH, both HER and OER performances exhibit
initial stability in model system tests, with decay rates of ca. 2.1
and ca. 0.9 mV h−1, respectively. Post-HER characterization
through XRD, transmission electron microscopy (TEM), and
X-ray photoelectron spectroscopy (XPS) verifies the chemical
and structural preservation of the Ni@Ni3S2 NPs (Figure S4).
Moreover, the intrinsic activity of Ni@Ni3S2 NPs remains
unchanged, whereas scanning electron microscopy (SEM) and
mass change analyses reveal an obvious detachment from the
CP substrate (Figure S5). These results demonstrate that the
performance decay is primarily caused by binder failure-
induced catalyst detachment rather than chemical instability.

In contrast, distinct reconstruction behavior emerges under
the anodic OER process. In situ Raman spectra tests directly
capture the dynamic formation of NiIII−O vibrational peaks at
a potential of 1.3 V vs reversible hydrogen electrode (RHE)
(Figure S6), diagnostic of catalytically active NiOOH
species.37,38 Identical location transmission electron micros-
copy (IL-TEM) experiments conducted at 1.3 V (vs RHE) in
1.0 M KOH further reveal time-dependent surface amorphiza-

tion concurrent with oxygen incorporation and sulfur depletion
(Figures 2a,b and S7). High-resolution XPS spectra demon-
strate complete S 2p signal attenuation after 100 h of OER
(Figure 2c), accompanied by a ∼0.66 eV positive shift in Ni 2p
binding energy (Figure S8). Besides, the X-ray absorption
near-edge spectra (XANES) of Ni@Ni3S2 NPs after 100 h of
OER exhibit a positively shifted absorption edge, higher than
that of the NiO reference (Figure 2d). In the Fourier transform
(FT) of Ni K-edge extended X-ray absorption fine structure
(EXAFS) spectra (Figure 2e), the main peak of Ni@Ni3S2 NPs
after OER changes from the Ni−S bond at ∼1.85 Å to the Ni−
O bond at ∼1.63 Å.39,40 All these results confirm the
irreversible conversion of crystalline Ni3S2 to amorphous
NiOOH with sulfur leaching during the long-term OER
process.

Nevertheless, this reconstruction itself is beneficial for
enhancing the OER activity through increased NiIII content
and defect-rich surfaces, and the detachment of the catalyst
from the substrate is the main factor affecting electrode
longevity (Figures S3a and S9). Additionally, an accelerated

Figure 4. ADT and structural stability characterization of Ni3S2/NM-I. (a) Schematic of a single cycle of the ADT protocol. (b) ADT curves of
Ni3S2/NM-I as the anode. The potential corresponding to (c) OER at 500 mA cm−2 and (d) HER at −500 mA cm−2 during the
chronopotentiometry steps of the ADT. Cross-sectional HRTEM images and SAED pattern of Ni3S2/NM-I after 4000 ADT cycles as (e) the
cathode and (f) the anode. (g) In situ Raman spectra of Ni3S2/NM-I, NM, and Ni3S2/NM-H after 4000 ADT cycles as the anode. All tests are
conducted in 1.0 M KOH at 25 °C.
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durability test (ADT) protocol was designed to further
monitor the stability of Ni@Ni3S2 NPs/CP during the RC
flow (Figure S10a). Compared to steady-state OER, the ADT
induces significantly more severe degradation, with nearly
complete catalyst detachment and activity reverting to that of
the bare CP substrate after 100 h (Figures S10 and S11). This
direct comparison reveals that RC flow imposes extreme
interfacial stress, and thus interlayer engineering with strong
catalyst−substrate adhesion must be prioritized to ensure
electrode stability during intermittent operation.

2.2. Integrated Electrode with Composition-Gradient
Interlayer Engineering. Guided by degradation mechanism
analysis, we proposed an integrated Ni3S2/NM-I electrode with
strong interfacial binding via in situ sulfidation of NM using the
above-mentioned thermal injection protocol. Unlike the
hydrothermally synthesized Ni3S2/NM-H, which exhibits
interfacial delamination (Figure S12), this approach enables
conformal growth of a seamless Ni3S2 layer on NM (Figures
S13 and S14). The interfacial nanostructure was further
characterized by SEM and TEM after focused ion beam (FIB)
processing. The elemental mapping of Ni3S2/NM-I exhibits
uniform distribution of the S element on the surface of an
individual nickel wire (Figure 3a), and the cross-sectional
TEM image confirms the seamless interfacial binding between
the Ni3S2 layer and the nickel substrate (Figure 3b). Both
systems crystallize in the heazlewoodite Ni3S2 phase (Figures
S12a and S14a). The Ni3S2/NM-I displays a distinctive ∼80
nm dense interlayer at the catalyst−substrate interface (Figure
3b), forming a composition-gradient architecture (Figure 3c).

To decipher the interlayer’s structural and electronic roles,
electron energy loss spectroscopy (EELS) characterization was
carried out. Figure 3d1 presents the high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) image of the interfacial region of Ni3S2/NM-I. The
corresponding EELS mappings clearly identify three compo-
nents: (i) the metallic Ni substrate with Ni0 EELS signals, (ii)
the Ni3S2 top layer enriched with Niδ+ and S2− signals, and (iii)
a transitional zone populated by metallic Ni NPs infilling Ni3S2
vacancies (Figure 3d2−d4). The differential phase contrast
(DPC) image obtained by 4D-STEM further confirms the
formation of crystallographic interfaces across these regions
(Figure 3d5), while charge distribution analysis indicates a
minimized interfacial electric field and barrier-free electron
transport from substrate to catalyst (Figure 3d6). By
integrating a dense interlayer, this gradient structure not only
strengthens mechanical adhesion, ensuring long-term durabil-
ity, but also accelerates charge transfer, sustaining high catalytic
activity. This dual-function design demonstrates the unique
and broadly applicable advantages of gradient interlayer
engineering.

Mechanical stability testing under aggressive ultrasonic
agitation (400 W, 1.0 M KOH, 25 °C) demonstrates
exceptional robustness: Ni3S2/NM-I retains 97.4% mass after
400 min versus catastrophic failure (81.1% loss) for Ni3S2/
NM-H (Figure 3e). Post-test XRD and SEM characterizations
confirm the structural integrity of Ni3S2/NM-I (Figure S15),
whereas Ni3S2/NM-H suffers serious delamination with
undetectable XRD signals for Ni3S2 (Figure S16). High-flow
electrolyte flushing treatment further validates these trends
(Figures 3e and S17). Critically, Ni3S2/NM-I serving as
bifunctional OER and HER electrodes, maintains >3000 h
stable water splitting at 500−1000 mA cm−2 with negligible
activity decay in three-electrode configurations (Figure 3f),

despite sulfur leaching and surface amorphization to NiOOH
during OER (Figures S18−S22). It is notable that the Ni
dissolution during 600 h of the OER test at 500 mA cm−2 is
nearly zero (Figure S22), further indicating that the perform-
ance degradation of powdery samples originates from catalyst
detachment (Figure S3). The persistent interlayer adhesion
facilitates reconstruction-enhanced kinetics via increased
electrochemical active surface area (ECSA) and reduced
charge transfer resistance (Rct) (Figure S23).41,42 Besides, the
performance of Ni3S2/NM-I is well maintained during the
HER process (Figure S24). Therefore, the elaborate design of
a seamless gradient heterointerface between the catalytic layer
and substrate, rather than mere catalyst optimization, is pivotal
for reconciling the inherent tension between reconstruction-
driven activity enhancement and mechanical degradation in
alkaline electrolysis.

2.3. Reverse Current Resistance. To simulate the
operational stresses of frequent startup/shutdown cycles, we
designed an ADT protocol to evaluate the RC resistance of
Ni3S2/NM-I as both cathode and anode in AWEs.43 Figure 4a
illustrates a single ADT cycle combining chronopotentiometry
and chronoamperometry operations: cathodes are subjected to
−500 mA cm−2 (60 s) followed by 0.8 V vs RHE (60 s), while
anodes undergo 500 mA cm−2 (60 s) and 0.3 V vs RHE (60
s).43 To ensure robustness, the ADT was conducted for 4000
cycles (∼133.3 h, Figures S25 and S26). For anode testing
(Figure 4b), Ni3S2/NM-I demonstrates exceptional stability
over 4000 ADT cycles, with activity enhancement contrasting
sharply with Ni3S2/NM-H and NM, both of which exhibit
significant degradation (Figure 4c).

Post-ADT analyses reveal that Ni3S2/NM-I retains the
highest ECSA and the lowest Rct, whereas Ni3S2/NM-H
approaches NM-like ECSA and Rct values (Figure S27),
consistent with catalyst delamination (Figure S28). Similar
trends emerge for cathodes (Figures 4d and S29), where
Ni3S2/NM-I maintains near-zero activity loss, while Ni3S2/
NM-H degrades to NM levels due to severe catalyst
detachment (Figure S30). Mechanistic studies reveal that
Ni3S2/NM-I’s gradient architecture and robust interfacial
bonding ensure structural integrity during prolonged ADT.
For cathodes, the Ni/Ni3S2 interlayer structure remains intact
during the reduction−oxidation−reduction cycles (Figures
S31a, S32, and S33), and the overall morphology is preserved
after 4000 cycles (Figures 4e and S34−S36).

In contrast, the anode undergoes a controlled Ni3S2 →
NiOOH → Ni(OH)2 → NiOOH reconstruction pathway
during the oxidation−reduction−oxidation process (Figures
S31b, S37, and S38). No catalytic Ni species are lost during
this transformation (Figure S37b), and the electrode eventually
evolves into a fully NiOOH-active surface and a Ni/NiOOH
interlayer (Figures 4f and S39−S41). In-situ Raman spectros-
copy of post-ADT Ni3S2/NM-I anodes shows stable peaks at
480 and 559 cm−1 (Figure 4g), characteristic of NiOOH,
which remain unchanged during the potential increase. In
contrast, Ni3S2/NM-H displays potential-dependent structural
evolution identical to bare NM, with reconstruction initiating
at 1.3 V vs RHE, signaling catalyst detachment and substrate
exposure. This spectral signature aligns with ECSA, Rct, and
mass change, confirming that the gradient interlayer enforces
mechanical/electronic coupling and stabilizes the catalyst
surface under RC stress, even amid inevitable in situ
reconstruction.
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2.4. Theoretical Insights into Structural Stability. To
elucidate the exceptional interfacial stability of the Ni3S2/NM-I
system, we performed a multiscale theoretical investigation
correlated with the experimental observations. HAADF-STEM

images identify the lattice spacings of 0.41 and 0.20 nm,
corresponding to the Ni3S2 (101) plane for the surface catalytic
layer and the Ni (111) plane for the NM substrate, respectively
(Figure S42). Notably, the simultaneous presence of both

Figure 5. Theoretical insights into structural stability. (a) HAADF-STEM image of the interlayer for Ni3S2/NM-I. (b) Histogram of the calculated
interfacial adhesion work. (c) Side-view atomic model diagrams of the heterostructure (left) and gradient structure (right) for Ni(112̅)/
Ni3S2(1̅20). The blue and yellow balls represent Ni and S atoms, respectively. Calculated (d) strain−stress and (e) electron localization function
curves of different structures.

Figure 6. Alkaline water electrolyzer performance. (a) Polarization curves of Ni3S2/NM-I || Ni3S2/NM-I, R-Ni/NM || NM, and NM || NM in 30 wt
% KOH at 80 °C. (b) Long-term stability of Ni3S2/NM-I || Ni3S2/NM-I at current densities of 500 and 1000 mA cm−2 in 30 wt % KOH at 80 °C.
(c) Intermittent stability test of Ni3S2/NM-I || Ni3S2/NM-I with 10 min startup/shutdown cycles at 1000 mA cm−2 in 30 wt % KOH at 80 °C.
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planes at the interfacial region (Figure 5a) motivates us to
construct a Ni(112̅)/Ni3S2(1̅20) heterostructure model based
on crystallographic orientation matching (Figure S43).
Interfacial bonding strength was quantitatively evaluated
through adhesion work (Wad) calculations.44,45 The
Ni(111)/Ni3S2(101) interface exhibits a Wad of 0.19 eV Å−2,
exceeding the homogeneous Ni3S2(101)/Ni3S2(101) interface
(0.14 eV Å−2). Notably, the engineered Ni(112̅)/Ni3S2(1̅20)
interface achieves a Wad of 0.23 eV Å−2, demonstrating 21%
enhancement over the direct face-to-face heterostructure
(Figures 5b and S44). In the case of OER, the Wad of the
generated Ni(112̅)/NiOOH(001) interface (0.24 eV Å−2)
remains significantly higher than that of the NiOOH(001)/
NiOOH(001) interface (0.03 eV Å−2) (Figure S45). These
results indicate the crucial role of crystallographic orientation-
dependent reinforcement by interlayer engineering.

Mechanical resilience of the Ni(112̅)/Ni3S2(1̅20) hetero-
structure under operational stresses was further probed
through strain-dependent analyses (Figure 5c). Upon 20%
tensile strain, the conventional interface displays a stress
concentration followed by catastrophic fracture, whereas the
gradient architecture maintains structural continuity with
higher stress tolerance (Figures 5d and S46). Complementary
electron localization function (ELF) analysis reveals critical
differences in bond evolution under strain (Figure 5e). For the
conventional heterostructure, the ELF value around 30% Z-
coordinate drops sharply from ∼0.2 (0% strain) to ∼0.1 (20%
strain), signaling bond weakening at stress-concentrated
regions.46,47 In contrast, the gradient architecture maintains
stable ELF across all strain levels, demonstrating its
effectiveness in maintaining both structural and electronic
stability under strain.48,49 Collectively, the stabilization
mechanism involves: (1) a crystallographically optimized
Ni(112̅)/Ni3S2(1̅20) heterostructure interlayer with enhanced
chemical bonding, and (2) gradient-induced continuous lattice
matching that dissipates mechanical energy, suppressing crack
nucleation. These synergistic effects enable the exceptional
resistance to the RC effect and >3000 h stability in alkaline
water splitting, establishing new design principles for durable
heterostructured electrodes.

2.5. Alkaline Water Electrolyzer Performance. The
performance of the Ni3S2/NM-I electrode is significantly better
than that of the previously reported Ni3S2 electrode (Table
S1), which has great potential for commercial electrode
applications. To validate the industrial viability of Ni3S2/NM-I,
we constructed a homemade zero-gap AWE equipped with
Ni3S2/NM-I bifunctional electrodes (2 cm × 2 cm) and a
ZIRFON PERL UTP 500 composite diaphragm. At 80 °C in
30 wt % KOH, the Ni3S2/NM-I || Ni3S2/NM-I system achieves
low cell voltages of 1.72 and 1.79 V at 500 and 1000 mA cm−2,
respectively (Figure 6a), surpassing routine Raney nickel/NM
(R-Ni/NM) || NM (1.92 and 2.14 V) and NM || NM (2.10
and 2.33 V) systems. Crucially, this performance meets the
U.S. DOE 2026 target (1.80 V @1000 mA cm−2) for liquid
alkaline electrolysis, while outperforming most reported
bifunctional electrodes (Table S2). Long-term stability tests
under industrial operating conditions (1000 mA cm−2, 80 °C)
reveal zero voltage decay over 1500 h (Figure 6b),
demonstrating outstanding durability under high-current-
density operation. To further assess the practical applicability
of electrodes in fluctuating renewable-coupled systems,
intermittent stability tests with frequent 10 min startup/
shutdown intervals were conducted. As shown in Figure 6c, the

Ni3S2/NM-I || Ni3S2/NM-I system exhibits remarkable
fluctuating resistance, maintaining stable operation for over
1200 h (3600 startup/shutdown cycles) without any
attenuation at a current density of 1000 mA cm−2 under
industrial operating conditions. Scalability is also confirmed
through thermal injection synthesis, producing large-area
electrodes (10 × 10 cm) with uniform Ni3S2 coverage (Figure
S47). Considering its attractive advantages, such as a unique
gradient structure, low cost, high activity, and excellent
stability, the as-synthesized Ni3S2/NM-I electrode exhibits
great potential as an industrial AWE electrode for hydrogen
production.

3. CONCLUSIONS
We demonstrate a gradient interlayer engineering strategy to
construct a Ni3S2/NM-I heterostructured electrode with
exceptional bifunctional activity, anti-RC durability, and
industrial-grade stability for alkaline water electrolysis. By
tailoring a crystallographically matched Ni(112̅)/Ni3S2(1̅20)
heterointerface with gradient lattice strain buffering, the
electrode achieves seamless mechanical adhesion and accel-
erated charge transfer kinetics, as validated by cross-sectional
microscopy and spectroscopic analyses. The Ni3S2/NM-I ||
Ni3S2/NM-I system delivers industrially relevant current
densities of 500 and 1000 mA cm−2 at low voltages of 1.72
and 1.79 V, respectively, while maintaining 2000 h of stability
without decay. Crucially, the electrode exhibits unprecedented
resilience to intermittent renewable energy inputs, enduring
3600 aggressive startup/shutdown cycles with negligible
activity loss, a critical metric for practical renewable-coupled
hydrogen production. This work shifts the paradigm of catalyst
design from conventional electronic modulation to interface
crystallography engineering, offering a universal route to
mitigate mechanical/electrochemical degradation in hetero-
structured systems and ultimately bridge the gap between
atomic-scale structural control and industrial device require-
ments. The mechanistic insights into RC-driven degradation
and the rational design of anti-RC strategies establish a
universal roadmap for enabling various next-generation
electrocatalytic devices, e.g., anion-exchange membrane
electrolyzers and CO2-to-fuel systems) to operate reliably
under fluctuating renewable energy inputs. By addressing the
critical bottleneck of renewable intermittency, it advances
global decarbonization efforts across hard-to-abate sectors
while setting a precedent for material innovation in fluctuating
electrochemical environments.

4. EXPERIMENTAL SECTION
4.1. Chemicals and Materials. Ethanol (≥99.7%), triethylene

glycol (TEG), and potassium hydroxide (KOH, 95%) were purchased
from Aladdin. 2-Mercaptoethanol (≥99%) was provided by Sigma-
Aldrich. Nickel nitrate (Ni(NO3)2·6H2O, 99.99%), urea (99%),
ammonium fluoride (NH4F, 99%), and nickel nanoparticles (Ni NPs,
99.9%) were obtained from Macklin. Nickel mesh (NM, 1.0 mm
thickness, ≥99.5%) was purchased from Hebei Chaochuang Metal
Mesh Industry Co., Ltd. NM was ultrasonically cleaned in pure water,
dilute hydrochloric acid (36% concentrated hydrochloric acid and
pure water were mixed evenly in a volume ratio of 1:3), acetone, and
alcohol, and then dried at 60 °C under vacuum for 8 h to obtain clean
NM.

4.2. Synthesis of Ni@Ni3S2 NPs. The Ni NPs (0.3 g) and TEG
solvent (20 mL) were introduced into a three-necked flask. When the
temperature reached 180 °C, 2 mL of 2-mercaptoethanol was injected
into it, and then the temperature was maintained for 20 min. After the
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reaction, the product was washed with ethanol and dried at 60 °C
under vacuum to gain the Ni@Ni3S2 NPs.

4.3. Synthesis of Ni3S2/NM-I. The synthesis method of Ni3S2/
NM-I was the same as that of Ni@Ni3S2 NPs, requiring only the
replacement of Ni NPs with a piece of clean NM (1 cm × 3 cm). The
Ni3S2/NM-I catalyst used in the AWE exhibited a size of 2 cm × 2 cm
or larger. The synthesis method was consistent, requiring only
proportional amplification of the amount of TEG and 2-
mercaptoethanol.

4.4. Synthesis of Ni3S2/NM-H. 2.25 mmol of Ni(NO3)2·6H2O,
10 mmol of urea, 4 mmol of NH4F, and 35 mL of pure water were
mixed to form a uniform solution and poured into an autoclave with a
volume of 45 mL. Two pieces of NM (1 cm × 3 cm) were also added
to it and maintained at 120 °C for 6 h to synthesize the Ni(OH)2/
NM precursor. Then, a piece of Ni(OH)2/NM was added into a 45
mL autoclave containing a solution of 25 mL of alcohol and 2.5 mL of
2-mercaptoethanol, followed by heating at 150 °C for 5 h. Finally, the
Ni3S2/NM-H sample was obtained after cleaning with pure water and
drying under vacuum.

4.5. Electrochemical Measurements. The electrochemical test
was performed on a CS310X electrochemical workstation with a
three-electrode configuration. The working, reference, and counter
electrodes were the prepared sample, the Hg/HgO electrode, and the
platinum plate, respectively. A cyclic voltammetry (CV) scan was
carried out at a scan rate of 100 mV s−1, and then a linear sweep
voltammetry (LSV) test was performed at a scan rate of 2 mV s−1,
accompanied by an iR compensation of 60%. The potential (E) vs
RHE was derived from the Nernst equation:

E E(vs RHE) (vs Hg/HgO) 0.0592 pH 0.098= + × +

Double layer capacitance (Cdl) was obtained by measuring CVs at a
scan rate of 5 to 150 mV s−1. Electrochemical impedance
spectroscopy (EIS) was obtained at 5 mV amplitude with a frequency
range from 0.1 Hz to 1 MHz (at −0.15 V vs RHE for HER and 1.38 V
vs RHE for OER). The long-term stability of HER and OER in 1.0 M
KOH at 25 °C was tested under a current density of −500 and −
1000 or 500 and 1000 mA cm−2 without iR compensation. An AWE
was constructed using a large-area Ni3S2/NM-I electrode (2 cm × 2
cm) as the cathode and anode, and ZIRFON PERL UTP 500 from
Agfa as the separator in a zero-gap electrolyzer. All electrochemical
tests of the AWE were conducted on CS310X electrochemical
workstation with CS2020B power booster at 80 °C in 30 wt % KOH
(circulated with a flow rate of 6.25 mL min−1).

4.6. Characterizations. XRD was carried out on a Bruker D8
Advance with a Cu Kα radiation source at 40.0 kV. SEM was
performed on a JEOL JSM 7401F at 3.0 kV. TEM, HRTEM, IL-TEM,
HAADF-STEM, and SAED were carried out using an FEI Titan G2 at
300 kV accelerating voltage, which was also equipped with an EDS
system. The FIB double beam system (FEI, Helios Nano Lab 600i)
was operated at a voltage of 30 kV (gallium ion beam) to slice the
samples at a micronano scale. All specimens were thinned to less than
50 nm. EELS and 4D-STEM were taken using a JEM-ARM 300F
spherical aberration-corrected transmission electron microscope
equipped with a Gatan K3 spectrometer. Among them, the DPC
result was obtained by C-A+D-B of the 4D-STEM result. The
corresponding charge distribution image was obtained by further
calculating the DPC result by GMS software. XPS was performed on a
Thermo Scientific K-Alpha instrument with Al Kα radiation (1486
eV). The Raman spectra were performed by using a Raman
microscope (532 nm, LabRAM HR800). Inductively coupled
plasma-mass spectrometry (ICP-MS) was measured on an Agilent
7800. X-ray absorption spectroscopy (XAS) was processed at the
Beijing Synchrotron Radiation Facility (BSRF) in fluorescence mode,
equipped with the 1W1B beamline and a Si (111) double-crystal
monochromator.

4.7. Theoretical Calculations. The calculations in this study
were performed using density functional theory (DFT) as
implemented in the Vienna Ab-Initio Simulation Package
(VASP).50,51 The core electrons were treated using the projector-
augmented wave (PAW) pseudopotential, while the exchange-

correlation effects were described using the Perdew−Burke−
Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA).52,53 A plane-wave basis set with an energy
cutoff of 500 eV was employed. For the dispersion interaction, van der
Waals correction was applied using Grimme’s D3 scheme.54 To
mitigate spurious interactions between periodic images, a 20 Å
vacuum layer was introduced along the Z-axis. The reciprocal space
was sampled using a Monkhorst−Pack grid with a maximum allowed
distance of 0.03 Å−1 between adjacent k-points, ensuring an
appropriate k-point density. Geometry optimization was carried out
until the total energy converged to within 10−5 eV and the residual
forces were less than 0.02 eV Å−1.

The stability of the Ni/Ni3S2 interface was evaluated by calculating
the adhesion work (Wad), which is defined as the reversible work
required to separate an interface into two free surfaces.55 The
adhesion work is expressed by the following formula:

W
E E E

Sad
slab1 slab2 total=

+

where Eslab1 and Eslab2 are the total energies of two surface models,
respectively, and Etotal represents the total energy of the hetero-
structure. S represents the interfacial area of the heterostructure. A
positive value of Wad indicates that the heterostructure formed is
stable.

To analyze how the interface fractures, the tensile stress−strain
curve along the Z-direction was obtained by performing uniaxial
tensile tests on the heterostructure supercells.56 Displacement-
controlled deformation was applied, with the strain incrementally
increased along the Z-direction, which is normal to the interface. For
each strain step, the atomic positions were relaxed, while the Z-
coordinates of the outermost atomic layer were fixed to maintain the
appropriate boundary conditions. The strain was applied in
increments of 2.5% along the Z-direction, ensuring a smooth and
accurate stress−strain curve. Once the tensile stress exceeds the
tolerance threshold of the interface, the interface supercell undergoes
fracture.

To further explain the fracture mechanism of the interface, the
analysis was carried out using the ELF.57 The calculation formula for
ELF is as follows:

( )
ELF

1

1 D
D

2

h

=
+

where D is the kinetic energy density of the system, and Dh is the
corresponding value for a uniform electron gas. An ELF value close to
1 indicates a highly localized electron density, typically found in
covalent bonds, whereas an ELF value close to 0 suggests more
delocalized electron density, often found in metallic bonding or free-
electron states.58
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