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Optimizing the catalyst-electrolyte interface structure is crucial for enhancing

the performance of electrochemical alkaline hydrogen evolution reaction.
Traditional approaches typically focus on regulating the thermodynamic
barriers of adsorption and desorption for reactants, intermediates, and ions at
active sites on the solid electrode surface. However, the structure of the
electrical double layer influences the concentration of intermediates,
adsorption energy, and surface reaction kinetics. Here, we dynamically con-
struct a dense epitaxial hydroxide layer on nickel molybdate, forming an
effective protective barrier to prevent molybdenum leaching and enhance

material stability. This optimization enhances local electric field increasing the
concentration of hydrated potassium ions within the outer Helmholtz plane.
As aresult, the interfacial hydrogen-bond network improves, water availability
on the catalyst surface increases, and reaction kinetics accelerate. The opti-

mized material operates stably for 1400 h at a current density of 0.45 A cm™in
an industrial alkaline electrolyzer. Our dual-optimization strategy of dynami-

cally constructing an epitaxial catalytic layer offers valuable insights for
developing stable, high-current-density electrocatalytic materials.

The alkaline hydrogen evolution reaction (HER) holds notable poten-
tial for large-scale industrial hydrogen production. However, its effi-
ciency is hindered by sluggish reaction kinetics, particularly in the
initial water dissociation step (Volmer process, H,O < H + OH) and the
subsequent OH* desorption step (OH*+e” & OH"), both of which
introduce high energy barriers that limit overall alkaline water elec-
trolysis performance'™. Traditional approaches focus on optimizing
the chemical and electronic structures of electrocatalytic materials to
reduce the water dissociation activation energy and improve the sta-
bility of the catalyst surface*®. Notably, the electrical double layer
(EDL) structure at the catalyst-electrolyte interface, influenced by
material properties and electrolyte characteristics, contributes to the
regulation of adsorption behavior, interfacial electric fields, and

reactant concentration’"’. This enhances the availability of reactants at
the interface, accelerates the transfer of reaction intermediates, and
reduces the energy barriers for adsorbed reactants and intermediates.
These findings provide valuable insights for designing efficient and
stable alkaline electrolysis systems by achieving simultaneous opti-
mization of the catalyst surface and electrolyte interface.

According to Koper’s hemolytic and heterolytic models'®", the
proton-supplying ability of the electrolyte, specifically the concentra-
tion of reactants near the surface active sites, is a key descriptor in
determining the overall catalytic activity for HER. During electro-
catalytic reactions, the adsorption of various species on the electrode
surface (including reactants, products, intermediates, and specifically
adsorbed ions) plays a crucial role in governing the reaction’s
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progress . Traditionally, optimizing alkaline HER active sites has
focused on regulating the adsorption and desorption barriers of H,O/
OH at the surface or within the inner Helmholtz plane®*'%, However,
changes in the concentration, arrangement, and configuration of sol-
vent molecules and cations in the outer Helmholtz plane (OHP) within
the EDL structure can also influence the amount and adsorption
energy of reaction intermediates at active sites'*>*. These interfacial
changes further impact proton-coupled electron transfer kinetics
between interfacial solvent molecules and surface intermediates™ .
Therefore, mass transfer and local microenvironment regulation near
the catalytic sites requires focusing on the OHP to optimize the electric
field, ion distribution, and hydrogen bond network structure at the
catalyst-electrolyte interface, ultimately enhancing the overall perfor-
mance of alkaline HER.

In this work, we revealed the epitaxial growth of a catalytic layer
on nickel molybdate, utilizing it as a platform to investigate the local
electrochemical microenvironment regulation mechanisms at the
catalyst-electrolyte interface. The localized enhancement of the
electric field around the dendritic epitaxial hydroxide layer increased
the concentration of hydrated potassium ions within the OHP,
facilitating the rearrangement of the surface hydrogen bond network

and improving HER kinetics. Additionally, the dynamically structured
epitaxial layer exhibited a denser structure, effectively suppressing
molybdenum dissolution and providing enhanced stability against
corrosive degradation during HER. Ultimately, the material achieved
continuous operation for 1400 h at a current density of 0.45Acm™2in
an industrial alkaline water electrolyzer with a large electrode
assembly. This study demonstrates a dynamic construction strategy
for optimizing epitaxial layers at the catalyst-electrolyte interface,
offering a perspective for the design of high-performance
electrocatalysts.

Results

Synthesis and characterizations

Nickel molybdate constructed with epitaxial layer (e-NiMoO,) is
commonly fabricated using a two-step approach involving hydro-
thermal processing followed by electrochemical synthesis (Figure S1a).
In order to establish a robust three-dimensional substrate model,
initial synthesis focused on producing NiMoO, precursor microrods
(Fig. 1a, and Supplementary Fig. 1, 2). In the subsequent cathodic
electrochemical synthesis, tailored KOH electrolytes comprising nickel
chloride as an additional nickel source and sodium citrate as chelating
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Fig. 1| Structural characterizations. a, b TEM image of NiMoO, (a) and e-NiMoO,
(b) with schematic illustration of lattice structure. ¢, Ni K-edge XANES spectra of
e-NiMoO, and the control samples. d The oxidation state of Ni in e-NiM0O,.

R (A)

e Fourier transformed magnitudes of Ni K-edge EXAFS spectra. f WT contour plots
of the EXAFS signal for e-NiMoO, and the control samples.
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agent”. This approach aims to effectively anchor the epitaxial hydro-
xide layer on the surface of the precursor microrods. Subsequent
morphological and structural analyses confirm surface modifications
while maintaining the fundamental stability of the material (Supple-
mentary Fig. 3). Concurrently, the originally smooth surface of the
precursor microrods transforms into a rough texture. The dynamically
constructed layer also has densely packed nanodendrites smaller than
10 nm in size (Fig. 1b and Supplementary Fig. 4a-d). Dendrites on the
epitaxial layer show lattice fringes corresponding to the (100) facet of
nickel hydroxide (Supplementary Fig. 4e-f). SEM elemental mapping
confirms the uniform distribution of Ni, Mo, and O (Supplementary
Fig. 5a). Additionally, STEM mapping at various magnifications,
including aberration-corrected imaging, clearly illustrates the epitaxial
relationship between the NiMoO, core and the Ni(OH), shell (Sup-
plementary Fig. 5b, c¢). X-ray photoelectron spectroscopy (XPS) was
conducted to explore the bonding states of Ni and Mo (Supplementary
Fig. S6). High-resolution XPS spectra of Ni 2p and Mo 3d reveal
minimal changes in their main peak separations. Following the for-
mation of e-NiMoOy, Mo 3 d shifts to lower binding energies with the
emergence of low valence Ni peak in Ni 2p spectrum, demonstrating
the reduction and reconstruction of e-NiMoO, surface?. The X-ray
absorption near-edge structure (XANES) and corresponding extended
X-ray absorption fine-structure (EXAFS) spectra of NiMoO, and
e-NiMoO, at the Ni K-edge have been investigated (Fig. 1c and Sup-
plementary Table 1). Ni K-edge XANES spectra indicate a lower oxi-
dation state of Ni in e-NiMoO, compared to NiMoO, (Fig. 1d).
Corresponding EXAFS spectra show Ni-O coordination peaks at 1.54 A
for NiMoO,4 and 1.52 A for e-NiMoOy (Fig. 1e)?. During electrochemical
synthesis process, the fundamental Ni-O-Ni/Mo bonds remain unaf-
fected by surface dissolution of molybdenum. The slight enhancement
of the Ni-OH peak at 2.74 A demonstrates the successful growth of the
epitaxial hydroxides layer (Supplementary Fig. 7). Further analysis of
the wavelet transform of the Ni K-edge EXAFS oscillations confirms
that this reduction in oxidation state is due to the presence of nickel
hydroxides with trace amounts of nickel, which are also similar to XPS
results (Fig. 1f). Meanwhile, the bonding coordination environment of
Mo has been further analyzed (Supplementary Fig. 8). The Mo coor-
dination environment of e-NiMoO, is similar to that of NiMoOy,, with a
slight increase in the Mo-O bond length. These findings indicate that
Mo dissolution causes minor structural loosening while preserving the
overall integrity of the Mo-containing framework, highlighting the
stability and structural flexibility of the epitaxially grown Ni(OH),
dendritic layer.

Electrochemcial HER activity and stability

Following HER standard measurements, the HER activities of the
e-NiMoO, catalyst and control samples are evaluated in 1.0 M KOH
electrolyte. The electrochemical synthesis was optimized by adjust-
ing the cathodic potential, synthesis duration, and electrochemical
parameters for different electrode sizes to obtain the optimal
e-NiMoO, with varying sizes (Supplementary Fig. 9-14). Prior to
evaluating the activity of all synthesized samples, the performance of
commercial Pt/C, Raney Ni and control samples has been initially
assessed (Fig. 2a). The control sample NiMoO, exhibits HER activity
with an overpotential (n;0) of 238 mV and Tafel slope of 125.1mV
dec™, suggesting the Volmer reaction as the rate-determining step
(Fig. 2b). NiMoO,4 may exhibit moderate hydrogen adsorption but
inadequate hydroxyl adsorption®**. The HER activity of e-NiMoOy is
further optimized via electrochemical synthesis (Supplementary
Fig. 15-17). The optimized catalyst demonstrates enhanced alkaline
HER activity, featuring a low Tafel slope of 45.7mV dec™ and n;o of
32 mV, comparable to that of Pt/C and Raney Ni (Fig. 2b). In parti-
cular, the e-NiMoO,4 hybrid catalyst achieves low ;90 and n,go at
170 mV and 251 mV, respectively. The variation in Tafel slope indi-
cates a transition in the alkaline HER mechanism. For NiMoOQ,, the

high Tafel slope (-120 mV/dec) aligns with the Volmer-Heyrovsky
pathway, where the rate-determining step (RDS) is the dissociation of
H,O (Volmer step: H,O + e” > H*+ OH"), followed by electrochemical
desorption (Heyrovsky step: H* + H,O + e - H, + OH")*. The NiMoO,
surface exhibits strong H* adsorption but poor H,O activation. In
contrast, e-NiMoO, displays a lower Tafel slope (-40 mV/dec), indi-
cating a shift to the Volmer-Tafel pathway, where the RDS transitions
to the chemical recombination of adsorbed H*. This transformation
is attributed to the epitaxial Ni(OH),/NiMoO, interface, which opti-
mizes H* adsorption energy and facilitates rapid H* coupling. Fur-
thermore, the optimized e-NiMoO, demonstrates a substantial
increase in electrochemical active surface area (ECSA) and high Cgy,
nearly five times that of NiMoO,, indicating an enhancement in active
site density (Supplementary Figs. 18, 19). When considering ECSA-
normalized HER activity, e-NiMoO, shows specific activity compared
to NiMoO, (Supplementary Fig. 20). The constructed nickel hydro-
xides layer on the surface of NiMoO, fundamentally improved the
intrinsic HER activity of the material®’. This improvement suggests
that the enhanced HER kinetics and enlarged surface area contribute
to the performance of the hybrid catalyst. These synergistic
improvements distinguish it among a series of non-noble metal
materials (Supplementary Fig. 21).

While achieving high HER activity is crucial, ensuring robust sta-
bility is paramount for practical applications. The optimized e-NiMoO,
shows stable operation for over 160 h at currents close to 1A cm™
(Fig. 2c). Following stability testing, e-NiMoO, retains good HER
activity (Supplementary Figs. 22, 23). TEM analysis revealed that a thick
layer of Ni(OH), nanosheets formed on the NiMoO, surface, whereas
the Ni(OH), dendritic layer on e-NiMoO, remained largely intact, with
only minor particle aggregation (Supplementary Figs. 24, 25). Sub-
sequent ICP analysis confirmed the dissolution of Ni and Mo in the
NiMoO, system (Ni: 0.12 ppm, Mo: 7.08 ppm), while their dissolution in
the e-NiMoOQ, system was suppressed (Ni: 0.09 ppm, Mo: 0.85 ppm)
(Supplementary Table 2). XPS analysis after the reaction reveals that
e-NiMoO, exhibits stability compared to NiMoO, (Supplementary
Fig. 26). Considering the impact of surface molybdenum dissolution in
the comparative sample NiMoO,, we investigated the Ni K-edge XAFS
before and after the reaction. The Ni K-edge XANES spectrum suggests
that in e-NiMoOQ,, although the oxidation state of nickel slightly shifts,
overall stability remains preserved (Fig. 2d). In contrast, NiMoO,
exhibits a notable decrease in nickel oxidation state, possibly attrib-
uted to molybdenum dissolution®***. The corresponding EXAFS spec-
trum of e-NiMoO, displays nearly identical peak shapes before and
after the reaction (Fig. 2e and Supplementary Fig. 27). The coordina-
tion structure of NiMoO, undergoes changes due to extensive
molybdenum dissolution. Based on the above structural character-
ization, it can be inferred that NiMoO,4 and e-NiMoO, exhibit distinct
catalytic behaviors during the reaction process. Operando EIS has been
conducted to elucidate the electrode kinetics and interfacial dynamics
between the electrode and electrolyte. The Bode plot of NiMoO,
indicates a marked decrease in phase angle at low frequencies under
open circuit voltage conditions compared to e-NiMoO, (Fig. 2f). This
indicates that NiMoO, undergoes electrochemically induced struc-
tural evolution before the HER process®. Notably, e-NiMoO, exhibits a
distinct frequency response, with a smaller corresponding voltage at
the same frequency. Additionally, the Nyquist plot of e-NiMoO, dis-
plays a smaller semicircle and lower charge transfer resistance (R),
indicating enhanced charge transfer kinetics. (Fig. 2g and Supple-
mentary Fig. 28). The observed electrode stability and efficient charge
transfer capability can be attributed to the successful construction of
the epitaxial hydroxide layer on the surface of nickel molybdate.

In-situ XAFS during HER and structure stability analyses
To explore the structure stability of e-NiMoQy,, in-situ EXAFS analysis
revealed the structural dynamics associated with HER catalytic
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diagrams of NiMoO, and e-NiMoO, with corresponding R, at different operating
potentials.

behavior. To gain deeper insights into the electronic structure changes
of NiMoO, and e-NiMoO,, potential-dependent in-situ XAFS experi-
ments have been conducted. Both NiMoO, and e-NiMoO, exhibit
highly similar patterns in the Ni K-edge XANES spectra at different
potentials (Fig. 3a, f and Supplementary Table 3-4). As the applied
potential increases, the peak position of NiMoO, shifts to lower
energies, indicating reduction in the oxidation state of nickel during
the HER process (Fig. 3b)**. Fourier transform of the Ni K-edge EXAFS
spectra reveal a primary coordination peak corresponding to Ni-O
coordination, fitted at 1.54 A (Fig. 3c and Supplementary Figs. 29-31).
At different potentials, the peak positions of Ni-O and Ni-Ni coordi-
nation peaks of NiMoO, show negligible changes, while the intensity of
the Ni-Ni coordination peak gradually increases. Quantitative EXAFS
fitting is also performed to obtain coordination information. At open
circuit potential (OCP), the coordination number of Ni is 6.1 (Fig. 3d).
With increasing applied bias, the coordination number rapidly
decreases due to the influence of oxidation states and structural
changes. Simultaneously, molybdenum dissolution induces rapid and
irreversible overall structural changes in the material, thereby
impacting its stability (Fig. 3e). Interestingly, in the e-NiMoO, system,
the oxidation state of Ni oscillates within a small range during bias
application (Fig. 3f). Moreover, oscillations in Ni-O bond lengths were

observed with negligible changes (Fig. 3g and Supplementary Figs. 32,
33). The corresponding coordination numbers also exhibit random
oscillations (Fig. 3h). This phenomenon is attributed to structural
relaxation induced by molybdenum dissolution under bias, where
epitaxial hydroxide layer provides some protection against the struc-
tural collapse triggered by molybdenum dissolution (Fig. 3i). Con-
fident in stabilizing the coordination number of Ni, we have mitigated
structural changes in NiMoO,. These observations align with our
expectation that dynamic construction of epitaxial hydroxide layer on
NiMoO, during electrochemical synthesis will influence subsequent
HER processes (Fig. 3j).

DFT investigations and MD simulations

To further elucidate the activity mechanism on e-NiMoO,, density
functional theory (DFT) calculations have been conducted. Aqueous
decomposition free energy calculations are firstly performed to assess
the influence of epitaxial hydroxide layer on NiMoO,4 (Supplementary
Fig. S34, Table 5, 6). Hybridization are observed among the Ni 3 d, Mo
4d, and O 2p orbitals, with the centers of the Mo 4 d and O 2p orbitals
shifting downward relative to the Fermi level (Fig. 4a, b and Supple-
mentary Table 7). Low-coordination surface oxygen exhibit minimal
contribution to the electronic states near the Fermi level
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(Supplementary Fig. S35). Through strong bonding interactions with
adjacent Ni and Mo atoms, these oxygen atoms stabilize the epitaxial
interface. Introducing epitaxial hydroxide layer further lowers the d-
band center in e-NiMoO,, thereby enhancing the binding affinity of
HER intermediates”. This suggests that epitaxial hydroxide layer can
tailor the surface reactivity of NiMoO, and reduce the strength of H
adsorption. Furthermore, five key stages are considered for the theo-
retical exploration of the HER reaction pathway, including initial water
adsorption and dissociation to form H' intermediates (Volmer step)
and hydrogen generation (Tafel step or Heyrovsky step)*. Due to the
high bond energy between hydrogen and nickel sites, and the sub-
stantial water dissociation barrier of NiMoOQ,, the epitaxial hydroxide
layer in e-NiMoO, can serve as active sites for hydroxyl adsorption,
effectively lowering the following reaction barrier (Fig. 4c and Sup-
plementary Fig. 36, 37). This synergy highlights how epitaxial hydro-
xide layer interacting with NiMoO,4 enhance both the thermodynamics
and kinetics of the HER reaction. Alternatively, we have simulated the
electric field intensity distribution at the surface to accurately capture
differences in the alkaline interface double-layer structure (Fig. 4d)*’.
Considering that the nanodendrite structure could influence the effect
of the electric field on ion concentration, we used finite element

numerical methods to study the surface electric field and ion dis-
tribution in the epitaxial dendritic layer. Unlike the uniform current
distribution on the smooth NiMoO, surface, the current on the
e-NiMoO, dendritic layer is mainly concentrated at the top regions of
the nanodendrites and at the Ni(OH),-NiMoO, interface (Fig. 4e).
Additionally, charge accumulation was observed at the top regions of
the dendritic epitaxial layer, along with a localized increase in the
concentration of hydrated potassium ions at the interface (Supple-
mentary Fig. 38). Compared to NiMoO,, the density peak in the
e-NiMoO, system is higher and sharper. Structural simulations further
confirmed that solvent-induced polarization charges promote the
distribution of surface-hydrated potassium ions. On the e-NiMoO,
surface, hydrated potassium ions are primarily distributed at a dis-
tance of around 25A from the surface, which is lower than in the
NiMoO, system (Fig. 4f and Supplementary Fig. 39). To further inves-
tigate the influence of K* ions on the reaction pathway of active sites,
we analyzed their effect on e-NiMoO, (Supplementary Fig. 40, 41). On
the e-NiMoOy, surface, the dissociation barrier of H,O is 0.69 eV, pri-
marily due to the slow cleavage of the O-H bond (Supplementary
Fig. 42)">*°, At Ni sites adjacent to K, the free energy barrier for the
conversion of H,0O to OH-H reduction occurs because K* reduces the
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Fig. 4 | DFT calculations, MD and COMSOL simulations. a, b Calculated projected
density of states (PDOS) of NiMoOy, (a) and e-NiMoOy (b). ¢ Free energy profile for
the alkaline HER process on NiMoO, and e-NiMoO,. d Local electric field around
NiMoO, and the epitaxial catalytic layer. e Computed potential, current density,

and K* concentration near the surface of NiMoO,4 and e-NiMoO, electrodes via
COMSOL simulations. f Distance distribution of potassium ion on the surface of
NiMoO4and e-NiMoO,. g-i The distribution of K* ions and water molecules in the
NiMoO, (g), Ni(OH), (h) and e-NiMoO, models (i).

localization of charge density on H*, thereby facilitating faster OH*-H*
decoupling. Additionally, K" lowers the Volmer barrier by rebalancing
the equilibrium between H* adsorption and desorption. At Ni sites
adjacent to K', the transition state energy barrier is the lowest
(0.70 eV), with a final state energy of -0.22 eV, indicating that K" further
reduces the HER energy barrier at these sites (Supplementary Fig. 43-
46, Table 8). Moreover, MD simulations confirmed that the localized
enhancement of the electric field around the dendritic layer increases
the concentration of hydrated potassium ions within the OHP, dis-
rupting the rigid hydrogen bond network at the interface (Fig. 4g-i and
Supplementary Fig. S47, 48). This disruption enhances the availability
of H,O/OH* on the catalyst surface, thereby improving reaction
kinetics*%,

Industrial device performance

Benefiting from the enhanced HER activity and stability, we have fur-
ther explored its capability for overall water splitting. Compared to
e-NiMoO, and RuO,, NiMoO, exhibits the earliest OER onset and the
fastest growth of the current with the applied potential (Supplemen-
tary Fig. 49a). NiMoO, achieves smallest overpotentials (428 mV for
200 mAcm™? and 480 mV for 300 mA cm), which are lower than
those of e-NiMoO, (508 and 635 mV), and RuO, (496 and 610 mV),
respectively. Due to the outstanding HER performance of e-NiMoO,
and OER performance of NiMoO, under 1M KOH conditions, it is
integrated as the anode and cathode to construct an alkaline water
electrolysis cell for overall water splitting. A noble metal electrode Pt/
C||RuO; is used as a comparative system. NiMoOy, | |e-NiMoO, (+,-)
achieves a current density of 400 mA cm™ at only 2.11V (Supplemen-
tary Fig. 49b). At 50 mAcm?, the driving voltage of NiMoO,||e-

NiMoO4 (+,-) is much lower than (-)Pt/C||RuO, (+). Moreover,
NiMoO, | [e-NiMoO, (+,~) exhibits comparable stability over 7 days at
high catalytic current density for overall water splitting
(=500 mA cm™), along with good activity reproducibility (Supple-
mentary Fig. 49¢). The ultimate challenge for alkaline HER catalysts lies
in their performance in industrial-scale systems. The alkaline electro-
lyzer is structured in a series-connected monopolar filter-press con-
figuration, consisting of multiple electrolysis chambers (Fig. 5a, b).
Each chamber comprises an anode electrode plate, anode catalyst (for
oxygen evolution), membrane, sealing ring, cathode catalyst (for
hydrogen evolution), and cathode electrode plate*. We have assem-
bled an alkaline electrolyzer cell with e-NiMoO, serving as both the
anode and cathode. At different cell potentials, the current density of
the electrolyzer cell employing e-NiMoO, electrodes is higher than
that of the Raney Ni electrode electrolyzer cell. Furthermore,
increasing the temperature from 30°C to 50°C leads to a gradual
increase in current density. The current-voltage characteristic curves
(without iR compensation) exhibit peak activity at an operating tem-
perature of 50°C, achieving a driving voltage of only 214V at
0.4 Acm™ This is lower than the 2.66 V required for commercial Raney
nickel (Fig. 5¢). At a consistent current density of 450 mA cm?, con-
tinuous operation for 1400 h demonstrates the lowest operating vol-
tage with no increase, highlighting comparable stability of e-NiMoO, in
industrial electrolyzers and its promising potential for industrial
applications (Fig. 5d). After stability testing at high current densities,
the microrods structure of e-NiMoO4 remains largely intact. While
there were instances of surface aggregation and collapse, the material
retained good structural stability overall, confirming its robustness
(Supplementary Fig. 50).
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different operating temperatures. d The cell voltage of the electrolyzer held at
450 mA cm™ at 50 °C and 2 MPa with 30 wt% KOH solution supply.

Discussion

In summary, we have developed a highly active and stable HER cat-
alyst capable of maintaining stability for at least 1400 h under a
0.45 A cm™ water-splitting current in an alkaline electrolyzer cell. The
durable epitaxial hydroxide layer constructed on the surface of
NiMoO, synergistically enhances active hydroxyl adsorption,
thereby reducing the hydrogen evolution reaction barrier. Moreover,
the locally enhanced electric field on the dendritic epitaxial catalytic
layer increases the concentration of hydrated potassium ions, opti-
mizing the rigid hydrogen-bond network at the interface and further
accelerating HER reaction kinetics. Our discoveries provide an
effective strategy to optimize the electrochemical reaction kinetics
by controlling the electrode-electrolyte interface microenvironment,
thereby enhancing the HER performance of industrial electrolyzer
electrodes.

Methods

Chemicals

The following chemicals were purchased and used as-received without
further purification. Nickel nitrate hexahydrate (>99.9%, Sigma
Aldrich), ammonium molybdate (=99%, Sigma Aldrich), nickel chloride
(=98%, Sigma Aldrich), Potassium hydroxide (=98%, Sigma Aldrich),
sodium citrate (=99%, Sigma Aldrich), 20 wt% Pt/C (Sigma Aldrich),
Raney nickel and nickel foam (CeTech Co., Ltd).

Catalyst preparation

In a typical procedure for synthesizing the NiMoO, precursor, nickel
nitrate hexahydrate (0.8 mmol), ammonium molybdate (0.2 mmol),
and nickel foam (1.5 cm x 1.5 cm) were dissolved in 50 mL of deionized
water. After vigorous ultrasound for 1 h, the homogeneous suspension
with nickel foam was evaporated in an oven at 160 °C for 6 h. For the
synthesis of larger-sized materials, the corresponding amounts of raw
materials were adjusted: nickel nitrate hexahydrate (1150 mg),
ammonium molybdate (1000 mg), and nickel foam (7.0 cm x 20.0 cm)
in 300 mL of water, using a 500 mL oven. Electrochemical synthesis of
NiMoO, with an epitaxial catalytic layer (e-NiMoO,) was achieved using
a standard three-electrode system on a CHI 760E electrochemistry

workstation in a mixed solution of nickel chloride (0.04 M), KOH
(1.0 M), and sodium citrate (0.06 M). The NiMoO, precursor served as
the working electrode, a Ag/AgCl electrode as the reference electrode,
and platinum as the counter electrode. For the electrochemical
synthesis of large-scale electrodes, a DC power supply (Maisheng
KKS605N, 0-~60V, 0~5A) equipped with a peristaltic pump-driven
circulation system was employed under ambient temperature and
pressure. The current was maintained at 200 mA/cm?, and the synth-
esis duration was kept consistent with that of smaller electrodes.
Further optimization involved applying negative voltage and adjusting
the electrochemical synthesis time; the resulting samples were cleaned
and dried in a vacuum oven overnight at 80 °C.

Characterizations

Materials characterizations. Powder X-ray diffraction (XRD) patterns
of the materials were recorded on a Rigaku Ultima IV diffractometer
(Japan) with Cu Ka radiation (A = 0.15406 nm), scanning 20 from 10° to
80° with a step size of 0.04° to analyze crystalline structures. Surface
chemical composition and elemental valence states were determined
using an X-ray photoelectron spectrometer (AXIS SUPRA, Kratos)
equipped with a monochromatic Al Ka source and a charge neu-
tralizer. All binding energies were calibrated to the C 1s peak at
284.6 eV of adventitious carbon. Scanning electron microscopy (SEM)
images were acquired using a Hitachi Regulus 8100 microscope to
observe morphological features. Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy (HRTEM)
images were obtained on a JEOL JEM-2100Plus microscope operating
at 200 kV. Samples were prepared by ultrasonic dispersion in solution,
dropping onto copper grids with polyvinyl formal support films, and
air-drying. Atomic-scale phase distribution was characterized via high-
resolution aberration-corrected scanning transmission electron
microscopy (AC-HADDF-STEM, FEI Themis Z) at 60 kV and 60 pA.

X-ray absorption fine structure experiments. X-ray absorption fine
structure (XAFS) experiments, including X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS), were performed at the Shanghai Synchrotron Radiation
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Facility (BSRF) with a Si (111) monochromator. The storage ring oper-
ated at 8.0 GeV with an average current of 99.5 mA. Data reduction and
analysis were conducted using Athena and Artemis software (Demeter
package), with FEFF6 for EXAFS fitting. Energy calibration was per-
formed using a standard Ni foil, Ni(OH), and NiOOH. Pre-edge back-
ground was subtracted linearly, edge jumps were normalized, and k*-
weighted x(k) data were Fourier-transformed with a Hanning window
(Ak = 1.0). EXAFS fitting in R-space used a previously determined
amplitude reduction factor (So? = 0.85) from Ni foil fitting.

In situ XAFS experiments. In situ XAFS measurements were carried
out in a custom cell with 1.0 M KOH electrolyte. Catalyst inks (5 mg/
mL) were loaded onto 1x1cm? carbon paper (1mgcm™) and sealed
with Kapton film. Potentials ranging from -0.10 to -0.50V vs. RHE
were applied, and spectra were collected in triplicate using quick-
scanning XAFS for signal reliability, with absorption edge position (Eq)
calibrated against Ni foil.

Electrochemical measurements

The electrochemical performance of samples for the HER was mea-
sured using a standard three-electrode system on CHI 760E elec-
trochemistry workstation in 1.0 M KOH electrolyte (All electrolytes
were prepared immediately before use). The as-synthesized elec-
trodes, a graphite rod and a Hg/HgO electrode were used as the
working, counter and reference electrodes, respectively. Ti meshes
loaded with catalysts served as the working electrode. Nernst equa-
tion (Erpe = Eng/ngo +0.0591x pH +0.098) was applied to record all
potentials vs a reversible hydrogen electrode (RHE). In this work, all
potentials were reported vs a reversible hydrogen electrode (RHE).
Electrochemical surface area (ECSA) was calculated according to the
equation ECSA=Cq4/C,. The double-layer capacitance (Cq;) was eval-
uated on the basis of cyclic voltammetry (CV) curves within non-
faradic potential window of 0.1to 0.2V, with various scan rates range
from 5 to 30 mVs™, and the Cq is 40 pF cm™. It is noted that all the
linear sweep voltammetry (LSV) curves without iR corrections at a
scan rate of 5mVs™ was performed to evaluate the electrochemical
performance of catalysts towards the HER. The Tafel slope was
extracted by the Tafel equation, n=b logj + a, where n stands for the
overpotential for the HER, b denotes the Tafel slope, j denotes the
current density.

Industrial measurements

The industrial testing system was purchased from Cockerill Jingli
Hydrogen, China. The industrial electrolyzer was operated using 30 wt
% KOH solution. The e-NiMoO, disc electrodes with diameter of 6 cm
were integrated as both anode and cathode, respectively. NiMoO,4 and
commercial Raney Ni acts the control electrodes. The current density
of water splitting was simultaneously monitored at different tem-
peratures. The stability of the industrial electrolyzer was evaluated by
measuring chronopotentiometry at 0.45Acm™ and the tempera-
ture of 50 °C.

DFT computational details

All the calculations were performed using the Vienna Ab initio
Simulation Package (VASP) (Supplementary Data 1). The electron-ion
interaction was described by the projector augmented-plane-wave
(PAW) method, and exchange-correlation effects were treated with
the generalized gradient approximation (GGA) using the Perdew-
Burke-Ernzerhof (PBE) functional**. The van der Waals interactions
were corrected via the Grimme DFT-D3 model*. NiMoO, (110) and
Ni(OH), (001) were selected as model surfaces, with lattice para-
meters: a=153A, b=129A, ¢=30A for NiMoO, (110); a=13.5A,
b=12.2A, c=30A for Ni(OH), (001). A plane-wave cutoff energy of
450 eV was used, and the Brillouin zone was sampled witha2x2x1
Gamma-centered k-point mesh*. Structural relaxations converged

when residual forces on atoms were <0.01eV/A, with an energy
convergence threshold of 10°eV per cell. A 15A vacuum layer was
added perpendicular to the surface to avoid periodic image
interactions.

Free energy of hydroxyl adsorption on are defined as:

AGon = Gsyr—on — Gsur — Gon- 0y

where Ggyr-on, Gon, and Gg,, are the free energies of species adsorbed,
hydroxyl species and clean surfaces, respectively. At equilibrium
potential of HER:

1
Gu,0=Goy-+ 5 Gy, @)
Thus,

1
AGon =Gsyr—on — Gsur — G0+ 3 G ©)

TS values are from previous report:
1
AGoy=Esr on — Esur —Enyo* EEHZ +0.29eV )

Solvent-induced polarization charges were computed using the
PWmat code, adopting computational parameters consistent with the
aforementioned setup. Atomic structures were visualized using the
VESTA software. For alkaline HER, four key steps were considered in
the theoretical analysis: water adsorption, water activation, formation
of H' intermediates, and H, generation.

The Gibbs free energy (G) of each intermediate or product is given
by

AG = AE +AE 5 — TAS )

Here, AE represents the reaction energy directly derived from DFT
calculations; AEzpg (zero-point energy correction) and AS (entropy
correction) were obtained from vibrational frequency analyses; T was
set to 298.15K in this work*’.

MD simulation details
Atomistic molecular dynamics (MD) simulations were carried out
using the GROMACS package (version 2020.6) under cubic periodic
boundary conditions, with the CHARMM 36 general force field and
TIPS3P water model adopted for parameterization (Supplementary
Data 1). The equations of motion for all atoms were integrated via the
classic Verlet leapfrog algorithm, with a time step of 1.0 fs. Short-range
van der Waals and real-space electrostatic interactions were truncated
at a radius of 1.6 nm, while long-range electrostatic interactions in
reciprocal space were handled using the particle-mesh Ewald (PME)
summation method, with an interpolation order of 4 and a Fourier grid
spacing of 0.16 nm. Periodic boundary conditions were applied in all
three directions, and the Newtonian equations of motion were inte-
grated using the leapfrog algorithm.

The simulation system was constructed by randomly introducing
167 K" and OH ions into a box (=5.4 x 5.4 x 9 nm?) containing either a
NiMoO, surface or a Ni(OH), layer-supported NiMoO, surface. Water
molecules were then added to solvate the system. Following energy
minimization over thousands of steps, semi-isotropic NPT MD simu-
lations (with fixed surface side lengths) were performed to equilibrate
the system. Subsequent production runs were conducted under the
canonical ensemble (NVT) for 20 ns, with the temperature maintained
at 298 K using the Nose-Hoover thermostat. Non-bonded interactions
were truncated at 1.2nm, and long-range electrostatic interactions
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were computed via the PME method with a Fourier spacing of 0.1 nm.
All covalent bonds involving hydrogen atoms were constrained using
the LINCS algorithm.

COMSOL simulation details

Using the COMSOL Multiphysics finite element solver (https://www.
comsol.com/), we simulated the free electron density on the electrode,
as well as the electric field and potassium ion density near the elec-
trode. The Electric Currents module was employed to solve for the free
electron density on the electrode under a specific electrode bias
potential***°, The electric field E was calculated as the negative gra-
dient of the potential V, given by E=~-VV.

V-J=Q, (6)
f
j=aE+%i:+je @)

The diffusion layer consists of potassium ions that freely diffuse
within the electrolyte. A concentration gradient is formed toward and
away from the electrode surface through the tracking of charged

particles.
d dq\
di (mp E) =F;

Combine the Electrostatics and Diluted Species Transport mod-
ules to solve for the potassium ion density in the electric double
layer>°',

®

ac;

a—t_I+V'ji+u'VCi=Ri (9)

Ji= —DN¢; -z, Fc, Vv (10)

Data availability

All the data that support the findings of this study are available within
the paper and its Supplementary Information files. Source data are
provided with this paper.
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