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A B S T R A C T

Regulating the coordination environment of catalytic active sites is critical for improving the oxygen evolution 
reaction (OER) in alkaline media. In this work, a rational strategy based on hard-soft-acids-base principle is 
proposed to finely control the local environment around active sites by introducing hard Lewis-acid (W6 +) sites. 
In situ characterizations indicate that the Lewis acid selectively captures hydroxide ions (which act as hard Lewis 
bases), thereby modifying the hydrogen-bonding network and establishing a stable, hydroxide-enriched layer 
near the active regions. This persistently alkaline interface inherently inhibits chemical degradation, particularly 
under high-current conditions. Computational studies verify that the hydroxyl capture promotes and secures the 
*OOH transition states on the catalyst surface, reducing the energy barrier of the rate-limiting step. The designed 
Ni3Se2 catalyst, incorporating Lewis acidic W6+ centers (Ni3Se2/NiWO4), demonstrates outstanding catalytic 
activity in alkaline electrolyte, requiring only 235 mV overpotential to reach 10 mA cm− 2 and maintaining stable 
operation for over 500 h at 100 mA cm− 2. When incorporated within an anion exchange membrane water 
electrolyzer (AEMWE), the Ni3Se2/NiWO4-based cell exhibits exceptional endurance, operating continuously for 
96 h at an industrial-level current density of 1 A cm− 2. This study highlights Lewis acid-mediated active-site 
regulation as an effective strategy to control OER intermediates and enhance catalytic performance in alkaline 
water electrolysis.

1. Introduction

Hydrogen is a clean energy carrier with a high gravimetric energy 
density (142 kJ g− 1) [1]. Anion exchange membrane water electrolysis 
(AEMWE) for green hydrogen production using renewable electricity 
from wind and solar power is an intriguing possibility to alleviate the 
current global energy and environmental crisis [2–6]. However, the 
successive four-electron transfer process conversion involved in the 
anodic oxygen evolution reaction (OER) leads to its inherent slow dy
namics, which greatly impedes the efficiency of hydrogen production 
from electrolyzed water [7–11]. Electrocatalytic water-splitting is a 
triphasic process involving a solid electrodes, electrolytes, and gas 

products [12–15]. A typical pathway of OER reaction includes three 
steps: charge transfer and surface transformations (such as reactants 
chemisorb and products desorb from the electrode surface), charge 
transport, and mass transfer. Significant efforts are being focused on the 
surface regulation step by increasing the density of OER active sites and 
regulating the binding energies to balance the adsorption/desorption of 
intermediates [16–20].

According to the prevailing mechanism for alkaline OER, one hy
droxide (OH− ) is first adsorbed onto the metal surface to form M− OH 
bond (where M denotes metals), which is deprotonated to create M− O, 
and further experiences hydroxylation to produce M− OOH. Finally, the 
M− OOH reacts with OH− , leading to the formation of H2O and adsorbed 
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O2 [21]. The binding ability of intermediates and charge transfer are 
always considered as the key parameters for determining the OER ki
netics. The mechanism together with previous experimental studies [22, 
23], suggest that OER activity is directly related to the OH− adsorption 
at the active sites. The OH− adsorption is crucial for enhancing the OER 
performance since a higher number of OH− adsorption processes on 
exposed active sites provide favorable conditions for subsequent kinetic 
steps. In the conventional alkaline OER, most OH− anions are usually 
hydrated and their relatively low adsorption capabilities result in the 
major distribution on the outer Helmholtz plane (OHP), rather than the 
inner Helmholtz plane (IHP) where the reaction proceeds [24]. 
Following a Grotthuss-like mechanism, OH⁻ can exploit the 
hydrogen-bond network at the interface as a transport channel, where 
re-organization of interfacial water and hydrogen bonds facilitates their 
migration toward active sites [25]. A well-structured interfacial water 
network can effectively guide and pre-organize hydrated OH⁻ ions 
through hydrogen-bond interactions with their hydration shells, driving 
the OH− to approach the IHP toward the downstream reactions, thus 
improving catalytic efficiency in alkaline electrolytes. Meanwhile, the 
quick depletion of OH− ions would result in localized pH fluctuations 
(localized neutral or acidic micro-environments around the catalytic 
site), which degrade the catalyst's performance and longevity, especially 
during high current density operations [26]. So far, numerous efforts 

have been dedicated to facilitating desirable proton-electron diffusion 
and adsorption. Recent study by Dong’ group show that intercalated 
squaric acid anions stabilizes OH− through multiple hydrogen bond 
interactions, thus maintaining high catalytic interface alkalinity [27]. 
Strong electric field effect at nanotips [12] and the leaching of surface 
atoms [28] can also accelerate the conveyance of OH− . In addition, it is 
reported that Lewis acid layers on the catalyst surface also can promote 
the OH− adsorption. Ling et al. designed to coat a hard Lewis acid, 
Cr2O3, onto CoOx catalyst to adjust alkalized microenvironment, thus 
achieving efficiently direct seawater electrolysis [29]. Lewis acid not 
only acts as an electron receptor to regulate the electron-rich state of the 
metal sites but also enhances local alkalinity to resist the rapid depletion 
of OH− [30,31]. In particular, the W6+ doping sites with empty 5d0 

characteristic are reported to efficiently adsorb H2O and OH− groups, 
facilitating the O− O coupling, thereby reducing the OER overpotential 
[32,33]. Consequently, finely tuning the microenvironment through 
modifing Lewis acid sites at the catalyst-electrolyte interface represents 
a potentially effective approach to enhance the activity and stability 
[34–36].

Herein, following the classic hard and soft acid base theory, we 
introduce a hard Lewis acid layer, tungstate (W sites) over the Ni3Se2 
catalyst to capture hydroxyl anions (a hard Lewis base) and modulate 
hydrogen-bond network, thus tailoring localized alkalized 

Fig. 1. Synthesis process and microscopy characterization. (a) Schematic diagram for the fabrication and (b) XRD pattern of Ni3Se2/NiWO4. SEM images of (c) Ni3Se2 
and (d) Ni3Se2/NiWO4. (e) TEM image, (f) HR-TEM image, and (g) corresponding lattice spacing profiles of Ni3Se2/NiWO4. (h) The HAADF-STEM and corresponding 
EDS mapping images of Ni, W, Se, and O elements in Ni3Se2/NiWO4.
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microenvironment. The existence of such in-situ generated local alka
linity creates a high-speed pathway for OH− transport into active site 
and optimizes the adsorption of reaction intermediates, thus achieving 
efficient OER. Specifically, experimental and theoretical studies verify 
that the introduction of Lewis acid sites can regulate the interfacial 
hydrogen bonding interactions, avidly capturing significant volumes of 
OH− groups at the reactive sites, which plays a critical role in prolonging 
the catalytic lifespan. As a result, the hierarchical Ni3Se2/NiWO4 exhibit 
a low overpotential of 235 mV at 10 mA cm− 2 and maintaining stable 
operation at 100 mA cm− 2 for 500 h, surpassing even the most recently 
reported non-precious metal-based catalysts. Furthermore, The Ni3Se2/ 
NiWO4-based electrode exhibits remarkable durability in an anion ex
change membrane water electrolyzer (AEMWE), achieving stable oper
ation for ~100 h at 1 A cm− 2, which meets a key industrial performance 
benchmark. The proposed microenvironment modulation strategy pro
vides a fundamental insight for designing advanced AEMWE catalysts, 
enabling simultaneously superior activity and operational stability via 
precise local environment control.

2. Experimental section

2.1. Chemicals and reagents

Tungsten hexachloride (WCl6, 98.0%), potassium hydroxide (KOH, 
90.0%), sodium borohydride (NaBH4, 98%), selenium (Se, 99.9%), 
ethanol (C2H5OH, 99.7%), hydrochloric acid (HCl, 37.0%). Ni foam 
(NF) was purchased from commercial company. The 5 wt% Nafion so
lution and commercial Pt/C (20 wt% for platinum) were all purchased 
from Adamas Chemical Reagent Co. Ltd. RuO2 powder was synthesized 
by directly annealing RuCl3⋅3 H2O (37%, Inno-chem) at 400 ◦C in air. 
The deionized water (18.2 МΩ cm) was produced by an ultrapure water 
system (Millipore). All reagents and chemicals were commercially 
available and without further purification.

2.2. Preparation of Ni3Se2

A piece of NF (1 ×3 cm2) was sequentially washed with HCl, ethanol, 
and deionized water to ensure thorough cleaning before use. For the 
preparation of NaHSe solution, 0.059 g Se powder was added into 
1.5 mL deionized water containing 0.065 g NaBH4. After gentle stirring 
for several minutes, a clear NaHSe solution was obtained. The freshly 
prepared NaHSe solution was added into 30 mL ethanol. Then the so
lution was transferred into 50 mL Teflon-lined stainless steel autoclave, 
along with a pretreated NF substrate, and maintained at 180 ℃ for 12 h 
in an electric oven. Upon gradual cooling to room temperature, the 
sample was collected and washed with water and ethanol several times 
and then dried at 60 ℃.

2.3. Preparation of Ni3Se2/NiWO4

0.4 mmol WCl6 was dissolved in 30 mL ethanol, and stirred for 1 h to 
form light blue solution. Next, the mixture solution and pretreated 
Ni3Se2 were together transferred into 50 mL Teflon-lined stainless steel 
autoclave and heated at 180 ℃ for 6 h. After naturally cooled down to 
room temperature, the production was collected, rinsed multiple times 
with water and ethanol, and then dried at 60 ◦C. A series of Ni3Se2/ 
NiWO4 samples were prepared by adjusting the WCl6 dosage to 
0.35 mmol, 0.40 mmol, and 0.45 mmol, respectively, while maintaining 
other hydrothermal conditions (180 ◦C, 6 h) unchanged.

2.4. Preparation of RuO2 and 20 wt% Pt/C

The commercial RuCl3⋅3 H2O was directly calcined at 400 ◦C for 3 h 
in the air to obtain RuO2 powder. And then 2 mg RuO2 or 20 wt% 
commercial Pt/C was dispersed into a mixture of 50 μL deionized water, 
250 μL ethanol and 5 μL 5 wt% Nafion, respectively. The mixture was 

ultrasonically treated for at least 30 min to form a uniform catalyst ink, 
then dropped onto the surface of NF (1 cm × 1 cm) and dried naturally in 
the air.

3. Results and discussion

As illustrated in Fig. 1a, a self-supporting Ni3Se2/NiWO4 hetero
structure was constructed by a two-step procedure. Based on the classic 
hard and soft acid− base theory, [31] where hard acids preferentially 
bind with hard bases, we prsopose the introduction of hard Lewis acid 
species on the host-catalyst to capture hydroxy (a hard Lewis base) and 
further regulate the interfacial microenvironment of active Ni sites. To 
validate this hypothesis, we attempted to modify tungstate (W sites), 
which can act as hard Lewis acids, onto the Ni3Se2 catalyst, resulting 
interfacial characteristics. The commercial nickel foam (NF) with a 
porous structure and goodchemical/mechanical stability is selected as 
both substrate and Ni source for Ni3Se2 growth. Initially, NF was sele
nidized to form the high crystalline Ni3Se2, and then NiWO4 nanowalls 
were grown on the 3D Ni3Se2 by a hydrothermal process to deliver the 
final heterostructure. This method features the epitaxial growth of 
NiWO4 on Ni3Se2 nanowires, providing a structural basis for strong 
interfacial geometric and electronic interaction between NiWO4 and 
Ni3Se2. The crystallographic texture of the obtained catalysts was firstly 
elucidated by X-ray diffraction (XRD) patterns. The direct in-situ hy
drothermal growth of nickel selenide nanowires on NF as the precursor 
was indexed to be trigonal Ni3Se2 (PDF#02–1348), as shown in 
Figure S1. The monoclinic tungstate (NiWO4, PDF#15–0755) assembles 
with Ni3Se2 to constitute the Ni3Se2/NiWO4 composite (Fig. 1b). 
Moreover, the XRD Rietveld refinement method is applied to verify the 
crystal structure of Ni3Se2 and NiWO4 in Figure S2. The fitting param
eters in Table S1 and calculated patterns indicate acceptable correlation 
between observed and calculated XRD patterns. To visualize the mor
phologies and microstructures of the as-prepared materials, the images 
from scanning electron microscopy (SEM) experiment were collected. 
Figure S3a and S3b shows the low-magnification SEM image for NF after 
selenization, indicating its surface is fully covered by densely packed 
Ni3Se2 film. The magnified imagery in Fig. 1c demonstrates the forma
tion of interconnected Ni3Se2 nanowires, usually 40–80 nm in diameter 
and up to several micrometers in length. The nanorod arrays on a 
self-sustaining electrode framework offer an expansive surface condu
cive to accelerated mass transport, particularly at heightened current 
densities. The morphology of Ni3Se2/NiWO4 are subsequently depicted 
in Figure S3c and Fig. 1d, where uniform nanosheets are densely and 
vertically grown on the Ni3Se2 substrate, forming interconnected 
network of nanowalls. The morphology evolution from Ni3Se2 nano
wires to Ni3Se2/NiWO4 nanowalls is driven by seed-induced heteroge
neous nucleation and directional self-assembly of NiWO4 nanosheets, 
which is governed by interfacial energy minimization. [37] Such intri
cate configuration facilitates enhanced structural stability and efficient 
mass transport. [38,39] Transmission Electron Microscopy (TEM) re
iterates morphology of Ni3Se2/NiWO4 (Fig. 1e). The high-resolution 
TEM (HR-TEM) image of Ni3Se2/NiWO4 manifests clear lattice fringes. 
Figs. 1f and 1g confirm the tight lattice contact between the (3− 1− 22) 
lattice plane (D-spacing=0.171 nm) of typical trigonal Ni3Se2 and the 
(− 111) lattice plane (D-spacing=0.285 nm) of monoclinic NiWO4. En
ergy dispersive X-ray spectroscopy (EDS) mapping profiles reveal the 
homogeneous distribution of Ni, W, Se, and O elements throughout the 
Ni3Se2/NiWO4 sample (Fig. 1h). The water contact angle in Figure S4
reveals that the Ni3Se2/NiWO4 displayed superior hydrophilicity with a 
contact angle of 0◦. Such superhydrophilicity of Ni3Se2/NiWO4 can 
optimize the adsorption strength of H2O molecules on the active surface 
sites and enhance the catalytic performance [40,41]. Moreover, the 
inductively coupled plasma mass spectrometry (ICP-MS) analysis was 
used to further determine the detailed loading of different electro
catalysts. Thereinto, the Ni3Se2/NiWO4 catalyst comprises 54.8 wt 
%/3.4 mg cm− 2 W (Table S2). It is noteworthy that given that Ni serves 
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as both a substrate and a Ni source, the determination of Ni loading is 
inaccurate.

X-ray photoelectron spectroscopy (XPS) was employed to investigate 
the chemical states and electronic interactions of the electrocatalysts. 
The XPS survey spectra, as depicted in Figure S5, confirm the coexis
tence of Ni, W, Se, and O elements in Ni3Se2/NiWO4. As illustrated in 
Figure S6a, the high-resolution Ni 2p spectrum of the Ni3Se2/NiWO4 
exhibits distinct peaks at 853.48 and 871.08 eV, which can be attributed 
to Ni-Se bonds.The peaks at 855.30 and 872.84 eV originate from Ni-O 
bonds. Additionally, satellite peaks (abbreviated as Sat.) at 860.30 and 
878.50 eV are discernible [42]. It is noteworthy that after introducing 
Lewis acid with an electron-withdrawing effect, the Ni peaks of 
Ni3Se2/NiWO4 shifts toward higher binding energy compared with 
Ni3Se2, indicating W attracts electrons from Ni and a increase in the Ni 
valence state. The W 4 f XPS spectrum of Ni3Se2/NiWO4 displays two 
peaks at 34.98 eV and 36.98 eV, which correspond well to the W 4f7/2 
and W 4f5/2 of W5+ states, respectively (Figure S6b). The peaks at 35.70, 
37.84, and 41.41 eV can be assigned to W6+ and WO3 loss feature peak 
[43]. From the Se 3d spectrum of Ni3Se2 (Figure S6c), two 

differentiation of peaks at 53.35 and 54.27 eV corresponded to the Se 
3d5/2 and Se 3d3/2 regions of the Ni-Se bond, respectively. The peak at 
58.40 eV was assigned to the oxidized selenium species (SeOx), which is 
inevitable in the air [44,45], Expectedly, the Se 3d spectrum of 
Ni3Se2/NiWO4 shows weak signal with many burrs caused by the 
coverage of NiWO4. In the O 1 s spectrum, it can be seen that three 
well-fitted peaks are well deconvoluted into the lattice oxygen (M-O) at 
530.71 eV, surface hydroxyl groups bound to the metal ions (M-OH) at 
531.72 eV, and surface-adsorbed water (H2Oads.) at 533.10 eV, severally 
(Figure S6d).

The chemical states of Ni3Se2/NiWO4 and Ni3Se2 were analyzed 
using X-ray absorption near-edge spectroscopy (XANES). Fig. 2a dis
plays the absorption edge of Ni K-edge XANES of Ni3Se2/NiWO4 moves 
to higher energy compared to Ni3Se2, indicating a decrease in electron 
density on Ni atoms caused by the Lewis acid, in line with XPS results. 
The Ni K-edge extended X-ray absorption fine structure (EXAFS) of 
Ni3Se2/NiWO4 (Fig. 2b) reveals clear peaks for Ni-O and Ni-Se bonding 
[46]. Remarkably, the relative positions of Ni-Se have obvious differ
ences in the two samples, without phase correction, which is also 

Fig. 2. (a) Ni K-edge, (b) Fourier transforms of k2-weighted EXAFS spectra at Ni K-edge, and Wavelet-transformed k2-weighted EXAFS spectra of (c) Ni3Se2/NiWO4 
and (d) Ni3Se2. (e) W L3-edge XANES spectra, (f) Fourier transforms of k2-weighted EXAFS spectra at W L3-edge, and (g) Wavelet-transformed k2-weighted EXAFS 
spectra of Ni3Se2/NiWO4. (h) UPS spectra of Ni3Se2/NiWO4 (up) and Ni3Se2 (down). (i) Band structure alignment of the Ni3Se2/NiWO4 and Ni3Se2 catalysts.
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confirmed by wavelet transform (WT) (Figs. 2c-2d and Figure S9). The 
model-based EXAFS fitting results of Ni K-edge EXAFS show that the 
coordination number of Ni-Se decreases from 3.7 (Ni3Se2) to 1.3 
(Ni3Se2/NiWO4) (Figure S7-S8 and Table S3). This change is attributed 
to the introduction of the 5d W stretching the bonding distance and 
forming low-coordination metal sites. The relatively high-valent Ni and 
the extended Ni-Se bond length are helpful for activating OER. Addi
tionally, the W L3-edge XANES spectrum indicates that the valence state 
of W in Ni3Se2/NiWO4 approaches WO3 (W6+), exposing abundant 
d-band holes in W, which facilitates the reception of hydroxyl anions 
groups (Fig. 2e) [47]. The EXAFS spectra (Fig. 2f) and WT-EXAFS con
tour maps (Fig. 2g and Figure S10 and S11) exhibit a distinct peak at 
≈ 1.36 Å (without phase correction), which corresponds to the 
first-shell W-O coordination.

Moreover, Ultraviolet photoelectron spectroscopy (UPS) shows 
lower work function in Ni3Se2/NiWO4 (3.76 eV) than Ni3Se2 (4.30 eV), 
suggesting the electronic structure in Ni3Se2/NiWO4 is modified due to 
charge redistribution between Ni3Se2 and NiWO4 to reach the equilib
rium state (Fig. 2h) [48]. The electronscan easily transfer from the inside 
of the catalyst to the surface for electron exchange with reactants after 
introducing the Lewis acid, W sites [49,50]. In addition, the UPS spectra 
displays a difference in valenceband maximum value, implying an 
altered electronic configuration in Ni3Se2/NiWO4 (Fig. 2i) [51]. The 
above observations confirm that there is a strong electron interaction 
between Ni3Se2 and NiWO4, which results in the change of activity 
around the interface and the regulation of catalyst’s performance.

The electrochemical characteristics of Ni3Se2/NiWO4, Ni3Se2, RuO2 
and NF catalysts were assessed in a 1.0 M KOH electrolyte. All 

polarization curves were recorded from high initial potential to low 
potential to prevent signal overlap of the oxidation peak. Linear sweep 
voltammetry (LSV) curves demonstrate that Ni3Se2/NiWO4 composite 
exhibits significantly enhanced performance in the OER, displaying 
overpotentials of only 235, 310, and 330 mV at 10, 100, and 
200 mA cm− 2, respectively, which are much lower than that observed 
for Ni3Se2 RuO2, and NF catalysts (Figs. 3a and 3b). It suggested that the 
beneficial impact of NiWO4 doping on enhancing the OER activity. 
Typically, the reduction peak is attributed to the Ni2+/Ni3+ redox 
transition. Under anodic potentials, the Ni3Se2/NiWO4 and Ni3Se2 un
dergoes electrochemical oxidation and surface reconstruction to form 
active NiOOH species, while the reduction peak in the reverse scan 
corresponds to the reduction of oxidized Ni species to lower-valence 
states (Figure S12). The more pronounced redox feature in Ni3Se2/ 
NiWO4 suggests facilitated Ni redox transformation, which promotes the 
formation of active species and enhances OER activity [52]. The 
reproducibility of the Ni3Se2/NiWO4 synthesis was confirmed by per
formance data from three independent batches (Figure S13). Specif
ically, through systematic experiments contingent on different molar 
amounts of W6+, we concluded that the most favorable OER perfor
mance is realized on Ni3Se2/NiWO4 catalyst with 0.4 mmol W6+

(Figure S14). The OER activity follows a clear volcano-type trend with W 
content, where insufficient or excessive W dosage leads to reduced ac
tivity due to limited active sites or increased charge-transfer resistance, 
respectively. Although the complexity of the multiple OER steps makes 
it challenging to deduce the exact mechanism solely from the Tafel 
slope, the low value suggests favorable electrocatalytic kinetics. [53]
Ni3Se2/NiWO4 exhibits a lower Tafel slope (62.0 mV dec− 1) compared 

Fig. 3. (a) LSV polarization curves of Ni3Se2/NiWO4, Ni3Se2, RuO2 and NF catalysts. (b) Overpotentials at 10, 100, and 200 mA cm− 2. (c) Tafel plots. (d) Cdl. Bode 
phase plots of (e) Ni3Se2/NiWO4 and (f) Ni3Se2. (g) Comparison with the recently reported catalysts. (h) Chronopotentiometric curve of Ni3Se2/NiWO4 at 
100 mA cm− 2 (insets display the polarization curves of Ni3Se2/NiWO4 before and after 10000 CV cycles).
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to Ni3Se2 (84.86 mV dec− 1), RuO2 (71.3 mV dec− 1), and NF (102.6 mV 
dec− 1), evidencing its rapid kinetic process (Fig. 3c). To evaluate the 
intrinsic activity of the catalysts, we determined the electrochemically 
active surface area (ECSA) through measurements of the double-layer 
capacitance (Cdl). Ni3Se2/NiWO4 delivers higher Cdl (6.0 mF cm− 2) 
and ECSA (150 cm2) than other catalysts (Fig. 3d, Figure S15 and 
Figure S16a), indicating much more exposed active sites after intro
ducing NiWO4. ECSA-normalized LSV is conducted to further investigate 
the intrinsic activity of the catalysts. As illustrated in Figure S16b, 
Ni3Se2/NiWO4 exhibits the highest ECSA-normalized current density. 
Besides, the ECSA-normalized current density for Ni3Se2/NiWO4 ach
ieved 0.5 mA cm− 2, at the overpotential of 300 mV, which was about 
2-fold higher than those for Ni3Se2 (0.25 mA cm− 2). The turnover fre
quency (TOF) values, also demonstrates the best performance of 
Ni3Se2/NiWO4, with the TOF value of 0.0065 s− 1 at η= 300 mV, much 
higher than that of Ni3Se2 (0.0041 s− 1) (Figure S16c-d) [54]. These 
trend for the tested samples aligns with the LSV results, indicating the 
high activity of Ni3Se2/NiWO4 catalyst not only from the larger active 
area, but also the enhanced intrinsic activity [55]. As illustrated in 
Figure S17 and S18, the Faradaic efficiency (FE) for Ni3Se2/NiWO4 
demonstrated close to 100%, as determined by comparing the experi
mentally obtained oxygen volume with the theoretical expectation. The 
in-situ EIS tests were performed at different applied potentials (1.30 −

1.60 V vs. RHE) to further understand the electrochemical reaction ki
netics process. With increasing potential, the semicircle observed in the 

Nyquist plots diminishes significantly, indicative of faster reaction ki
netics and more efficient adsorption of reactants. The lowest Rct value 
and the most rapid decrease in Rct for Ni3Se2/NiWO4 indicate its supe
rior kinetics for adsorbing key oxygen-containing intermediates and its 
good ability to adsorb reactants at a lower driving potential (Figure S19
and Table S4). To further investigate the kinetics of the electrochemical 
reaction process, the phase angle vs. voltage plots is shown in Fig. 3e and 
f. In the EIS-derived Bode phase plots, the peak in the high-frequency 
range (102 − 105 Hz) is associated with the oxidation of electro
catalysts, while the peak in the low-frequency range (10− 2− 101 Hz) is 
indicative of OER process [56]. Upon increasing the applied potentials, 
the smaller phase peak angle was observed for Ni3Se2/NiWO4 in the 
low-frequency region compared that of Ni3Se2, signifying that the 
interaction at the interface between the catalyst and the electrolyte fa
cilitates the charge-transfer process, thus improving the kinetics of the 
OER. A comparison of the overpotential and Tafel slope with previously 
reported non-precious catalysts is depicted in Fig. 3g and summarized in 
Table S5, which confirm the superior performance and kinetics of 
Ni3Se2/NiWO4 catalyst. Apart from the excellent activity, the long-term 
durability of the catalyst is another vital indicator. The OER stability of 
the as-prepared Ni3Se2/NiWO4 was evaluated by continuous cyclic CV 
for 1000 cycles and chronopotentiometry (CP) test at constant current 
densities of 100 mA cm− 2. As shown in the inset of Fig. 3h, no obvious 
decay in polarization curves was observed for Ni3Se2/NiWO4 after 
10000 cycles. Furthermore, the overpotential required to achieve the 

Fig. 4. In-situ Raman spectra at different potentials for (a) Ni3Se2/NiWO4 and (b) Ni3Se2. (c) Schematic diagram of surface reconstruction. Polarization curves of (d) 
Ni3Se2/NiWO4 and (e) Ni3Se2 in 1.0 M KOH solution with (dashed lines) and without (solid lines) 1.0 M methanol. (f) Current difference between the polarization 
curves in 1.0 M KOH solution with and without 1.0 M methanol for Ni3Se2/NiWO4 and Ni3Se2. In-situ FTIR spectra of (g) Ni3Se2/NiWO4 and (h) Ni3Se2. (i) 
Normalized peak intensity of *OOH and *OH as a function of applied potential for Ni3Se2/NiWO4 and Ni3Se2.
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current density of 100 mA cm− 2 remained constant with a negligible 
increase over 500 h, suggesting its good durability (Fig. 3h). As a 
binder-free electrode, the as-synthesized Ni3Se2/NiWO4 exhibits good 
activity and durability under alkaline conditions as concluded above.

The electrochemical in-situ Raman spectroscopy was employed to 
probes the catalyst structural evolution and interface local environments 
(The catalysts were not subjected to CV activation as for LSV measure
ments). Apparently, the peaks located at around 246 cm− 1 can be 
indexed to nickel selenides [57,58], which are not observable in 
Ni3Se2/NiWO4 catalyst due to NiWO4 effectively obscuring the associ
ated Raman signal during the second reaction step, align with Se 3d XPS 
results. A weak W-O peak of NiWO4 at ~810 cm− 1 is visible in 
Figure S20. Its intensity diminishes with increasing potential due to the 
accumulation of surface NiOOH species, which obscure the Raman 
signal from the underlying NiWO4. [59] As the potential increased, new 
coupled Eg (bending vibration of the oxygen atoms along the plane) and 
A1 g (stretching vibration of oxygen atom perpendicular to the plane) 
bands appeared at 477 and 560 cm− 1, which are attributed to Ni-O bond 
in NiOOH (Figs. 4a and 4b) [60,61]. Notably, the formation of NiOOH 
species, active for Ni3Se2/NiWO4 catalyst at a lower potential (1.35 V) 
compared to Ni3Se2 (1.45 V), demonstrates that incorporating NiWO4 
significantly contributes to dynamic reconstruction, thus improving the 
catalytic activity. Moreover, compared to Ni3Se2, the peak intensity of 
NiOOH species in Ni3Se2/NiWO4 catalyst became more prominent as the 

potential increased from 1.35 V to 1.50 V, suggesting that a higher 
population of the active species was formed. In-situ Raman spectroscopy 
confirms that Lewis acid sites are instrumental to lower the generation 
potential of active species while increasing quantity (Fig. 4c). The 
reduced formation potential of NiOOH is attributed to the synergistic 
effects of the electron-withdrawing modulation of W6+ centers and 
Ni3Se2/NiWO4 interfacial coupling, which facilitate charge transfer and 
lower the Ni2⁺→Ni3⁺ oxidation barrier, together with the formation of a 
locally OH--enriched microenvironment that thermodynamically pro
motes the transformation.

Under alkaline conditions for OER, the redox of active sites is typi
cally coupled with the transfer of hydroxide ions (OH− ). The adsorption 
behavior of hydroxyl species on the catalysts is investigated using Zeta 
potential measurement, which reflects the charge density of the cata
lyst's surface and provides insights into the interaction between the 
catalysts and OH species [23]. Lewis acid exhibits negative charge 
accumulation at the catalyst− electrolyte interface to resist the rapid and 
persistent depletion of OH− during OER. [30] As shown in Figure S21, 
Ni3Se2/NiWO4 exhibits optimized adsorption of OH− , with a more 
negative potential of –16.0 mV compared to Ni3Se2 (–5.84 mV). This is 
attributed to the introduction of a Lewis acid layer (tungstate) on the 
catalyst surface to capture a huge amount OH− surrounding the catalyst 
[29]. Meanwhile, monitoring the pH near the electrode surface reveals a 
slightly higher local pH for Ni3Se2/NiWO4, indicating OH⁻ enrichment 

Fig. 5. (a) Potential-dependent absorption intensities of interfacial water measured by in-situ Raman in the1 M KOH electrolyte for Ni3Se2/NiWO4. (b) The popu
lation of different types of water on Ni3Se2/NiWO4 (up) and Ni3Se2 (down). (c) Potential-dependent peak shifts of various interfacial water types in Ni3Se2/NiWO4 
(up) and Ni3Se2 (down). ICOHP between chemisorbed H2O and Ni active centers on (d) NiOOH/NiWO4 and (e) NiOOH. (f) Calculated H2O adsorption energy. Charge 
state of the H and O atoms on (g) NiOOH/NiWO4 and (h) NiOOH. (i) Schematic representation of the electrochemical interface during water oxidation.
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induced by the Lewis acidic W species (Figure S22). Due to the existence 
of such generated local alkalinity, such preferential enrichment of OH−

is effectively manifested in the enhanced first reaction intermediate 
(*OH) during the OER process (* + OH− → *OH + e− ). [62] The 
strengthened *OH adsorption was also experimentally confirmed using 
methanol as a probe. The methanol oxidation reaction (MOR) follows a 
well-established mechanism where methanol molecules nucleophilically 
attack the electrophilic *OH. Consequently, MOR is more active on 
surfaces with stronger *OH adsorption [63]. Upon introducing 1.0 M 
methanol into a 1.0 M KOH solution, the current densities for both 
Ni3Se2/NiWO4 and Ni3Se2 increased significantly (Figs. 4d and 4e), 
attributable to methanol electrooxidation. The difference in current 
densities, directly proportional to the number of transferred charges, 
was quantified by calculating the area between the curves [64]. Notably, 
compared to Ni3Se2, a larger current difference observed for Ni3Se2/
NiWO4 decorated by Lewis acid sites between the MOR versus OER 
(Fig. 4f), indicates stronger MOR competition, verifying enhanced *OH 
adsorption. Next, we perform in-situ Fourier transform infrared (FTIR) 
spectroscopy to monitor surface oxygen intermediates on the catalyst 
during OER using a custom-made electrochemical cell. Upon applying 
potential, distinct peaks were detected at 1212 cm− 1 for Ni3Se2/NiWO4 
and 1170 cm− 1 for Ni3Se2 (Figs. 4g and 4h), which represents the 
stretching vibration of the *OOH species, consistent with the charac
teristics of the typical adsorption evolution mechanism (AEM) [65,66]. 
The in-situ IR spectra show a positive shift of the *OOH peak from 
1170 cm⁻¹ (Ni3Se2) to 1212 cm⁻¹ (Ni3Se2/NiWO4). This shift arises from 
the Lewis acid reducing the electron density of active Ni sites and 

strengthening the O-O bond of adsorbed *OOH. Such optimization en
hances intermediate adsorption and accelerates kinetics. [67] Most 
noticeably, the peak intensity of *OOH recorded on Ni3Se2/NiWO4 is 
considerably stronger than that for Ni3Se2, which confirms the incor
poration of Lewis acid sites supplies the necessary reactants for the 
conversion from *O to *OOH, thereby facilitating the subsequent re
actions and oxygen exchange [68]. Previous studies have shown that the 
formation of *OOH is generally considered to be the rate-determining 
step (RDS) [69,70]. It is inferred that the enrichment of *OOH in
termediates in Ni3Se2/NiWO4 implies a change and decrease in the free 
energy of RDS during the OER process, which will be further confirmed 
in subsequent discussion. Meanwhile, the wavenumbers ranging from 
3200 to 3600 cm− 1 are attributed to the O− H stretching mode of OH− . 
The increase in OH− vibration intensity on Ni3Se2/NiWO4 is higher than 
that on Ni3Se2, indicating that abundant OH− can be adsorbed on the 
surface of Ni3Se2/NiWO4. [71] The above results consistently suggest 
that interface in Ni3Se2/NiWO4 effectively promotes adsorbed OH− to 
participate in the anodic reaction (Fig. 4i). Besides, higher wavenumbers 
indicate weakened hydrogen bonding, resulting in enhanced mobility of 
interfacial water [47]. Interestingly, compared to Ni3Se2, a distinct shift 
toward higher wavenumbers with increasing potential is observed in the 
Ni3Se2/NiWO4 peaks, indicating a greater proportion of free water on 
the catalyst surface. Therefore, the introduction of Lewis acids facilitates 
the enrichment of interfacial water, which is consistent with predictions 
from in-situ Raman results.

We used in-situ Raman spectroscopy to investigate the supramolec
ular interactions of interfacial water molecules under varying potentials, 

Fig. 6. (a) The DOS plots and (b) pDOS plots for NiOOH/NiWO4 and NiOOH. (c) Schematic D-band diagrams. The bonding and antibonding states are indicated by σ 
and σ*, respectively. (d) ELF of NiOOH/NiWO4. (e) Evaluation of OH adsorption using the ELF and (f) the OH adsorption energy for NiOOH/NiWO4 and NiOOH. (g) 
The proposed alkaline OER mechanism on NiOOH/NiWO4. (h) OER free-energy diagrams for NiOOH/NiWO4 and NiOOH.
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shedding light on their molecular-level activation mechanism and its 
determinant role in the water molecules' reactivity during subsequent 
OER steps. A broad band spanning over the wavenumber range of 
2000–3000 cm− 1, which is attributed to the OH stretching mode, ap
pears in both Ni3Se2/NiWO4 and Ni3Se2. The OH stretching band was 
resolved into three distinct components through Gaussian deconvolu
tion, each representing a unique hydrogen-bonding configuration of 
interfacial water. Specifically, the 4-coordinated H-bonded water (4HB- 
H2O) belongs to strong H-bonded water, while the 2-coordinated H- 
bonded water (2HB-H2O) and the cation (K+ in our electrolyte system) 
hydrated water (K-H2O) correspond to weak H-bonded water [72,73]. 
Interestingly, these components show different evolution trends in 
response to increasing potentials in the two catalysts. The proportion of 
2HB-H2O and K-H2O in Ni3Se2/NiWO4 demonstrate a growth with the 
applied potential increasing from 1.1 to 1.6 V (Figs. 5a and 5b), while 
4HB-H2O showed a decreasing trend. For the Ni3Se2, the 4HB-H2O signal 
exhibits a gradual increase (Figure S23). The Stark slope, derived from 
the linear plot of vibration frequency against electrode potential, 
quantified the contribution of each water component. A steeper Stark 
slope indicates that free H2O is more sensitive to local electric fields than 
4-HB-H2O and 2-HB-H2O (Fig. 5c). Following the classical Grotthuss 
mechanism, the migration of OH is contingent upon hydrogen bonds 
network [25]. These results suggest that the Lewis acid restructures the 
interfacial water molecules into a dynamic and flexible 
hydrogen-bonded network, which facilitates the transport of OH⁻ ions 
and makes it easier to activate electrochemically for the subsequent OER 
steps.

Through the analysis of bonding and antibonding orbital filling [74, 
75], the crystal orbital Hamilton population (COHP) and integrated 
COHP (ICOHP) calculations results demonstrate that NiOOH/NiWO4 
exhibits the lowest ICOHP value (− 0.874), indicating a stronger H2O-M 
interaction compared to NiOOH (− 0.708), as shown in Figs. 5d and 5e. 
Further calculation of the H2O adsorption energy revealed that intro
ducing Lewis acid sites enhanced water adsorption, thereby modulating 
the hydrogen-bond network (Fig. 5f). In addition, the Bader charge 
analysis of *H2O on NiOOH/NiWO4 shows that enhanced the polariza
tion of the O-H bonds, which effectively drives the reorganization of 
hydrogen-bond network structure (Figs. 5g and 5h). These results reveal 
that the Lewis acid induces dynamic transformation of the rigid the 
hydrogen-bond network, thereby increasing the interfacial water con
tent and thus the concentration of active OH species, which provides a 
prerequisite for sustained OER (Fig. 5i).

Based on in-situ electrochemical Raman and IR results, the structure 
of Ni3Se2/NiWO4 after stability was further investigated. The SEM of 
post-stability (Figure S24) reveals slight agglomeration in the surface 
morphology, which is inevitable in the continuous operation. The Ni 2p 
XPS spectrum after stability indicates a markedly increased ratio of 
Ni3+/Ni2+, suggesting the oxidation of Ni2+ with the formation of active 
NiOOH (Figure S25a). Notably, Figure S25b shows minimal signals 
associated with Se atoms, indicating nearly complete leaching of Se, 
consistent with previous reports [76,77]. The cleavage of the Ni–Se 
bonds and the leaching of Se lead to a rearrangement of the electronic 
structure at the metal center, consequently enhancing the activity of the 
derived-NiOOH [60]. The shift of W 4 f XPS to lower binding energy 
indicates an increase in electron cloud density of W, which further 
confirms the electron acceptor characteristic of Lewis acid 
(Figure S25c). The above results indicate that the surface of the catalyst 
underwent a reconfiguration into a metal hydroxide beneficial for OER.

Density functional theory (DFT) calculations were performed to 
better understand the regulation mechanism of the Lewis acid on OER 
activity at active Ni sites. The corresponding atomic models, based on 
the conclusion of surface reconstruction, are shown in Figure S26. The 
(105) facet of NiOOH and (-111) facet of NiWO4 were adopted as the 
crystal surfaces for DFT calculations. The total density of states (TDOS) 
calculation shows that NiOOH/NiWO4 has greater density of states at 
the Fermi energy (Ef) level, suggesting improved conductivity and 

explaining its exceptional activity (Fig. 6a). The projected density of 
state (PDOS) illustrates that Ni d-orbital electrons contributions are 
mainly in the valence band, whereas the conduction band is composed 
predominantly W d-orbital electrons (Fig. 6b). This analysis prelimi
narily indicated that Ni serves as catalytic active sites by contributing 
the states near the valance band edge [78]. Compared with NiOOH 
(− 1.25 eV), the calculated Ni d-band center (εd) of NiOOH/NiWO4 
(− 1.01 eV) is significantly raised owing to the electronic transference. 
According to the d-band theory, the upshifted d-band center may lead to 
the enhanced adsorption of oxygen-containing intermediates at the Ni 
site. Further analysis of the abundance of d-orbital electrons close to the 
Fermi level, rather than significantly below it, enables the efficient 
charge transfer from transition metals centers to oxygenated in
termediates during the OER process (Fig. 6c) [79]. After a rounded 
analysis, it is clear that the model architecture harbors promising active 
sites denoted as Ni-O-W-O-Ni and Ni-O-Ni-O-Ni. The electron localiza
tion function (ELF) can intuitively display the charge distribution state 
of W atoms. The results show that the charge is obviously enriched 
around W atom (yellow regions indicate charge accumulation). This 
observation is fully consistent with the electron-accepting behavior of W 
revealed by XPS characterization, further clarifying the electronic 
modulation effect of Lewis acid sites on the catalytic interface (Fig. 6d). 
W regulates electrons redistribution through Ni-O-W bonds, regulating 
the surface charge distribution of high-active NiOOH through interfacial 
interactions [47].

As proven by the above Zeta potential and in-situ characterizations 
experiments, the Lewis acid sites can enhance the OH adsorption. The 
ELF analysis was further employed to evaluate OH adsorption on NiOOH 
and NiOOH/NiWO4. A color-scale scheme was employed to elucidate 
the ELF, in which yellow stands for a fully localized state and blue stands 
for a fully delocalized state. It reveals that electron localization by the 
Ni-bound OH was enhanced after introducing W (Fig. 6e). It is also 
confirmed by the theoretical calculated results that the OH adsorption 
energy for NiOOH/NiWO4 is − 1.495 eV, more negative than that of 
− 1.148 eV for pure NiOOH (Fig. 6f). The increased OH− adsorption 
facilitates the surface phase transformation of selenides to hydroxide 
and OER-active oxyhydroxide. Therefore, theoretical calculations 
confirm that introducing Lewis acid sites on Ni sites can regulate hy
droxyl connectivity, which is beneficial for driving the subsequent 
process forward.

To identify the OER mechanism featured by our catalysts, we carried 
out OER tests in the presence of tetramethylammonium hydroxide 
(TMAOH), as tetramethylammonium cations (TMA+) can selectively 
bind to adsorbed peroxide, a key intermediate of lattice oxygen oxida
tion mechanism (LOM). [80] By simply using 1.0 M TMAOH as the 
electrolyte, we witnessed that both Ni3Se2/NiWO4 and Ni3Se2 remained 
almost unaffected, confirming mainly follows the AEM (Figure S27). 
Furthermore, as expected from the Raman spectra (Figure S28), there 
are no the characteristic peaks of TMA+, when the two electrodes were 
operated at a constant potential of 1.55 V versus RHE in 1.0 M TMAOH 
electrolyte. These results validate that the two catalysts undertake an 
AEM pathway. [81] The OER was proposed to follow a four-electron 
transfer pathway involving the sequential formation of adsorbed *OH, 
*O, and *OOH intermediates (where asterisks denote adsorption sites) 
(Fig. 6g, Figure S29 and S30). The Gibbs free energy changes also 
calculated for each elementary step in the OER, which based on the free 
energy of the rate-determining step (RDS). As shown in Fig. 6h, the W 
sites in NiOOH/NiWO4 exhibit the lowest OH adsorption energy (ΔG1 =

0.61 eV), indicating the strong adsorption of OH, which confirms the its 
Lewis acidity. This causes a significant activation energy barrier for OH 
desorption and O-O coupling on the W sites, consequently leading to the 
weak OER activity. The Ni sites in NiOOH/NiWO4 exhibit favorable 
thermodynamic energy barrier than that of W sites, indicating that the 
Ni sites are the main active centers for OER. The formation of *OOH 
from *O is the RDS for NiOOH, and its free energy barrier (1.88 eV) is 
higher than that for NiOOH/NiWO4 (1.49 eV) (Table S7). Nevertheless, 
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the RDS for NiOOH/NiWO4 from *OOH formation to *O formation, and 
the free energy barrier decreased drastically to 1.57 eV, suggesting that 
the OER activity of NiOOH/NiWO4 can be indeed enhanced by acti
vating *OOH intermediates, in line with in-situ FTIR results. This result 
indicates predominant active site for the OER was identified as the 
Ni-O-W-O-Ni site. This site is proposed to enable a W led efficient site, 
which supports the activation and stabilization of *OOH intermediates. 
Consequently, our modified OER mechanism involves the accelerated 
formation and increased coverage of *OOH intermediates on the catalyst 
surface via the hydroxyl (Lewis base) captured by W sites, which lowers 
the energy barrier of RDS in conventional AEM and greatly increases the 
catalytic effectiveness.

Given such an excellent OER performance, we constructed an alka
line anion-exchange membrane water electrolyzer (AEMWE) using 
Ni3Se2/NiWO4 as the anode and commercial Pt/C spray-deposited on 
carbon paper as the cathode, aiming to approximate industrial water 
electrolysis conditions (Fig. 7a). As shown in Fig. 7b, the noble metal- 
free AEMWE device with a Ni3Se2/NiWO4 anode exhibits a lower cell 
voltage than that of the RuO2-based device. In terms of current density 
performance, the Ni3Se2/NiWO4-based noble metal-free electrolyzer 
surpasses most previously reported noble metal-free AEMWE systems at 
the current density of 400 mA cm− 2, as illustrated in Table S7 and 
Fig. 7c, indicating its application in future green hydrogen production. 
Moreover, the cell voltage of Ni3Se2/NiWO4||Pt/C exhibits outstanding 
long-term durability at 1.0 A cm− 2 for 96 h in AEMWE (Fig. 7d).

4. Conclusions

In summary, we incorporate a Lewis acid tungstate layer onto Ni3Se2 
catalyst to deliberately control the local alkalinity of the interfacial 
microenvironment to improve water oxidation effectively. Detailed in- 
situ spectroscopic evaluations and theoretical calculations elucidate an 
efficient catalytic mechanism: Lewis acid binds OH⁻ (hard Lewis base) 
and restructures the interfacial hydrogen-bond network to generate a 
localized, sustained alkaline micro-environment at active Ni sites. This 
engineered interface ensures continuous OH⁻ supply and stabilizes 
active intermediates during OER process. As expected, the well-designed 
Ni3Se2/NiWO4 composite achieves a reduced overpotential of 235 mV at 
10 mA cm− 2 in alkaline electrolyte and stable activity for 500 h at 

100 mA cm− 2. The Ni3Se2/NiWO4 exhibits remarkable durability in an 
AEMWE system, maintaining an industrial-grade current density of 
1 A cm− 2 for 96 h. This study provides a promising strategy for estab
lishing surface microenvironment to rationally and accurately design 
highly active OER electrocatalysts, which broadens applications in 
exploring other electrocatalytic reactions.
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