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Constructing an asymmetric charge distribution and built-in electric field (BIEF) has proven to be an
effective strategy for enhancing the catalytic performance of both hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) catalysts. Herein, a Mo-doped Ni/WOs3 heterojunction catalyst was
immobilized on Ni foam for enhancing the performance of the HER and OER. The constructed Ni/WOs3
heterointerface facilitates electron transport, while the incorporation of Mo further amplifies charge
asymmetry in the interfacial region. The optimized Moz—Ni/WO3 catalyst exhibits excellent performance,
requiring only 13 mV and 328 mV overpotential to reach current densities of 10 and 100 mA cm™~2 for
the HER and OER, respectively. Besides, it maintains stable overall water splitting performance at 100 mA
cm™2 for 90 h. The asymmetric distribution of Ni/WOs interfacial charge is promoted and electron
transport is enhanced by Mo doping. Theoretical results show that element doping in the
heterostructure turns W sites into additional adsorption centers, optimizing the energetics of H*
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Accepted 13th Novernber 2025 adsorption during the HER. Mo doping reduces the work function (¢) of Moz—Ni/WOs, promoting
efficient electron transfer and lowering the energy barrier for intermediate formation, thereby enhancing

DOI: 10.1039/d55c06522d OER activity. This strategic modulation of charge asymmetry in heterojunction architectures provides
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1 Introduction

The growing adoption of renewable energy sources like solar
and wind power as sustainable alternatives to fossil fuels
demands the development of advanced energy conversion
technologies.™” Water electrolysis is a promising method for
producing high-energy-density hydrogen with zero carbon
emissions.>* However, its practical use is limited by the slow
kinetics of the HER and OER, which require high overpotentials
and reduce efficiency.>® Developing bifunctional electro-
catalysts capable of driving both reactions has become a key
strategy. This simplifies electrolyzer design, lowers costs, and
improves reaction balance and compatibility.”® Current design
strategies for high-performance, stable bifunctional catalysts
include heterojunction electronic structure modulation and
doping engineering. However, the integration of the afore-
mentioned regulatory strategies for the HER/OER with different
reaction pathways remains to be thoroughly investigated.®
Consequently, the simultaneous regulation of HER and OER
performance through the application of heterojunctions and
elemental doping engineering has become a key research focus
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a new approach for the rational design of high-performance bifunctional electrocatalysts.

to enable competitive practical bifunctional catalysts for the
HER/OER."

Previous studies have shown that the design of dynamic
adaptive heterostructure bifunctional catalysts is an effective
strategy for total water hydrolysis. This strategy indicates that
the catalyst will undergo dynamic electron regulation to meet
the potential requirements of the HER and OER, respectively."
Nickel-based materials are emerging as promising bifunctional
catalysts for the HER and OER due to their cost-effectiveness,
intrinsic catalytic activity, and tunable valence states that can
adapt to varying reaction conditions."** Nevertheless, practical
implementation of Ni-based systems remains constrained by
challenges including agglomerated active sites and diminished
utilization efficiency.’**> Current optimization strategies to
improve site utilization and avoid agglomeration have been
dedicated to compositional engineering via 3D porous structure
construction,'® heterostructure design,"”” and the electronic
regulation strategy.'®* Among these, developing heterostructure
materials with metal oxide substrates and a BIEF offers a highly
effective approach. Transition metal oxide carriers provide
tunable electronic properties and adjustable band structures,
creating unique electronic environments that enhance the
adsorption energetics of reaction intermediates during the HER
and OER."?° This type of metal oxide support has been proved
to improve both the intrinsic activity and stability of the
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materials through structural design and electronic modulation.
Tungsten trioxide (WOs), a prototypical semiconductor, shows
great promise in catalysis due to its tunable electronic structure,
diverse morphology, and excellent chemical stability.”* Strategic
construction of heterointerfaces between WO; and active
components has been shown to substantially enhance catalytic
performance. For example, Zhou et al. reported a PtRu alloy
catalyst supported on WO; with abundant oxygen vacancies by
a microwave-assisted approach.?” The introduction of WO; with
abundant oxygen vacancies induced electron enrichment on Pt
sites, reasonably optimizing the hydrogen recombination
process, which improved the electrochemical activity of the
HER. However, the application of WO; in overall water splitting
is limited by intrinsic drawbacks such as low electrical
conductivity and inadequate active site density.”® To further
improve the intrinsic activity of WO;, morphology regulation
and defect engineering strategies have been explored. For
example, Li et al. prepared a nanotube array-like WO3/W pho-
toanode through the electrochemical anodic oxidation
method.?* The one-dimensional nanotube-like structure of WO,
and the strong interaction between WO; and the W foil carrier
promote efficient electron-hole separation and mass transfer,
resulting in high photocurrent density.

Additionally, heteroatom doping is an effective strategy to
regulate the electronic structure and surface properties of
heterojunction materials.”® By introducing doping elements,
the band structure, work function, and charge distribution of
the material can be adjusted to optimize the catalytic perfor-
mance, which contributes to the material exhibiting dual
functional properties in overall water splitting. The molyb-
denum (Mo) element has strong electropositivity, which can
significantly regulate the electron distribution and promote the
nucleophilic adsorption of water.>** For example, Ge et al
synthesized Mo-doped NiCo LDH and the FeCo,S, hetero-
structure through hydrothermal and electrodeposition reac-
tions.?® The strong redistribution of the charges around metal
active sites by Mo doping induced a weakened adsorption
energy barrier for intermediates in the HER and OER. Mo
element doping effectively regulates charge redistribution in
heterojunction structures, offering a viable strategy to control
catalyst adsorption and reaction pathways, enabling the catalyst
to perform efficiently in both the HER and OER. Consequently,
combining elemental doping with heterostructure engineering
enables the rational design of composite catalysts, allowing for
precise optimization of electronic configurations and surface
properties to enhance HER and OER catalytic efficiency.

In this work, a self-supported Mo-doped Ni/WO; hetero-
structure catalyst (Mo,~Ni/WO;) was rationally synthesized. The
WO; nanoarray carrier with a rough surface leads to well-
exposed active sites, resulting in a hydrophilic interface
between electrodes and electrolytes. It also functions as an
electron acceptor, forming a BIEF in conjunction with Ni. The
incorporation of Mo induces an enhanced local electrophilic/
nucleophilic region in the heterostructure interface, leading
to a decreased work function of the material, which constructs
the BIEF and accelerates interfacial charge transfer kinetics
between WO; and Ni active sites. The optimized catalyst Moz-
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Ni/WOj; achieves ultralow overpotentials of 13 mV and 108 mV
to deliver current densities of 10 mA cm ™2 for the HER and OER,
respectively. Density functional theory (DFT) -calculations
elucidate that W optimizes the adsorption of intermediate H* in
the HER process. Meanwhile, the formation of the oxidation
state of Ni sites is optimized by doping Mo with high valence,
reasonably regulating the adsorption energetics of oxygenated
intermediates to boost OER performance. These synergistic
effects endow the Mo;-Ni/WO; heterostructure catalyst with
superior electrochemical activity, demonstrating its promising
potential for alkaline water electrolysis applications.

2 Experimental
2.1 Materials

Nickel foam (NF, thickness is 1.5 mm) was procured from
Suzhou Taili Metallic Foam Co., Ltd. Ammonium tungstate
((NH4)10H2(W,05)6, 98.5%), potassium hydroxide (KOH, 85%),
nickel chloride hexahydrate (NiCl,-6H,O0, 99%), sodium
molybdate (Na,MoO,, 98.5%), sodium citrate dihydrate (Na,-
Ce¢HgO,-2H,0, 99%), and ruthenium dioxide (RuO,) were
purchased from Aladdin. The commercial Pt/C catalyst (20 wt%)
and lauryl sodium sulfate (SDS, 99%) were gained from Inno-
chem. Absolute ethyl alcohol (AR, 99%) and ammonia were
purchased from Tianjin Jindong Tianzheng Fine Chemical
Reagent Factory.

2.2 Synthesis of WO;/NF

A Ni foam substrate (3 x 4 cm) was thoroughly washed with
acetone, HCI (1 M), and deionized water to clean the surface for
further use. Then, 60 mM of (NH,);,H,(W,0-)s, and 100 mM of
sodium SDS were dissolved in 35 mL of deionized water at 25 °C
to form a mixed solution under continuous magnetic stirring
for 3 h. After that, the treated Ni foam was added to the mixed
solution and stirring was continued for 1 h. The resultant
mixture was subsequently introduced into a Teflon-lined
stainless-steel autoclave and subjected to hydrothermal treat-
ment at 200 °C for 6 hours under autogenous pressure in
a precisely temperature-controlled reaction chamber. Finally,
the products were washed with deionized water and ethanol
after natural cooling, and dried under vacuum at 50 °C. WO;/NF
was prepared by a subsequent calcination under an Ar atmo-
sphere at 400 °C for 2 h.

2.3 Synthesis of Mo,-Ni/WO;

A homogeneous solution was prepared by dispersing 4 mmol of
NiCl,-6H,0, 4.3 mmol of Na,C¢HgO,-2H,0, and 3 mmol of
Na,MoO, in 50 mL of deionized water, followed by ultra-
sonication for 10 minutes. The pH of the resulting solution was
adjusted to 10 using ammonia. WO5/NF (1 x 1 cm?), a platinum
sheet and a Ag/AgCl electrode were used as the working elec-
trode, counter electrode, and reference electrode, respectively.
Electrodeposition was performed via chronopotentiometry at
a constant current density of —0.18 A cm™> for 600 s. The
product was named Moz;-Ni/WOj3. Ni** and Mo®" were reduced
on the prepared WO; substrate with a rough surface through

© 2025 The Author(s). Published by the Royal Society of Chemistry
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induced co-deposition. Na,C¢HsO,*2H,O0 serves as a complex-
ing agent by forming a stable complex with Ni**, thereby shift-
ing the reduction potential to more negative values. The catalyst
loading mass of Mo;-Ni/WO; is shown in Table S1. To investi-
gate the influence of precursor concentration and deposition
time, a series of Mo, Ni/WO; electrodes were synthesized.
Specifically, electrodes with Na,MoO, concentrations of 1, 2,
and 4 mmol were prepared and labelled as Mo;-Ni/WO3, M0,—
Ni/WOj;, and Mo,-Ni/WOj3, respectively. Additionally, electrodes
with electrodeposition times of 300 s and 900 s were fabricated
and denoted as Mo3;-Ni/W0O3;-300 and Mo3;-Ni/W0O3-900,
respectively.

For comparison, Ni/WO; was synthesized without the addi-
tion of Na,MoO, in the electrolyte. Mo;-Ni/NF was synthesized
in the same electrolyte with Mo;-Ni/WOj; except the treated Ni
foam was used as the working electrode.

2.4 Characterization of catalysts

The microstructural features and dimensional parameters of
the samples were characterized through advanced electron
microscopy techniques, including field-emission scanning
electron microscopy (FE-SEM, Hitachi SU8010) and high-
resolution transmission electron microscopy (HR-TEM, Tecnai
G2 F20). Structural properties and carbon ordering were
examined using X-ray diffraction (XRD, Bruker D8 Advance)
with Cu Ko radiation (A = 1.5418 A) in conjunction with Raman
spectroscopic analysis (Horiba Jobin Yvon T6400) employing
a 532 nm excitation laser. And metal content was determined by
inductively coupled plasma optical emission spectrometry (ICP
OES, Optima 7300 V). Surface chemical analysis was performed
via X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
Alpha) utilizing an Al Ka X-ray source with charge neutralization
capability. Electron paramagnetic resonance (EPR) spectros-
copy (Bruker EMXplus) was utilized to detect the unpaired
electron signals of the catalysts. Work function determination
was derived from ultraviolet photoelectron spectroscopy (UPS,
Thermo SCIENTIFIC Nexsa) with He resonance lines (21.22 eV).
The electrochemical behavior was evaluated using a CHI 1130E
electrochemical workstation (Shanghai Chenhua Instrument
Co., Ltd) configured with a conventional three-electrode
arrangement.

2.5 Electrochemical measurements

Electrochemical measurements were performed using
a conventional three-electrode configuration, comprising a Hg/
HgO reference electrode, Pt sheet counter electrode, and Mo;—
Ni/WO; working electrode. The electrocatalytic performance for
the HER and OER was evaluated in 1 M KOH electrolyte. Linear
sweep voltammetry (LSV) measurements were conducted at
a scan rate of 10 mV s~ ' with 85% iR compensation, and all
potentials were converted to the reversible hydrogen electrode
(RHE) scale using the following conversion: Egyp) = Eqg/mgo) +
0.098 + 0.059 x pH, where the electrolyte pH was maintained at
approximately 14. Electrochemical impedance spectroscopy
(EIS) was employed to determine charge-transfer resistance

across a frequency range of 0.01 to 10°> Hz. The electrochemical
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surface area (ECSA) was estimated through double-layer
capacitance (Cq;) measurements derived from cyclic voltam-
metry (CV) scans in the non-faradaic region at varying scan rates
(30-180 mV s '). Additional CV analyses were performed at
10 mV s ' within a potential window of 0.02-50 mV s~ * to
investigate hydrogen underpotential deposition. Long-term
stability was assessed through LSV comparisons before and
after 2000 CV cycles, complemented by chronoamperometric
(CA) measurements to evaluate catalytic durability.

Overall water splitting tests were conducted in a homemade
two-electrode system with Mo;-Ni/WO; as both the cathode and
anode. The LSV curves were obtained in 1 M KOH at a scan rate
of 5 mV s~ " within 1.1-2.1 V (vs. RHE).

The catalyst inks for Pt/C and RuO, electrodes were prepared
by dispersing 5 mg of each catalyst in a mixed solvent system
containing 500 pL of deionized water and ethanol, followed by
the addition of 35 uL Nafion solution as a binder. The mixture
was subjected to thorough ultrasonication to achieve homoge-
neous dispersion. Subsequently, 60 pL of the resulting ink was
uniformly deposited onto hydrophilic carbon cloth substrates
using a precise pipetting technique. The coated electrodes were
then air-dried at ambient temperature (28 °C) to ensure proper
adhesion and film formation.

3 Results and discussion
3.1 Morphological and structural characterization

The synthetic procedures for hierarchical Mo,~Ni/WO; are
illustrated in Fig. 1a. (NH,);0H,(W»0)s, and Ni foam were
employed as a tungsten source and reducing agent, respectively.
SDS was introduced into water to form an immiscible two-phase
system, leading to the formation of an oil-water interface.”
During the hydrothermal process, the precursor nanosheets are
assembled at the oil-water interface driven by high temperature
and high pressure. With increasing reaction time, additional
precursor nanosheets accumulate and stack, leading to the
formation of a precursor structure with a rough surface. The
vertically oriented-WO; with oxygen vacancies was formed by
a hydrothermal reaction and calcination process, respectively,
which was denoted as WO;/NF (Fig. Sla). The WO3/NF archi-
tecture, featuring vertically oriented nanosheets and a rough
surface, offers an increased ECSA and provides favourable
nucleation sites for subsequent metal deposition.*® The metal
sites were reduced on the WO; substrate through electrodepo-
sition. SEM and TEM of Mo;-Ni/WO; show the typical
morphology of small speres in Fig. 1b and c. To highlight the
crucial role of the WO; substrate, metal sites are directly
electrodeposited on bare NF (Fig. S1b), showing large metal
particle morphology compared to Mo3;-Ni/WOj3;. The high-
resolution transmission electron microscopy (HRTEM) image
in Fig. 1d exhibits a well-defined heterogeneous interface in Ni
and WO;. The lattice fringes with spacings of 0.316 and 0.328
nm correspond to the (200) and (102) plane of WOj3, respec-
tively. Furthermore, lattice fringes with a spacing of 0.176 nm
are in alignment with the (200) plane of Ni. The HRTEM image
failed to show any crystal lattice data related to Mo, suggesting
the incorporation of Mo through doping in the Mo;-Ni/WO;
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Fig. 1 Schematic illustration for Mo,—Ni/WOs3 preparation (a), SEM (b), TEM (c), lattice fringe (d), and elemental mapping images (e) of Moz—Ni/

WO3.

material. The EDS elemental mapping images in Fig. 1e show
that W, Ni, Mo, and O elements are evenly distributed in the
catalyst. The elemental contents of Mo;-Ni/WOj; tested by EDS
are shown in Table S2. The Ni, W, and Mo element contents in
Mo;-Ni/WO; were also determined by ICP analysis and were
found to be 6.18%, 58.02%, and 1.40%, respectively. The SEM of
Ni/WOs; in Fig. S1c shows a similar morphology to Mo;-Ni/WOs;,
indicating that the formation of the Mo element does not
significantly alter the overall structural framework of the
material.

XRD analysis was conducted to systematically investigate the
crystalline phase structure and composition of Moz;-Ni/WOj;,
Fig. 2a shows the XRD patterns of Mo;-Ni/NF, WO;/NF, Ni/WO3,
and Mo;-Ni/WO;. Notable diffraction peaks located near 20
values of 14.32°, 23.92°, 28.35°, 37.22°, 49.83°, 55.55°, and
63.42° align with WO; (PDF#08-0634).>>* Additionally, the
presence of metallic Ni is confirmed by diffraction peaks at
44.75°, 52.23°, and 76.67°, which correspond to Ni (PDF#70-
0989). A detailed analysis reveals a notable positive shift in
the Ni peak at about 44.75° in the Mo;-Ni/WO; catalyst
compared to Ni/WOj;, indicating that Mo enters in the form of
element doping.** This observation further supports the
hypothesis that Mo is predominantly incorporated as a dopant
rather than forming discrete phases. Besides, the XRD pattern
of Mo;-Ni/NF only shows the characteristic peaks of Ni.

Chem. Sci.

The chemical bonding states of the surface composition in
the prepared catalysts were investigated by XPS.*> The survey
XPS spectrum verified the presence of W, Ni, Mo, and O
elements in the Mos;-Ni/WO; catalyst (Fig. S2). The element
content tested by XPS is shown in Table S3, which is similar to
the EDS result. In the high-resolution Ni 2p XPS spectrum of
Mo;-Ni/WO; (Fig. 2b), the peaks at 856.3 eV and 873.9 eV
correspond to Ni 2ps,, and Ni 2p;,, of Ni**, respectively, with
satellite peaks observed at about 862.5 eV and 880.8 eV.*® Peaks
at approximately 852.6 eV and 869.7 eV indicate metallic Ni°.
Notably, Ni 2p;/, in Mo;-Ni/WO; (856.4 and 852.8 eV) shows
a more significant positive shift compared to that in Ni/WO;
(856.1 and 852.6 €V), indicating electron loss in Mo;-Ni/WO;
due to the incorporation of Mo. The high-resolution W 4f
spectrum in Fig. 2c shows two main peaks at approximately
35.5 eV and 37.6 eV, corresponding to 4f;,, and 4fs,,>** indi-
cating that W in Mo3;-Ni/WO; is present as W*®". It is observed
that the W incorporation causes a negative shift in Mo;-Ni/WO;
when compared with those of Ni/WO; (35.6 €V, 37.7 eV) and
WO3/NF (35.7 eV, 37.9 eV), suggesting the formation of a strong
electron interaction between Ni and WO; upon Mo doping. The
Mo 3d high-resolution XPS spectrum of Mo;-Ni/WO; in Fig. 2d
shows that the two peaks at about 232.4 and 235.4 eV can be
attributed to Mo®’, and a pair of peaks at about 230.8 and
233.9 eV are assigned to Mo®*.%* These findings indicate that the
formation of the heterojunction interface results in an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The XRD patterns of Moz—Ni/NF, Ni/WO=, WO3/NF, and Moz—Ni/WOs (a), XPS survey spectra of Ni (b), W (c), Mo (d), and O (e), and EPR

signals (f) of Ni/WOz and Moz—Ni/WOs.

asymmetric charge distribution between Ni and W. Mo doping
further enhances the charge asymmetry, giving rise to
a stronger BIEF in Mo;-Ni/WOj;, which may contribute to
improved electrochemical performance. The O 1s XPS spectra of
Mo;-Ni/WO; and Ni/WO; can be resolved into three charac-
teristic peaks at about 530.3, 531.0, and 532.2 eV ascribed to
lattice oxygen (Oy), surface oxygen vacancies (Oy), and chem-
isorbed or dissociated oxygen species (O,q5) as shown in Fig. 2e.
The relative Oy percentage of Mo;-Ni/WO; increases compared
to that of Ni/WO;, indicating that Mo doping effectively
promotes the formation of surface oxygen defects.*® To further
confirm the presence of oxygen vacancies, the EPR spectrum in
Fig. 2f was employed. Both catalysts exhibit a characteristic EPR
signal at g = 2.003, which is ascribed to unpaired electrons
trapped in oxygen vacancy defects.’” Notably, the significantly
enhanced signal intensity observed for Mo;-Ni/WO; provides
direct evidence of its higher concentration of oxygen vacancies
compared to the undoped counterpart. The ionic radius of Mo
differs from those of W and Ni. As a result, Mo doping induces
local lattice distortion and triggers a charge compensation
effect. To maintain electrical neutrality, the lattice spontane-
ously generates positively charged oxygen vacancy defects as
compensatory species.*” The oxygen vacancies play a crucial role
in enhancing interfacial charge transfer, which is beneficial to
reduce the energy barrier for the O* — OOH* transformation
during the OER process.*® Furthermore, contact angle
measurements reveal distinct interfacial wettability, while the
bare Ni foam substrate maintains a finite contact angle (Fig. S3);
the optimized Mo;-Ni/WO; catalyst demonstrates hydrophilic
behaviour with instantaneous spreading and complete

© 2025 The Author(s). Published by the Royal Society of Chemistry

infiltration of water droplets. The excellent hydrophilicity of
Mo;-Ni/WO; could be partially attributed to its distinct nano-
array structure. This structure is advantageous for facilitating
the contact between the electrode and the electrolyte, as well as
the detachment of bubbles during the electrochemical
process.***°

3.2 Electrochemical measurements for the HER

The HER activities of catalysts were evaluated in 1.0 M KOH
using a standard three-electrode system. Fig. 3a and b present
the iR-corrected LSV curves for different catalysts and the cor-
responding overpotentials at different current densities. It is
revealed that Mo,-Ni/WO; achieves 10 mA cm >
potential of 13 mvV, exhibiting a significant improvement
compared to Ni/WO; (18 mV), which indicates that Mo doping
of the Ni/WO; heterojunction interface can promote HER
performance. Mo;-Ni/WO; also exhibits superior catalytic
performance to commercial Pt/C (30 mV@10 mA cm™?), being
much lower than that of WO,/NF (36 mV), Mo,;-Ni/NF (55 mV),
and NF (122 mV). The kinetic changes of prepared catalysts can
be proved by Tafel plots in Fig. 3c. The Tafel slope of Mo;-Ni/
WOs; is as low as 37 mV dec™}, which is close to that of Pt/C
(25 mV dec™ ') and lower than those of Ni/WQ; (47 mV dec™ %),
WO,/NF (62 mV dec™ '), Moz-Ni/NF (72 mV dec™ '), and NF
(111 mV dec ). The decreased Tafel slope of Mo;-Ni/WO;
indicates that the rate-determining step (RDS) has shifted
desorption.** Compared to the reference materials depicted in
Fig. 3d, Mo;-Ni/WO; exhibits the superior electrochemical
performance. Meanwhile, the EIS results reveal that Mo;-Ni/

at an over-

WO; exhibits the lowest charge transfer resistance (R.), which
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Fig. 3 Polarization LSV curves toward the HER in 1.0 M KOH (a), the overpotentials of obtained samples at different current densities (over-
potential values were obtained from the average of 3 measurements) (b), Tafel slopes (c) of Moz—Ni/NF, Ni/WO3z, WO3/NF, Mos—Ni/WOs, NF, and
commercial Pt/C, comparison of the HER performance of Mos—Ni/WO3 with other recently reported electrocatalysts*#~*° (d), the Nyquist plot (e)
and Cq values (f) of Moz—Ni/NF, Ni/WOs, WO=/NF, Mos—Ni/WOs, NF, and commercial Pt/C, the LSV polarization curves of Mos—Ni/WO- before
and after 2000 CV cycles (g), and the chronopotentiometry test of Mos—Ni/WQj3 at an initial current of 100 mA cm~2 for 50 h (h).

further substantiates that Mo doping at the Ni/WO; hetero-
junction interface significantly improved the charge transfer
efficiency. Notably, compared to Mo;-Ni/NF, the excellent
performance of the material is also partially attributed to the
nanoarray morphology of the WO; substrate. The WO;
substrate functions as an electron acceptor, forming a BIEF in
conjunction with Ni. Besides, the ECSA, based on double-layer
capacitance (Cq), can be determined through CV tests con-
ducted on prepared catalysts at different scan rates as shown in
Fig. S4.*> As shown in Fig. 3e, M0;-Ni/WO; possessed the largest
double-layer capacitance (17.8 mF cm™>), higher than that of Ni/
WOj; (15.2 mF cm™ %), WO3/NF (10.4 mF cm™?), Mo;-Ni/NF (7.5
mF cm %), and NF (1.9 mF cm ™), which implies that the Mos-
Ni/WO; catalyst possesses the highest intrinsic HER activity.
This result indicates that Mo-doping of the heterogeneous
interfaces provides large ECSA for the electrocatalytic process.
Furthermore, the LSV polarization curves of Mo3;-Ni/WO;
remained almost unchanged significantly after 2000 CV cycles
compared to the initial one in Fig. 3g. The chronoamperometric

Chem. Sci.

response of Mo3;-Ni/WO; was recorded at a current density of 10
and 100 mA cm 2 for 50 h as shown in Fig. S5 and 3h,
demonstrating the excellent electrochemical durability.
Fig. S6a—-c display the Bode phase angle plots of M0;-Ni/WOj3,
Ni/WOj3, and WO;/NF measured at various applied potentials,
while Fig. S6d illustrates the dynamic variation of the phase
angle as a function of the applied potential. A smaller phase
angle in the low-frequency region corresponds to faster HER
kinetics and a higher electron transfer rate for the optimal
sample. Compared with Ni/WO;, and WO;/NF, the phase angle
of Mo;-Ni/WO; exhibits a significant change with increasing
applied voltage, indicating enhanced HER kinetics. These
results suggest that both W and Ni can serve as active sites for
the HER. The excellent HER performance of Mo;-Ni/WO; can
be attributed to the unique Mo-doped Ni/WO; heterojunction
interface, which indicates that the enhanced charge transport
kinetics at the heterojunction interface improves the H*
adsorption/desorption efficiency during the HER. The large size
of the nanoarray topography offers a large electrochemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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surface area and enhanced hydrophilicity, thereby facilitating
a more efficient mass transfer process during electrochemical
reactions.*

To demonstrate the improvement in hydrogen desorption on
Mo doping, CV scanning among Mo;-Ni/WO; and Ni/WO; was
conducted at different scan rates. As shown in Fig. 4a-c, both
Mo;-Ni/WO; and Ni/WO; catalysts exhibit pseudocapacitive
behaviour as the scan rate increases, which indicates the
occurrence of a reversible redox process involving intermedi-
ates.’® The enhanced hydrogen desorption peak intensities of
Mo;-Ni/WO; illustrates the increased amount of desorbed
hydrogen.”” Besides, the displacement of the hydrogen
desorption peak is demonstrated by CV scanning in Fig. 4d.
Compared with Ni/WO;, Moz;-Ni/WO; exhibits a notably
reduced slope, indicating the enhanced hydrogen desorption
kinetics.?>%®

This result demonstrates that the enhanced charge asym-
metry induced by Mo doping results in improved electron
transport efficiency in the heterojunction interface, which
enhances the efficiency of intermediate product adsorption/
desorption during the HER process.

To further investigate the energy band structure and elec-
tronic states of prepared catalysts, the UPS spectra were ob-
tained as shown in Fig. 4e. The moderate valence band
maximum (E,) value of Mo3;-Ni/WOj; (2.63 €V) is lower than that
of Ni/WO; (2.68 e€V) and WO3/NF (2.72 eV), indicating lower
density of states around the Fermi level (Ef), which suggests
improved adsorption for intermediates.* The work function of
prepared catalysts was calculated from secondary electron cut-
off energy. As illustrated in Fig. 4e, the work function of Mo;-

a) b)
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Ni/WO; (3.82 eV) is lower than that of Ni/WO; (4.14 eV) and
WO3/NF (4.41 eV). The energy band contact diagrams of Moz~
Ni/WO;, Ni/WO;, and WO;/NF are presented in Fig. 4f. The
formation of Ni/WO; heterostructures facilitates the transfer of
electrons from Ni to WO;, while the incorporation of the Mo
element in the Mo;-Ni/WO; catalyst results in stronger electron
interaction and an enhanced BIEF, which exhibits a more effi-
cient electron transfer process.

Furthermore, the effects of different Mo doping amounts
and different electrodeposition times on electrochemical
performance are discussed in Fig. S7. The SEM image of Mo,~
Ni/WO; under different Mo contents is shown in Fig. S8, which
exhibits similar morphology. Combined with XRD and XPS
characterization, Mo in the form of doping in the material does
not affect the intrinsic morphology. This result indicates that
Mo doping has a critical threshold for the positively modulating
the electronic structure of the Ni/WO; heterojunction. The
loading capacity of the Ni active site is determined by different
electrodeposition times; the SEM image is shown in Fig. S9.
When the electrodeposition time is 300 s, the less active sites on
Mo3-Ni/WO3-300 exhibit poor HER performance. The Mos;-Ni/
WO3-900 catalyst shows agglomerated active sites, exhibiting
a covered Ni/WO; heterojunction interface, which results in
poor electron transport. In addition, SEM and XRD of Mo;-Ni/
WO; after HER stability tests indicate that the original
morphology and structure can be well maintained (Fig. S10a
and b). XPS of Mo;-Ni/WO; after HER stability testing also
showed almost no changes in the valence states of the elements
in Fig. S10c-f, proving the excellent HER stability for Mo;-Ni/
WOs.
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3.3 Electrochemical measurements for the OER

The OER catalytic performance of the as-prepared catalysts was
initially investigated in 1 M KOH. Fig. 5a and b shows LSV
performance and current density of prepared catalysts. The
optimized catalyst Mo3;-Ni/WO; requires only 328 mV over-
potential to drive a current density of 100 mA cm™ 2, which is
lower than that of Ni/WO; (355 mV), WO3/NF (561 mV), Moz-Ni/
NF (403 mV), NF (414 mV), and RuO, (524 mV). The larger
reconstruction peak in the Mo;-Ni/WO; catalyst compared to
other catalysts in a potential window of 1.35-1.45 V indicates
that Ni active sites have the potential to generate large amounts
of NiOOH substances through reconfiguration.> The Moz;-Ni/
WO; catalyst also manifests the lowest Tafel slope (21 mV dec™")
among Ni/WO; (22 mV dec '), WO,/NF (146 mV dec '), Moz~
Ni/NF (22 mV dec '), NF (23 mV dec '), and RuO, (104 mV
dec™'), indicating faster electrode kinetics (Fig. 5c), which
shows superior performance compared to other recently re-
ported electrocatalysts in Fig. S11a. The EIS result in Fig. 5d
shows the fast charge-transfer of Mo;-Ni/WO;. Moreover, as
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shown in Fig. 5e, Mo;-Ni/WO; exhibits a steady current density
at 100 mA cm 2 for 50 h. The LSV curve of Mo,-Ni/WO; after
2000 cycles of CV has no obvious attenuation compared to the
initial one in Fig. S11b. These results indicate that the Moz-Ni/
WO, catalyst has great OER stability. Furthermore, the OER
activities of other electrocatalysts with different Mo-doping
levels and different electrodeposition times were also tested
(Fig. Siic and d). Consistently, Moz;-Ni/WO; displays the
optimal electrochemical performance among other compara-
tive catalysts.

To further identify the primary active sites of the material
during the OER, in situ Raman spectroscopy was performed
(Fig. S12). As the working voltage was gradually increased, two
new Raman peaks emerged at approximately 473 cm™" and
550 cm ™, corresponding to the bending and stretching vibra-
tions of the Ni-O bond, respectively.® These observations are
indicative of the formation of the NiOOH species. As shown in
Fig, S12a and b, both Mo;-Ni/WO; and Ni/WO; underwent
similar surface transformation processes; however, the optimal
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Fig. 5 Polarization LSV curves toward the OER in 1.0 M KOH (a), the overpotentials of obtained samples at different current densities (over-

potential values were obtained from the average of 3 measurements) (b),

Tafel slopes (c), Nyquist plot (d) of Moz—Ni/NF, Ni/WOz, WO3/NF, Moz—

Ni/WOsz, NF, and RuO5,, and chronopotentiometry test of Moz—Ni/WOjz at an initial OER current density of 100 mA cm™2 for 50 h (e). Polarization
LSV curves of the devices based on Moz—Ni/WOsz and Ni/WOs electrodes in 1.0 M KOH (f) and chronopotentiometry curves for Moz—Ni/WOs in

a two-electrode system (g).
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of Moz—Ni/WOs (b), the Gibbs-free energy for HER kinetics on Ni sites of Moz—Ni/WOs (c), the free energy diagram of the OER processes (d), and

density of states of Moz—Ni/WOs and Ni/WOs (e).

sample exhibited a more pronounced NiOOH peak, indicating
the improved capacity to generate high-valent spices by Mo
doping. Fig. S12c demonstrates that WO;/NF displays similar
Raman characteristic peaks across different applied voltages,
indicating that WO; is not the primary active site for the OER.
These findings indicate that Ni serves as the primary active site
for the OER and undergoes transformation into NiOOH species
via electrochemical reconstruction during the OER process. The
constructed Ni/WOj3; heterojunction enhances the OER kinetics
by establishing a BIEF and promoting interfacial charge trans-
fer. Furthermore, Mo doping strengthens the internal electric
field, thereby endowing the material with superior OER
activity.® SEM and XRD of Mos;-Ni/WO; after OER stability
testing showed negligible changes as shown in Fig. S13a and b,
indicating a high structural stability. In addition, the high-
resolution XPS spectrum of Ni in Mo;-Ni/WO; exhibits two
peaks at 856.8 eV and 874.3 eV in Fig. S13d, which indicates the
appearance of Ni** through surface oxidation. These results
show that trivalent Ni species are generated on the Mo;-Ni/WO;
catalyst by reconstruction during the OER process. The high-
resolution XPS spectra of W and Mo (Fig. S13e and f) almost
show the same binding energies as the initial state, indicating
the superior OER stability of Mo;-Ni/WO;.

3.4 Electrochemical measurements for water splitting

The Mo;-Ni/WO; catalyst was assembled into a two-electrode
cell as the cathode and anode respectively to estimate the
overall water splitting performance. The Ni/WO; catalyst was
also assembled to highlight the advantages of Mo doping for
comparison. Fig. 5f shows that Moz;-Ni/WO;||M03;-Ni/WOj3
needs only 1.69 V to drive the 200 mA cm > current density,

© 2025 The Author(s). Published by the Royal Society of Chemistry

which is better than Ni/WO;||Ni/WOj;. This result indicates that
Mo doping in the catalyst is necessary to gain superior perfor-
mance. To evaluate the faradaic efficiency, we compared the
experimentally measured and theoretically calculated volumes
of H, and O,, as illustrated in Fig. S14. A ratio of H, to O,
approaching 2 : 1 indicates that the faradaic efficiency for each
gas evolution reaction is close to 100%.°* Furthermore, stability
tests of the overall water splitting cell reveal that the Mos-Ni/
WO; catalyst exhibits robust performance at a current density of
100 mA cm ™ (Fig. 52).

3.5 Mechanism of improving HER and OER performance of
Mo;-Ni/WO;

The mechanism of Mo;-Ni/WO; during the HER and OER was
expounded through DFT calculations. The relevant information
for the modelling of each catalyst is displayed in the SI, which is
based on our previous work.>** Fig. 6a and S15a shows the
models of Mo;-Ni/WO; and Ni/WO;, which are based on the
XRD and TEM results. The charge density differences in Fig. 6b
indicate the distribution of electrons on Mo;-Ni/WOj;. The pink
regions represent electron accumulation, and the green regions
correspond to electron depletion. This result confirms the
strong charge interaction on the Ni/WO; heterojunction inter-
face, which is consistent with the XPS results. The Gibbs free
energy was calculated for the five stages of the HER process on
Ni sites as shown in Fig. 6¢. Fig. S16 and S17 shows key inter-
mediates and transition states in Mo;-Ni/WO; and Ni/WO;,
respectively, which include water adsorption, dissociation to
form the H* intermediate (Volmer step), and hydrogen gener-
ation via either the Tafel step or the Heyrovsky step.®* The
adsorption energy of H* was reduced to —3.12 eV on the Mo;-
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Ni/WO; catalyst, improving the closer ideal value of 0 eV
compared to that of the Ni/WOj; catalyst. These results indicate
that adsorption energy of reaction intermediates is regulated by
Mo doping, enhancing the HER efficiency. Furthermore, the W
site on Mo;-Ni/WO; also shows ideal stats of H* adsorption
compared with that of the Ni/WOj; catalyst in Fig. S15b, which
shows that W in Mo;-Ni/WO; serves as an additional H*
adsorption site to accelerate the HER process.

The adsorption energy of the OER process with four
concerted proton-electron transfer steps was calculated
according to the conventional absorbate evolution mechanism
(AEM), which is shown in Fig. S18 and S19. Fig. 6d shows free
energy of Mo;-Ni/WO; and Ni/WOj;, indicating that the RDS of
the material is OH* adsorption. The lower free energy of 2.86 eV
in Mo3-Ni/WO; compared to that of Ni/WOj3, 3.10 eV, indicates
that the energy barrier required for the RDS in Mo;-Ni/WO;
during the OER is reduced by Mo doping. Besides, Mo doping
induced the reduced free energy of Mo;-Ni/WO; in the O* —
OOH* process, which indicates that that lower energy barrier is
overcome on Ni sites in Mo;-Ni/WO; to generate hydroxyl
oxidation species.**** In addition, the total density of states
(DOS) of prepared catalysts is shown in Fig. 6e. The d-band
centre is closer to the Fermi level in Mo;-Ni/WOj3, exhibiting
an ideal internal electronic structure.®**® These results prove
that Mo doping enhances the asymmetrical distribution of
charge at the Ni/WO; heterojunction interface and constructed
the BIEF, which optimizes the adsorption energy of the inter-
mediate products and improves reaction kinetics in the HER
and OER.

4 Conclusions

In conclusion, a Mo doped heterojunction catalyst (Mo,~Ni/
WO;) was synthesized to improve the activity of the HER and
OER. The dynamic adaptive function of the optimized catalyst
Mos-Ni/WO; is applied to the anode and cathode in overall
water splitting. The optimized catalyst Mo;-Ni/WOj; only needs
an overpotential of 13 mV and 328 mV to achieve a current
density of 10 and 100 mA cm™? in the HER and OER, respec-
tively. The exceptional catalytic activity can be attributed to the
presence of element doping at the heterojunction interface. The
WO; substrate functions as an electron acceptor, forming
a BIEF in conjunction with Ni. Mo doping modulates the elec-
tron redistribution, constructs the BIEF and enhances asym-
metric charge distribution on the Ni/WO; heterojunction,
which optimizes the energy barrier of intermediates during the
HER and OER process. In addition, the hydrophilic properties
of the catalyst are improved, which is beneficial for the overflow
of bubbles and contact between the electrode and electrolyte.
This work brings out a novel avenue for the future design of
heterojunction electrocatalysts for bifunctional overall water
splitting.
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