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ABSTRACT: Polyoxometalates (POMs) are ideal preassembled
platforms for constructing transition metal catalysts because they
are rich in oxygen and transition metal elements. In contrast to
traditional methods for preparing V,05/MoS, composite catalysts,
the method proposed in this study leverages the selective
preference of vanadium for oxygen vs. sulfur. A MoS,-based
electrocatalyst composited with a small amount of V,05 was
constructed in situ on a carbon cloth via a one-pot hydrothermal
method using a Lindqvist-type POM, i.e., (CigHsN),
MosV3044(OCH,);CCH,CH5; (MosV3), as a precursor. This catalyst
was used for efficient electrocatalytic hydrogen evolution reaction.
The experimental results reveal that the introduction of a small -
amount of V,05 considerably increases the electrochemically active surface area of the catalyst, effectively enhancing the
catalytic performance of the material. This study provides a new design strategy and synthetic pathway for precise
construction of high-performance composite electrocatalysts based on POM precursors.
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compensating for the shortcomings of pure MoS, [11-14].
However, the full realization of this synergistic potential critically
depends on the synthesis method of the composite.

Current synthesis strategies of V,05/MoS, composites fall into
two main categories: physical mixing and hydrothermal synthesis,
and each category has inherent limitations. Physical mixing requires
the pre-synthesis of V,05; and MoS,. These components are then
mixed using ultrasonication and subjected to a subsequent high-
temperature hydrothermal treatment to form a MoS,-V,05
nanocomposite [15-17]. Although this approach offers several
advantages, such as operational control and tunable ratios, it also
has drawbacks. For example, the preparation cycle is long and the
steps are cumbersome. More importantly, it often fails to achieve
uniform component dispersion and good interfacial contact at the
nanoscale. This results in a weak heterojunction effect and low

1 Introduction

The development of highly efficient and stable electrocatalysts is
crucial for the advancement of water electrolysis technology for
hydrogen production [1-4]. Recently, two-dimensional layered
MoS, has attracted widespread attention owing to its intrinsic
activity for hydrogen evolution reaction (HER), which is close to
that of the precious metal platinum [5, 6]. However, the large-scale
practical application of MoS, is restricted by its low intrinsic
electrical conductivity and limited number of active sites [7, 8]. To
overcome these limitations, researchers have composited MoS, with
other functional materials to synergistically enhance its
performance.

Vanadium pentoxide (V,0Os) is an attractive modifier owing to
its layered structure, making it highly compatible with MoS,, which

enables them to form stable heterojunctions [9, 10]. Theoretical and
experimental studies suggest that these V,05/MoS, interfaces can
facilitate charge transfer and expose additional active sites,
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efficiency of interfacial charge separation.

Haldar et al. [18] first used hydrothermal synthesis to prepare
MoS,-V,0; nanocomposites by synthesizing MoS, via a
hydrothermal treatment followed by a secondary hydrothermal
reaction with VOSO, Although multistep hydrothermal
approaches partially improve interfacial contact, their procedures
remain complex. In comparison, Yu et al. [19]. employed a one-
step hydrothermal method that involves dissolving ammonium
vanadate, sodium molybdate, and thioacetamide in deionized water
to prepare V,0;@MoS, composite material containing a small
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amount of MoS,, which was achieved by controlling the Mo/S ratio.
However, the chemical state of vanadium is highly sensitive to
synthesis conditions, especially to the type and dosage of the sulfur
source. For instance, excessive sulfur may drive uncontrollable
conversion of vanadium into VS, [20] or induce the hydrolysis of
vanadium oxides. Therefore, exploring a facile and effective
synthetic route for the rational design of active sites is critical to the
fabrication of high-efficiency MoS,-V,0; composite catalysts.

Polyoxometalates (POMs) comprise transition metal atoms (e.g.,
Mo, V, and W) linked by oxygen bridges. Their well-defined,
“preassembled” nanocluster structures provide an ideal molecular
platform for the design and fabrication of highly efficient catalytic
materials [21, 22]. Unlike traditional precursors, POMs achieve
uniform mixing and preorganization of metal elements at the
atomic level. POMs can serve as perfect “single-source precursors”
because they are directly converted into the target catalyst through
one-step reactions [23-25]. Furthermore, POMs can be a rich
oxygen source. Under pyrolysis or hydrothermal conditions, they
can be transformed in situ into the target metal oxides or sulfides
while maintaining a spatially uniform distribution of elements.
Thus, they effectively overcome common issues in traditional
methods such as phase separation and agglomeration [26].
Therefore, using POMs as precursors offers a promising technical
pathway to address the challenge of precise compositing of
V,05/MoS, composites and to achieve control of the components
at the atomic scale.

Herein, we constructed a Lindqvist-type POM, (CH;N),
Mo;V;0,¢(OCH,);CCH,CH; (MosV5), with a precise Mo/V ratio
of 1:1 via anchoring with a trimethylolpropane (Tris-Et) ligand.
Accordingly, we developed a novel and efficient one-pot
hydrothermal  strategy to grow MoS,-V,05 composite
nanomaterials in situ on a conductive carbon cloth (CC) substrate
(MoS,-V,0,@CC). The core advantage of this strategy lies in
leveraging the distinct chemical behaviors of the precursor elements
during the sulfurization process, enabling precise control over the
product. In particular, one portion of the vanadium selectively
forms V,0; nanoparticles, and the other part is doped into the
MoS, lattice. This achieves uniform in situ compositing of V,0;
within the MoS, matrix. Electrochemical studies show that the
introduction of V,O; effectively improves the charge transfer
efficiency and increases the number of intrinsic active sites in the
catalyst. The optimized MoS,-V,0;@CC exhibits an overpotential
of 244 mV at a current density of 100 mA-cm™. This performance is
considerably superior to that of pure MoS,@CC (312 mV) and
V,0;@CC (808 mV). This study provides a simple, efficient, and
controllable new pathway for preparing high-performance MoS,-
based HER catalysts and deepens our understanding of using POM
precursors to  construct complex metal sulfide/oxide
heterojunctions. Moreover, it offers new methodological insights
for designing related electrocatalysts.

2 Experimental section

2.1 Chemicals and instruments

(TBA),[MogO,] (Mog, TBA = tetrabutylammonium) and
(TBA);[H3V404] (Vo) were prepared according to the reported
method [27]. Acetonitrile was dried over calcium hydride (CaH,)
and distilled before use. All other chemicals were purchased from
commercial sources. They were of analytical grade and were used
without further purification.
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2.2 Synthesis of Mo;V;

In the synthesis [27], V), (0.189 mmol), Mog (0.189 mmol), and
trimethylolpropane (0.615 mmol) were dissolved in acetonitrile (10
mL). The mixture was stirred using a constant-temperature
magnetic stirrer until completely dissolved. The solution was then
transferred into a microwave reactor. The reactor was sealed and
placed in the microwave reaction system. The reaction temperature
was set to 110 °C, with an upper limit of 130 °C. The reaction time
was divided into ramp time (10 min) and hold time (15 min). The
microwave power was capped at 1000 W. After the reaction, a
reddish-brown solution was obtained. This solution was filtered
into diethyl ether (60 mL) under rapid stirring, yielding a brown
precipitate. Vapor diffusion was performed on this precipitate using
acetonitrile as a good solvent and diethyl ether as a poor solvent,
resulting in the orange block-shaped crystals of the target product
(Mo,V3, yield based on V = 55%).

2.3 Catalyst synthesis

Synthesis of MoS,-V,0;@CC: Mo,V; (0.30 mmol) and thiourea
(7.50 mmol) were dissolved in deionized water (30 mL). A piece of
pretreated CC (3 cm x 2 cm) was added. The mixture was
sonicated for 30 min. It was then subjected to a hydrothermal
reaction at 180 °C for 24 h. After the reaction, the CC was collected
by filtration. Next, it was washed with water and ethanol and then
dried at room temperature (20-30 °C) for half a day. The dried CC
was placed in a Hy/Ar gas mixture. The temperature was raised to
400 °C at a rate of 5 °C:min™, followed by calcination at this
temperature for 2 h. The final measured loading amount was 2.2
mg-cm™.

Synthesis of MoS,@CC: MoS,@CC was prepared using the
same method as MoS,-V,0,@CC, except that Mo;V; was replaced
by Mog. The final measured loading amount was 4.1 mg-cm™.

Synthesis of V,0;@CC: V,0,@CC was prepared using the same
method as MoS,-V,0;@CC, except that Mo;V; was replaced by
V- The final measured loading amount was 0.5 mg-cm™.

2.4 Electrochemical measurements

All electrochemical tests were performed at room temperature
using a CHI760E electrochemical workstation. Before testing, N,
was bubbled through the electrolyte solution for 30 min to remove
dissolved oxygen. A standard three-electrode system was used to
evaluate the electrocatalytic activity. Hg/HgO (in KOH, 1 M), a
platinum sheet, and the modified CC (tested area = 1 cm x 1 cm)
served as the reference, counter, and working electrodes,
respectively. Linear sweep voltammetry (LSV) measurements were
performed in a KOH solution (1.0 M) at a scan rate of 2 mV-s™.
The onset overpotential was determined from the linear region of
the Tafel plot. The exchange current density was obtained by
extrapolating the Tafel plot. Cyclic voltammetry (CV) tests were
conducted at 0.1-0.2 V (vs. reversible hydrogen electrode, RHE)
and scan rates of 5, 8, 11, 14, 17, 20, 23, and 26 mV-s™.
Electrochemical impedance spectroscopy (EIS) measurements were
performed over a frequency range of 107-10° Hz, with an
amplitude of 5 mV. All potentials were converted to the RHE scale
using the following equation: Epyp = Ejgigo + 0.098 V + 0.059 x
pH (in KOH, 1 M). All data were adjusted for 90% iR
compensation.

3 Results and discussion

As shown in Scheme 1, Mo,V; was used as the Mo and V sources,
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Scheme 1 Synthesis of MoS,-V,0,@CC.

thiourea was used as the sulfur source, and CC was used as the
conductive substrate. The MoS,-V,0,@CC composite catalyst was
prepared via a one-step hydrothermal method. Its HER
performance was investigated using an electrochemical test system.

3.1 Synthesis and characterization of Mo,;V;

The Fourier transform infrared (FT-IR) spectra of the Tris-Et-
functionalized Mo,V cluster are shown in Fig. 1. The characteristic
peaks of the POM framework are observed at 964.76 (s), 949.70
(vs), 935.59 (s), 882.98 (w), 81245 (vs), and 738.66 (m). Among
these, the absorption peaks at 964.76, 949.70, and 935.59 cm™ are
assigned to the terminal Mo=0 and V=0 stretching vibrations. The
characteristic absorption peaks at 882.98, 812.45, and 738.66 cm™
are attributed to the bridging V-O-V, V-O-Mo, and Mo-O-Mo
vibrations. The absorption peak at 1061.05 cm™ (vs), which
corresponds to the C-O stretching vibration of the organic Tris-Et
ligand, shows a slight shift compared to the free ligand (at 1058.29
cm™), indicating M-O-C bond formation and confirming the
coordination of the ligand to the POM core [27]. The peaks at
2963.63-2875.21 cm™ are assigned to the C-H stretching vibrations

from both the coordinated Tris-Et ligand and the
Tris-Et
—— Mo,V,
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Figure1 FT-IR spectra of Tris-Et and Mo,V.
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tetrabutylammonium bromide cation, further confirming the
successful functionalization. 'H nuclear magnetic resonance (NMR)
spectroscopy (Fig. S1 in the Electronic Supplementary Material
(ESM)) provided further confirmation of the compound’s structure
by revealing the positions and integration of the proton signals,
which are in good agreement with the proposed structure and
confirm the successful synthesis of the Tris-Et-Mo,V; cluster.

Single-crystal X-ray diffraction analysis (Tables S1-S3 in the
Electronic Supplementary Material (ESM)) revealed that the core of
the Mo, V; cluster crystallized in the Pbca space group. The unit cell
parameters are as follows: a = 15.6478(4) A, b = 17.7185(6) A,
¢ =37.3395(10) A, and & = 8 = y = 90°. The structure comprises a
preorganized, heterometallic core with a fixed Mo:V ratio of 1:1.
This well-defined and stoichiometrically precise inorganic core
indicates the success of our precursor design strategy.

3.2 Selective behavior of vanadium in the V,, precursor

Vo was used as the research model to investigate the selectivity of
vanadium-based POMs toward oxygen and sulfur under
hydrothermal conditions. Following the same preparation steps of
MoS,-V,0,@CC, with a metal-to-sulfur (M:S) feed ratio of 1:4.17
[28], the product was obtained via hydrothermal reaction and
subsequent calcination. The product was systematically
characterized by X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD).

In the XPS survey spectrum of the product (Fig. 2(a)), only V, C,
and O were detected. The signal for S was very weak and almost
negligible. This result is in good agreement with the S 2p spectrum
(Fig. 2(b)), which shows messy signals and no distinct characteristic
peaks. This indicates that no stable sulfur-containing species were
formed under the experimental conditions.

Further analysis of the high-resolution spectra for O 1s and V 2p
(Fig. 2(c)) revealed peaks at binding energies of 516.3 and 523.4 eV,
which are attributed to V*. The peaks at 517.6 and 524.7 eV
correspond to V** [29]. In the O 1s spectrum, the peaks at 530.2,
531.5, and 532.7 €V are assigned to the V-O, C=0, and C-O
bonds, respectively. [30].

Furthermore, the C 1s spectrum (Fig. 2(d)) shows characteristic
peaks for C-O and O=C-O at 286.2 and 288.9 eV, respectively

Polyoxometalates, 2026, 5, 9140125
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Figure2 XPS spectra of V,0;@CC: (a) full spectrum; (b) S 2p; (c) O Isand V 2p; (d) C 1s.

[31], which can be attributed to the oxygen-containing functional
groups on the activated CC substrate. These functional groups can
act as active anchoring sites for vanadium oxide precursors. They
facilitate the formation of V,05 and promote the oriented growth of
V,05 nano-arrays as well as their strong attachment to the substrate
[32].

The above characterization results consistently indicate that
under hydrothermal conditions, vanadium-based POMs exhibit a
considerably higher selectivity for oxygen over sulfur, leading to
stable formation of vanadium oxides. This conclusion provides an
important experimental basis and theoretical support for
subsequent studies on directed transformation of Mo,V; into MoS,
and V,0Os in hydrothermal systems.

3.3 Characterization of the composites

XRD was used to identify the phase and composition of the
catalysts (Fig. 3). The successful synthesis of MoS, and V,O; phases
was confirmed after comparing the results with standard cards
(PDF#37-1492 and PDF#41-1426).

In the case of MoS,-V,0s@CC, although its overall crystallinity is
low, the main diffraction features of both phases (MoS, and V,05)
are preserved. The diffraction peaks at 20 = 13.6°, 32.8° and 59.7°
are assigned to the (002), (100), and (110) crystal planes of MoS,,
respectively. Moreover, the diffraction peaks at 26 = 15.2°, 25.4°,
26.6° 36.3° 41.4° and 54.4° correspond to the (200), (201), (110),
(211), (002), and (220) planes of V,Os, respectively.

Notably, the diffraction peaks assigned to the (211), (002), and
(220) crystal planes of V,05 all shifted to the left (lower angles) by
0.2°-0.6°. According to Bragg’s law, this shift directly signifies an
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Figure 3 XRD patterns of the catalysts.

increase in the interplanar spacing of V,0;, indicating the
occurrence of lattice expansion. This may be due to the substitution
of the smaller V** in the lattice by larger Mo* [18, 33]. Similar
phenomena of lattice expansion and diffraction peak shifts induced
by ion doping have been reported in various transition metal oxide
systems [34]. This localized cation substitution leads to lattice
distortion and may considerably modulate the electronic structure
of the material, thereby contributing to enhanced interfacial charge
transfer efficiency [35]. These results further confirm the formation
of a strongly coupled heterojunction interface between MoS, and
V,0;5 via ionic-scale interactions. This result suggests the formation
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of a tight heterojunction interface with strong electronic
interactions between MoS, and V,0s.

XPS was used to further study the chemical composition and
elemental valence states of MoS,-V,0;@CC. The full XPS spectra of
the three samples (Fig. 4(a)) clearly show their distinct elemental
signatures: MoS,-V,0,@CC exhibits peaks for all constituent
elements (C, Mo, O, V, S); MoS,@CC shows peaks for C, Mo, O,
and S; and V,0;@CC shows peaks for C, V, and O.

The Mo 3d spectrum of MoS,-V,0;@CC (Fig. 4(b)) shows that
Mo exists in two oxidation states. The characteristic peaks at
binding energies of 232.5 and 229.5 eV correspond to the 3d;, and
3ds;, orbitals of Mo*, respectively. This indicates that Mo in the
catalyst mainly exists in the +4 oxidation state. Two weak
characteristic peaks were observed at 2358 and 2329 eV,
corresponding to the characteristic signals of Mo* in MoO;. This
indicates that a small amount of MoS, was oxidized during
synthesis [36]. In addition, the characteristic peak at 226.7 eV
corresponds to the S 2s orbital signal from the Mo-S bond,
confirming the bonding between Mo and S [37]. For S 2p
(Fig. 4(c)), the characteristic peaks at 163.7 and 1625 eV
correspond to the 2p,,, and 2p,, orbitals of S*, respectively [38].
This further verifies the presence of the MoS, phase in the catalyst.

Figure 4(d) shows the XPS spectrum of V 2p. The characteristic
peaks at 524.3 and 517.1 eV correspond to the 2p,, and 2ps,
orbitals of V*, respectively. The peaks at 522.9 and 516.0 eV are
attributed to the 2p,/, and 2p;, orbitals of V*, respectively. Notably,
the proportion of V** in MoS,-V,0;@CC (0.32) is lower than that
in V,0,@CC (0.45).

The formation of V* can be attributed to a multistage reduction

(a)

| Mo 2p
1 Mo 3d
S2p

MoS,@CC

s 11

Intensity (a.u.)
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800 600 400 200 0

Binding energy (eV)

~
@)
~

MoS,@CC S2p;,, S2p
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mechanism during synthesis. First, the weak reducing environment
generated by the decomposition of thiourea under hydrothermal
conditions initiate the preliminary surface reduction of V** species.
Next, high-temperature calcination in an H,/Ar atmosphere
provides a strong global reducing environment, effectively
suppressing reoxidation and promoting deeper reduction.
Moreover, the intimate contact between the active material and the
conductive CC substrate offers an interfacial reduction effect. The
CC acts as a conductive carrier, facilitating electron transfer and
potentially assisting and stabilizing the conversion of V** to V*
through direct interfacial interactions under the reducing
atmosphere and heating conditions [39]. The formation of this
V*/V*> mixed-valence structure according to the principle of charge
balance inevitably accompanies the generation of oxygen vacancies
within the lattice [40-42]. Notably, the resulting mixed-valence
V,05 structure typically exhibits greater intrinsic electrochemical
activity, more efficient ion diffusion capability, and superior
electronic conductivity than its single-valence counterpart [29, 43].
Therefore, the observed stable V* species and the resulting
structural advantages are a comprehensive outcome of the
sequential action and synergistic effects of the hydrothermal
synthesis of the precursor, reductive atmosphere annealing, and
interfacial-assisted reduction by the carbon substrate. Moreover,
this structural advantage is directly demonstrated by the similar
proportion of V* in the material after 100 h of continuous
electrolysis testing (0.38) and in its initial state (0.32) (Fig. S6 in the
ESM), indicating the excellent stability of its mixed-valence
structure under reaction conditions.

Compared with the single-component
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Figure4 XPS spectra of the catalysts: (a) full spectra; (b) Mo 3d; (c) S 2p; (d) O 1sand V 2p.
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V,0;@CC, MoS,-V,0;@CC exhibits a distinct trend in elemental
binding energy shifts: the Mo 3d, S 2p, and V 2p peaks all shift
toward lower binding energies, whereas the O 1s peak shifts toward
higher binding energy. This systematic shift reveals directional
electron transfer from MoS, to V,0s across the heterointerface,
which is accompanied by charge redistribution within the V,05
lattice. This phenomenon confirms the lattice expansion of V,0;
observed in the XRD analysis. Both pieces of evidence point toward
the doping of the V,O; lattice by Mo*. The substitution of V** by
the larger Mo* causes lattice expansion. Simultaneously, Mo* acts
as an electron donor, injecting electrons into V,0s, which increases
the electron density at the V sites, leading to an overall decrease in
the binding energy. This doping-induced strong electronic
interaction optimizes the interfacial charge distribution, which
enhances the electrocatalytic performance [44, 45]. The
morphology of the catalyst was systematically characterized using
scanning electron microscopy (SEM) at different magnifications. As
shown in Fig. 5(a), uniformly distributed nanocluster structures
were formed on the CC of MoS,-V,0;@CC. Compared with the
V,0;@CC and MoS,@CC (Figs. S2(a)-S2(d) in the ESM), V,0Os in
the composite material appears as a relatively continuous film
completely encapsulating the carbon fiber substrate. The film is also
closely coupled with the three- dimensionally grown MoS,
nanoflowers, jointly constructing a stable core-shell heterostructure
(Figs. 5(b)-5(d)). This V,0s film functions as a “conductive glue,”
effectively enhancing the interfacial bonding between carbon fibers
and composite components, thereby improving the structural
stability of the material while providing abundant catalytic active
sites [46].

The microstructure and phase characteristics of the material
were analyzed using transmission electron microscopy (TEM). As
shown in Figs. 6(a)-6(c) and Fig. S3 in the ESM, the characteristic
crystal planes of V,0s, such as (211), (002), and (200), and of MoS,,
such as (006), (100), and (002), were identified based on the analysis
of lattice fringe spacings. These results are in good agreement with
the XRD analysis and further confirm the successful preparation of
MoS,-V,0;@CC. The overall crystallinity of the material is low, in
which the central parts of the nanosheets are mostly amorphous
and the (002) crystal planes of MoS, are more distinct at the edges.

(a)

Figure5 SEM images of MoS,-V,0,@CC.
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These often overlap with the V,05 crystal planes, causing the (002)
interplanar spacing to be slightly larger than the standard value.
This further indicates a strong interaction between the two phases,
suggesting that some V dopants have entered the MoS$, lattice.

Furthermore, energy-dispersive X-ray spectroscopy (EDS) (Fig.
$4 in the ESM) was used to investigate the elemental distribution
and composition. The results show that a small amount of V
(123%) and a large amount of Mo (19.18%) are uniformly
dispersed within the MoS,-V,0,@CC heterostructure. This low
vanadium content may be attributed to its partial loss during
synthesis, as the thiourea-derived alkaline environment promotes
the formation of soluble vanadate ions.

All characterization results confirm each other. They collectively
indicate that the POM precursor induces dual doping and
composite formation between MoS, and V,0O; at the atomic scale.
As a result, a tight heterojunction interface with strong electronic
interactions is successfully formed.

3.4 Electrocatalytic HER performance and stability

To compare the effect of V,05 composite on the overall catalytic
performance, we investigated the HER behavior of CC, V,0,@CC,
MoS,@CC, and MoS,-V,0;@CC in KOH (1 M) using a three-
electrode system. As shown in Fig. 7(a), the overpotentials at 100
mA-cm™ for bare CC, V,0;@CC, MoS,@CC, and MoS,-V,0,@CC
were 715, 808, 312, and 244 mV, respectively. The performance of
MoS,-V,0;@CC was considerably higher than that of the single-
component catalysts. This indicates that the composite of V,0; and
MoS, can considerably enhance the HER activity.

The electrochemical active area of each sample was evaluated by
measuring the double-layer capacitance (Cg) using CV (Fig. S5 in
the ESM) [47]. As shown in Fig. 7(b), the Cy values for CC,
V,0;@CC, MoS,@CC, and MoS,-V,0;@CC were 1.09, 11.07,
37.45, and 159.36 mF-cm™, respectively. This demonstrates that the
incorporation of V,0; can considerably increase the number of
active sites in the MoS,-based material, which is in good agreement
with our previous conjecture.

The Tafel slope, which is quantified using the Tafel equation, is
commonly used to evaluate HER kinetics [36]. As shown in
Fig. 7(c), the Tafel slope of MoS,-V,0;@CC (91.44 mV-dec™) was
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Figure 6 TEM images of MoS,-V,0;@CC.

slightly smaller than that of MoS,@CC (93.34 mV-dec') and
considerably smaller than those of V,0,@CC (301.35 mV-dec™)
and CC (148.53 mV-dec™). Although V,0;@CC itself exhibits poor
kinetics, its composite with MoS,@CC did not alter the
fundamental HER pathway (Volmer-Heyrovsky) but slightly
improved the reaction kinetics. This enhancement can be mainly
attributed to the subtle optimization of the interfacial electronic
structure, which effectively facilitates the Heyrovsky step, thereby
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\
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boosting the overall catalytic activity of the composite material [26,
48].

Nyquist plots were obtained using EIS at an overpotential of
100 mV (Fig. 7(d)). Comparing the diameters of the semicircles, the
charge transfer resistance (R,) of the materials increases in the
following order: MoS,-V,0,@CC (22.9 Q) < MoS,@CC (57.3 Q) <
V,0;@CC (181.0 Q) < CC (192.1 Q). Thus, MoS,-V,0;@CC has
the lowest charge transfer resistance, confirming that the charge
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Figure 7 HER performance of the catalysts in 1 M KOH: (a) LSV curves; (b) Cy plots; (c) Tafel plots; (d) Nyquist plots; () mass activity.

transfer efficiency of the composite is effectively enhanced
compared to those of the single components.

Mass activity is a key metric for evaluating the intrinsic catalytic
performance of materials [49]. Herein, the mass activities of the
MoS,-V,0;@CC composite and the pure MoS,@CC sample were
compared at overpotentials of 200 and 300 mV (Fig. 7(e)). The
results show that, compared to pure MoS,, MoS,-V,0,@CC
exhibits a large enhancement in mass activity, demonstrating the
synergistic enhancement effect between the two components. To
assess the overall performance advantage of MoS,-V,0;@CC, its
key electrochemical metrics were compared with those of recently
reported V-doped MoS, or V,05-MoS, composite electrocatalysts
(Table S4 in the ESM).

The cycling stability of the catalysts was evaluated by comparing
the LSV curves before and after 5000 CV cycles. Figures 8(a)-8(c)
show the overpotential shift at 100 mA-cm™ after 5000 cycles.
Compared to the shifts of MoS,@CC and V,0,@CC (6 and 7 mV,
respectively), the overpotential of MoS,-V,0s@CC shifted by only
1 mV, demonstrating excellent cycling stability.

The long-term stability of MoS,-V,0;@CC was further evaluated
by chronoamperometry (I-T). As shown in Fig. 8(d), MoS,
V,05@CC retained 80% of its initial current density after a 100-h
stability test at a high current density (100 mA-cm™). The structural
changes of the catalyst after the I-T test under harsh alkaline
hydrogen evolution conditions were systematically analyzed using
XPS, XRD, and SEM (Figs. S6(a)-S6(g) in the ESM). The
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characterization results revealed the dynamic structural evolution of
the material: A small fraction of Mo* was oxidized to Mo*" during
the reaction, the main crystalline phase remained intact with only a
slight decrease in crystallinity, and vanadium species underwent
partial dissolution. However, the multidimensional conductive
network of the material was preserved. Despite these changes, the
material maintained approximately 80% of its initial activity, with a
performance decay considerably lower than that of comparable
catalysts. This confirms the excellent structural stability of the
material and its suitability for practical operating conditions. This
outstanding stability can be attributed to the tight core-shell
heterostructure synergistically constructed from CC, V,0s and
MoS,. This structure effectively inhibits the hydrolysis of V,0s in
alkaline media and provides a stable mechanical and conductive
framework for charge transport and mass transfer.

The one-pot hydrothermal method based on POM precursors
proposed in this work offers huge advantages such as its simple
operation, streamlined process, and the resultant materials with
superior catalytic performance. However, the atomic utilization of
vanadium in the proposed method is lower than that in the
preparation routes reported in the literature owing to the
uncontrollable dissolution of vanadium species in the current
hydrothermal reaction environment. This is a key problem that
should be addressed during future optimization of this synthesis
system.

4 Conclusions

Herein, we proposed a simple one-pot hydrothermal method using
a POM precursor to grow a MoS,-V,0; composite with an intimate
heterointerface in situ on CC. The electrocatalytic HER
performance  was  investigated.  Electrochemical  studies
demonstrated that MoS-V,0;@CC exhibits considerably higher
activity and stability than MoS,@CC and V,0;@CC. This superior
performance is attributed to the following factors: 1) The POM
precursor induces dual doping and composite formation between
MoS, and V,0; at the atomic scale, creating an intimate
heterointerface with strong electronic interactions. 2) The unique
core-shell structure, in which the V,0; film encapsulates MoS,
nanoflowers, provides abundant active sites and enhances the
material mechanical stability. 3) The V*/V>* mixed-valence states
and oxygen vacancies considerably enhance the intrinsic
conductivity and operational durability of the material.

Electronic Supplementary Material: Supplementary material
(crystal data, XPS, XRD, and SEM of catalysts) is available in the
online version of this article at https://doi.org/10.26599/POM.2026.
9140125.

CCDC 2294653 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccde.cam.ac.uk/structures/, or by emailing data_request@
ccde.cam.ac.uk, or by contacting The Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44
1223 336033.
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