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Abstract

Efficient and low-cost electrocatalysts play a crucial role in hydrogen production through electrolysis
of water. Molybdenum (Mo) carbide with a similar electronic structure to Pt was selected, both a-
MoCix and a-MoCi~/p-Mo2C electrocatalysts were successfully fabricated for electrochemical
hydrogen evolution. A continuous optimization of the hydrothermal and carbonization conditions
was carried out for the preparation of a-MoCi-. The biphasic molybdenum carbide catalysts were
further achieved via vanadium doping with a phase transition of molybdenum carbide from «a to f3,
which increases the specific surface area of the electrocatalyst. It was found that the V-MoxC catalyst
obtained at a Mo/V molar ratio of 100:5 exhibited the best hydrogen production performance, with a
[ to ot phase ratio of 0.827. The overpotential of V-MoxC at nio decreased to 99 mV, and the Tafel slope
reached 65.1 mV dec”, indicating a significant improvement in performance compared to undoped
samples. Excellent stability was obtained of the as-prepared electrocatalyst for water splitting over
100 h at a current density of 10 mA cm=2.

Keywords: molybdenum carbide; phase engineering; hydrogen evolution reaction; heteroatom

1. Introduction

With the rapid advancement of society, the global demand for energy has surged. Currently,
non-renewable energy sources such as oil, coal, and natural gas still dominate the energy landscape.
However, their excessive use has led to growing concerns over energy shortages and environmental
pollution [1-3], resulting in an urgent need to develop clean and sustainable alternatives [4].
Hydrogen energy has attracted increasing attention due to its zero emissions, recyclability, and high
energy density [5]. The water electrolysis is considered one of the most promising methods for green
hydrogen generation due to its environmental friendliness and renewability. Water electrolysis
involves two half-reactions: oxygen evolution reaction (OER) at the anode and hydrogen evolution
reaction (HER) at the cathode [6,7]. Platinum exhibits the highest catalytic performance for HER
among noble metals, with low Tafel slopes and minimal overpotentials [8]. However, its high cost,
scarcity, and poor stability under harsh conditions limit large-scale applications. Molybdenum (Mo),
as one of the abundant transition metals on Earth, has been widely applied due to its excellent
physicochemical properties [9]. Mo-based materials have been extensively studied in the field of
energy conversion, including molybdenum oxides, molybdenum disulfide, and molybdenum
carbides [10-12]. Among them, molybdenum carbide is considered an effective non-noble metal
catalyst due to its Pt-like d-band electron density, high electrical conductivity and stability. Kitchin
et al. found that when molybdenum combines with carbon to form molybdenum carbide, the surface
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d-band becomes broader than that of Mo, showing new bonding characteristics [13]. Li et al.
developed novel Mo2C NTs via an organic-inorganic hybrid approach, and discovered their
exceptional electrocatalytic performance for hydrogen evolution under alkaline conditions [14]. Yu
et al. prepared N-MoxC/CoP-0.5 by decorating CoP with N-MoxC, which exhibits excellent
electrocatalytic activity for the hydrogen evolution reaction (HER). The N-MoxC modification
preserves CoP's fast charge transfer kinetics while expanding the active surface area, providing
abundant interfaces and active sites for HER [15].To date, various crystal phases of molybdenum
carbide have been extensively investigated, including face-centered cubic a-MoCi~, simple
hexagonal y-MoC, and hexagonal close-packed $-Mo:C. Differences in atomic stacking and surface
energy among these phases result in distinct electrochemical properties [16,17].

Initially regarded as a support material for Pt, molybdenum carbide was later found to possess
intrinsic HER activity [18]. In 2012, Hu et al. demonstrated that commercial 3-Mo2C exhibits excellent
HER performance in both acidic and alkaline media [19]. Density functional theory (DFT) calculations
revealed that the overlap between Mo d-orbitals and C p-orbitals leads to a broadened d-band,
contributing to its Pt-like electronic structure and high catalytic activity [13]. Wan et al. synthesized
four different phases of molybdenum carbide and investigated their crystal structures and HER
performance [20]. They found a strong correlation between the HER activity and the surface
electronic configurations of the different phases. The HER performance followed the order: a-MoCi-x
<1-MoC < y-MoC < 3-Mo2C. Numerous theoretical and experimental studies have also confirmed
that the HER activity of molybdenum carbide, similar to that of tungsten carbides, is strongly
dependent on its crystal phase [21]. Although Mo-based carbides have been extensively studied as
HER catalysts, their activity and stability still fall short of industrial standards.

To achieve this, researchers have employed strategies such as heteroatom doping, phase
engineering, and heterostructure construction to enhance intrinsic activity. Yu et al. investigated the
activity of Mo2C doped with various transition metals [22]. Both DFT calculations and electrochemical
experiments demonstrated that the introduction of transition metals significantly alters the hydrogen
adsorption energy and catalytic activity of Mo2C. The synergistic effects between different phases
result in much higher catalytic performance for multiphase catalysts compared to their single-phase
counterparts [23]. Chen et al. successfully induced a phase transition from -Mo:C to a-MoCi-
through boron doping, with the amount of a-MoCi-x increasing as the B content rose [24]. The
formation of a B-Mo2C/a-MoCi- heterostructure led to the exposure of more active sites, enhancing
the catalytic performance.

Inspired by these findings, this work first investigated the optimal preparation conditions for a-
MoCi« and subsequently employed ammonium metavanadate as the vanadium source. By precisely
tuning the vanadium content, a series of V-MoxC samples with varying compositions were obtained.
We systematically examined the effects of vanadium doping on crystal structure, morphology,
electronic properties, and HER performance. The results demonstrate that vanadium can effectively
induce the transformation of a-MoCi-x into biphasic a-MoCi~/3-Mo2C materials. This study provides
an effective strategy for designing high-performance HER catalysts through controlled phase
engineering.

2. Results and Discussion
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Figure 1. (a) Preparation processes of a-MoCi-. (b, d, f) XRD patterns and (c, e, g) Raman spectra of a-MoCi~
samples prepared under different hydrothermal conditions.

A study on the structure of the as prepared a-MoCix electrocatalyst under different
hydrothermal conditions was conducted using XRD and Raman spectroscopy, as shown in Figure
1(b-g). The XRD patterns of the as-prepared electrocatalyst in Figure 1(b, d, f) exhibit a cubic a-MoCi«
crystal phase [25], the specific diffraction peaks at 20 of 36.5°, 42.3°, 61.7°, and 73.8°, which assigned
to the (111), (200), (220), and (311) crystal planes of a-MoCi-, respectively. The full width at half
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maximum (FWHM) of the diffraction peaks for a-MoCi-x prepared under different conditions varies
slightly, indicating that the crystallite sizes are approximately similar. It was found that the highest
crystallinity of a-MoCi-x was achieved under hydrothermal conditions using 1.5 g of citric acid at 180
°C for 20 h. The molecular structure of the as-prepared a-MoCi~ electrocatalysts obtained under
different hydrothermal conditions were investigated by Raman spectra, shown in Figure 1(c, e, g).
The peaks at approximately 1349 cm™ and 1593 cm™ correspond to the D and G bands of carbon
materials, respectively [26]. The intensity of the D bands is related to the defect density in the material,
while the G bands represents the graphitic structure, corresponding to the vibration of sp2-hybridized
carbon atoms, reflecting the degree of graphitization and lattice integrity. A higher ID/IG ratio
typically indicates a greater concentration of structural defects and lower graphitization, whereas a
lower ratio suggests fewer defects and higher graphitization. Comparative analysis revealed that the
sample prepared with 1.5 g of citric acid under hydrothermal conditions at 180 °C for 20 h exhibited
both favorable stability and catalytic activity. Therefore, these parameters were established as the
optimal conditions for synthesizing the a-MoCi-x precursor.

Moreover, the effect of the amount of carbon source (dicyandiamide, DCD) and the
carbonization temperature during the carburization process was investigated. The phase
composition and structural properties of the resulting products under different carbonization
conditions were studied using XRD and Raman spectroscopy, shown in Figure 2. When the mass
ratios of precursor to DCD were set at 1:1, 1:2, 1:3, and 1:4, the XRD patterns of all products exhibited
diffraction peaks exclusively corresponding to a-MoCi~, with no additional impurity phases
detected. However, the amount of DCD significantly influenced the crystallinity and crystallite size
of the material, as evidenced by variations in peak intensity and full width at half maximum (FWHM)
in the XRD patterns. As the DCD content increased, the peak intensity initially increased and then
gradually decreased, reaching its maximum at a precursor-to-DCD ratio of 1:2. Meanwhile, the
FWHM progressively broadened with higher DCD loading, indicating a reduction in crystallite size
(Figure 2a).

In contrast, the carbonization temperature had a more pronounced impact on the material's
phase composition and structure. As shown in Figure 2c, the samples carbonized at 600 °C, 700 °C,
and 800 °C all retained the characteristic peaks of a-MoCi-x. However, when the temperature reached
900 °C, partial decomposition occurred, leading to the formation of 3-Mo2C. At 600 °C, the material
exhibited poor crystallinity, likely due to insufficient carbonization. The Raman spectra (Figure 2(b-
d)) further revealed structural changes under different carbonization conditions. The results indicate
that the sample prepared with a precursor-to-dicyandiamide mass ratio of 1:2 and carbonized at 800
°C exhibited the highest ID/IG ratio, suggesting an optimal balance between defect density and
graphitic ordering. The slight decrease in the ID/IG ratio at higher temperatures may be attributed to
excessive thermal energy promoting carbon atom rearrangement, thereby reducing structural
disorder. Therefore, these conditions (1:2 mass ratio, 800 °C) were selected as the optimal
carbonization parameters for subsequent material synthesis, ensuring a favorable defect-rich carbon
structure while maintaining phase purity and crystallinity.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. (a, ¢) XRD and (b, d) Raman spectra of a-MoCi-x samples prepared under different carbonation
conditions.

The V-doping was illustrated in Figure 3a for the preparation of V-MoxC. From Figure 3b the
XRD patterns of V-MoxC samples prepared under identical conditions with varying vanadium
content. No distinct V-related peaks are observed in any sample, indicating high dispersion of
vanadium within the material [27]. At a Mo/V molar ratio of 100:2, only characteristic peaks of a-
MoCi~ appear at 36.4°, 42.0°, 61.7°, and 73.7°, corresponding to the (111), (200), (220), and (311)
planes, respectively, suggesting that the a-to-3 phase transition has not occurred due to insufficient
V content. As the V content increases to a Mo/V ratio of 100:5, the transition from a-MoCi~ to 3-Mo2C
isinitiated, evidenced by the emergence of (100) and (101) peaks at 34.4° and 39.3°, respectively. These
[-Mo2C peaks intensify with further V addition, and at a ratio of 100:11, additional peaks at 52.0° and
69.5° corresponding to the (102) and (103) planes appear, indicating enhanced phase transformation
from a-MoCi to 3-MozC. In Figure 3¢, the Raman spectra show that the sample with the lowest V
content (Mo/V = 100:2) has the lowest ID/IG ratio (0.96), while others range from 1.01 to 1.07,
indicating more disordered carbon. The low ID/IG value at low V content suggests a single-phase a-
MoCi~ structure with a relatively smooth and graphitized carbon surface. In contrast, the formation
of a-MoCi-/p-Mo2C biphasic structure at higher V content provides rougher surfaces, promoting
defect-rich carbon layers and higher ID/IG ratios.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. (a) Preparation process of V-MoxC. (b) XRD patterns and (c) Raman spectra of V-MoxC samples

prepared with different vanadium doping levels.

Figure 4(a-b) compares the specific surface area and pore size distribution of V-MoxC (Mo/V =
100:5) with pure a-MoCi—~. It should be noted that the a-MoCi«x material discussed here was
synthesized under the previously determined optimal conditions. Between the remaining two
samples, the V-doped 5VMC exhibits a substantial increase in specific surface area (94.18 m? g)
compared to pure a-MoCi- (64.67 m? g1), due to the formation of a biphasic structure induced by
vanadium doping, which enhances porosity and surface area. The pore size distribution (Figure 4b)
reveals that all three materials exhibit mesoporous characteristics, with average pore diameters of
5.30 nm for a-MoCi~, and 4.68 nm for 5VMC, indicating similar pore structures despite differences
in specific surface area.
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Figure 4. (a) N2 adsorption-desorption isothermal curves and (b) pore size distributions for a-MoCi~ and 5VMC

samples.
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Figure 5. (a) SEM, (d) TEM and (e) HRTEM images of a-MoCi-x prepared under optimal conditions. (b, c) SEM,
(f) TEM and (g) HRTEM, and (h) EDS mapping images of 5VMC sample.

The morphologyies of the materials were characterized using SEM and TEM, as illustrated in
Figure 5(a-g). From the SEM (Figure 5a) and TEM (Figure 5d) images, it can be observed that the a-
MoCi~ retains the plate-like structure of its precursor with relatively uniform dimensions. This two-
dimensional morphology facilitates the exposure of active sites, ensuring sufficient contact between
the catalyst and electrolyte while enabling rapid release of hydrogen gas during the reaction. The
HRTEM (Figure 5e) reveals distinct lattice fringes with spacings of 0.216 nm and 0.15 nm,
corresponding to the (200) and (220) crystal planes of a-MoCi-, respectively. Additionally, the plate-
like a-MoCix particles are coated with a thin carbon layer (about 4 nm), evidenced by the observed
lattice spacing of 0.341 nm, which matches the (002) plane of graphitic carbon. This carbon layer may
enhance the material's electronic conductivity and structural stability. Comprehensive
characterization of the 5VMC sample by SEM and TEM is presented in Figure 5(b, ¢, f, g). The material
retains the broken, thin, plate-like morphology of the precursor, as shown in Figure 5(b-c). The results
of further analysis of the morphology of the material using TEM and HRTEM are shown in Figure
5(f-g). The lattice spacing of 2.13 nm and 2.37 nm in the HRTEM of Figure 5g belongs to the (200)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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crystal plane of a-MoCi~ and the (002) crystal plane of 3-Mo:C, respectively, proving the existence
of the two phases. The heterostructure formed between them can modulate the local electronic
structure and Mo-H bond strength, enhancing HER kinetics [28]. About 3 nm carbon layer is also
observed, which stabilizes the structure without hindering electron transfer. As clearly shown in
Figure 5h, the material is composed of C, Mo, N, and V elements, confirming the successful doping
of V.

The bonding states and quantitative chemical composition before and after vanadium doping
were investigated using X-ray photoelectron spectroscopy (XPS), as shown in Figure 6. The Figure
6(a, d) displays the high-resolution XPS spectra of C 1s. The dominant peak at approximately 284.80
eV is attributed to the C-C bond, while the peaks at 283.63 eV, 286.31 eV, and 288.52 eV correspond
to C-Mo, C-O/C-N, and C-C=0 bonds, respectively [29]. The presence of the C-Mo bond confirms the
successful synthesis of molybdenum carbide. The C-N bond indicates the effective doping of nitrogen
atoms from the precursor dicyandiamide into the carbon layers, which enhances the catalyst's
conductivity [30]. Additionally, nitrogen incorporation induces electron reorganization, activating
adjacent carbon atoms and thereby promoting the hydrogen evolution reaction [31]. Figure 6b
presents the high-resolution XPS spectrum of Mo 3d, where three pairs of peaks are assigned to Mo-
C (228.67/231.82 V), Mo-N (229.39/232.54 eV) formed between molybdenum and doped nitrogen,
and Mo-O (232.80/235.95 eV) due to inevitable molybdenum oxidation [32]. In contrast, Figure 6e
shows the high-resolution XPS spectrum of Mo 3d, where two pairs of diffraction peaks at 228.57
eV/231.72 eV and 229.03 eV/232.12 eV correspond to the 3ds2 and 3ds2 orbitals of Mo?* and Mo?,
respectively. Mo?" is present in 3-Mo02C, while Mo exists in a-MoCi-x [33], confirming the coexistence
of dual phases. The high-resolution XPS spectrum of N 1s in Figure 6(c, f) can be deconvoluted into
five peaks [34]. The diffraction peaks located near 394.98 eV, 397.33 eV, 398.06 eV, 399.45 eV, and
401.82 eV correspond to Mo 3p, Mo-N bond, pyridinic N, pyrrolic N, and graphitic N, respectively.
The presence of the Mo-N bond indicates the bonding between N and Mo, which can prevent the
dissolution of Mo in the electrolyte, thereby endowing the material with excellent cycling stability.
In the high-resolution N 1s spectrum (Figure 6f), the deconvoluted peaks observed at 394.98 eV,
397.33 eV, 398.06 eV, 399.45 eV, and 401.82 eV are assigned to Mo 3p, Mo-N bond, pyridinic N,
pyrrolic N, and graphitic N, respectively. The presence of the Mo-N bond confirms the chemical
interaction between nitrogen and molybdenum, which effectively suppresses the dissolution of Mo
species in the electrolyte and consequently enhances the structural stability of the material. Figure 6g
displays the high-resolution XPS spectrum of V 2p, revealing two characteristic doublets
corresponding to V3 (514.29 eV/521.79 eV) and V* (516.17 eV/523.87 eV).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. (a-d) Mo 3d high-resolution XPS spectra of samples obtained with different vanadium doping levels

and (e) percentage of Mo?" and Mo* on the surface.

Detailed XPS analysis was conducted on the Mo element in four samples, 2VMC, 5VMC, 8VMC,
and 11VMC, as shown in Figure 7(a-d). Previous studies have shown that Mo* and Mo¢ do not
contribute significantly to HER activity [35]. Therefore, the study mainly focused on the two valence
states of Mo* and Mo*. Figure 7e shows the percentage of these two valence states and the Mo?/Mo?
ratio in the four samples. As mentioned above, Mo? is contributed by (3-Mo:C, while Mo* is
contributed by a- MoCi-. Therefore, the change in the ratio of Mo*/Mo? can reflect the change in the
proportion of -Mo2C and a-MoCi phases in the material. It is not difficult to see from Figure 7e
that with the continuous increase of vanadium element, the Mo?/Mo?* ratio gradually increases,
indicating that the amount of molybdenum carbide in the 3 phase continues to increase, which is
consistent with the XRD results. Further evidence shows that vanadium can induce the
transformation of molybdenum carbide from « phase to {3 phase, and the ratio of the two phases can
be controlled by the amount of vanadium added.
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Figure 8(a-i) shows the polarization curves, the Tafel slopes, and performance comparison of
materials prepared under different hydrothermal conditions. As seen in Figure. 8(a, d, g), the
overpotential at 10 mAcm-2 () first decreases and then increases with prolonged hydrothermal time
and elevated hydrothermal temperature. This trend is attributed to the poor crystallinity of the
materials under shorter hydrothermal times and lower hydrothermal temperatures, which negatively
affects their reactivity. As the hydrothermal time and temperature increase, the crystallinity of the
resulting carbonized products improves, thereby enhancing the catalytic performance. However,
when the hydrothermal time and temperature become excessively high, the defect density in the
material decreases, leading to a reduction in the exposed active surface area and ultimately resulting
in a decline in material performance. The effect of citric acid addition on the material performance
exhibits a similar trend to that of hydrothermal temperature and time. To better understand the HER
activity from a kinetic perspective, the Tafel slopes of the materials in Figure 8(b, e, h) were obtained
from the corresponding polarization curves using the Tafel equation. Generally, a smaller Tafel slope
indicates a lower overpotential as the current density increases, suggesting that the catalyst is more
efficient in the HER process [36]. As shown in Figure 8(b, e, h), the sample prepared with 1.5 g citric
acid addition, 20 h hydrothermal time, and 180 °C hydrothermal temperature exhibits the smallest
Tafel slope of 76.3 mV dec, indicating fast HER kinetics governed by the Volmer-Heyrovsky process
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Figure 8. (a, d, g) The LSV curves and (b, e, h) the Tafel slopes and (g, f, i) performance comparison of a-MoCi~
prepared under different hydrothermal conditions.

During in-situ carburization of materials, carbon sources such as dicyandiamide and melamine,
which decompose thermally to release gases and can form a carbon layer encapsulating the material,
thereby preserving its structural stability. However, studies have shown that for core-shell structures,
an excessively thick shell layer may hinder electron penetration to the catalyst, consequently
impeding the catalytic process [38]. Figure 9a clearly demonstrates that in the initial stage, the carbon
layer on the material surface gradually forms as the amount of dicyandiamide (DCD) increases. When
the mass ratio of precursor to DCD reaches 1:2, the thickness of the carbon layer becomes optimal.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202601.0934.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 January 2026 d0i:10.20944/preprints202601.0934.v1

12 of 19

Further increasing the DCD content leads to excessive carbon layer thickness, which adversely affects
the material's hydrogen evolution performance, causing a decline in catalytic activity with increasing
DCD amount. As the carbonization temperature rises, the material's performance progressively
improves, reaching its peak catalytic activity at 800 °C. The Tafel slope plots (Figure 9(b, e)) of
materials prepared under different DCD amounts and carbonization temperatures reveal that the
sample with a 1:2 ratio and carbonized at 800 °C exhibits the lowest Tafel slope (76.3 mV dec), which
is consistent with previous characterization results. Consequently, these optimal preparation
conditions were selected for vanadium doping, yielding polarization curves, the Tafel slopes, and
performance comparison curves for different vanadium doping levels (Figure 9(g-I)).
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Figure 9. (a, d) The LSV curves and (b, e) the Tafel slopes and (c, f) comparative properties of x-MoCi- prepared
under different carbonation conditions. (Hydrothermal treatment: 1.5 g citric acid, 800 °C, 20 h). Comparison of
(g) the LSV curves and (h) the Tafel slopes and (i) i of V-MoxC prepared with different vanadium doping levels.

From the polarization curves in Figure 9g, it can be observed that the material with a Mo/V ratio
of 100:5 achieves the lowest 1w (99 mV). The biphasic structure formed between a-MoCi-x and (-
Mo2C introduces new active sites and modulates the surface properties of the catalyst, thereby
enhancing catalytic activity. The i of the 2VMC sample (114 mV) also indicates that vanadium
doping improves the hydrogen evolution performance compared to pure a-MoCi~ (w: 124 mV).
This suggests that vanadium not only regulates the biphasic structure but also intrinsically enhances
the catalytic properties of molybdenum carbide. The Tafel slope analysis of vanadium-doped
molybdenum carbides with different doping levels (Figure 9h) further confirms that 5VMC exhibits
the lowest Tafel slope (65.1 mV dec™), surpassing that of the undoped sample. With increasing
vanadium content, the HER performance of the material progressively declines. This degradation is
likely attributable to an increase in the 3-Mo2C phase induced by the vanadium doping. Although 3-
Mo2C is catalytically active, its high hydrogen adsorption energy impedes the efficient desorption of
generated hydrogen gas. Consequently, hydrogen bubbles accumulate on the active sites, thereby
slowing the overall reaction kinetics. This is reflected in the increasing overpotential observed with
higher vanadium content. Furthermore, the performance trend indicates that the HER process
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follows the Volmer-Heyrovsky mechanism, with the electrochemical adsorption of water molecules
(the Volmer step) being the rate-limiting process [39].

Electrochemical impedance spectroscopy (EIS) was employed to investigate the charge transfer
mechanism, and the obtained Nyquist plots are shown in Figure 10. The smallest semicircle radius in
the Nyquist plot was observed for the precursor prepared with 1.5 g of citric acid under hydrothermal
conditions at 180 °C for 20 h, which was subsequently converted into a-MoCi-. This indicates the
smallest charge transfer resistance (Ret) and the fastest charge transfer rate, thereby facilitating the
rapid progression of the HER. In the electrochemical impedance tests of catalysts synthesized with
different dicyandiamide amounts and different carbonization temperatures, as shown in Figure 10(d,
e), it can be observed that when the mass ratio of precursor to dicyandiamide is 1:2 and the
carbonization temperature is 800 °C, the semicircle radius in the Nyquist plot is the smallest. This
corresponds to the minimum R« and a high electron transfer rate, further confirming the optimal
preparation conditions discussed earlier. The Figure 10f shows the EIS results of V-MoxC samples
with different vanadium doping levels. The 5VMC sample exhibits the most favorable charge transfer
kinetics, followed by the 2VMC, 8VMC, and 11VMC samples, which is consistent with their
respective catalytic activities.
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Figure 10. (a-e) Electrochemical impedance plots of a-MoCix prepared under different hydrothermal and
carbonation conditions. (f) Electrochemical impedance plots of V-MoxC prepared with different vanadium

doping levels.

Figure 11(a-c) presents the double-layer capacitance (Ca) measurements under three distinct
hydrothermal conditions. It can be observed that the precursor obtained by adding 1.5 g of citric acid
and undergoing hydrothermal treatment at 180 °C for 20 h exhibits the highest Cai. Under subsequent
carbonization conditions (Figure 11(d, e)), the material achieved its maximum electrochemical active
surface area when the precursor-to-dicyandiamide mass ratio was 1:2 and the carbonization
temperature was 800 °C, as reflected by the highest Ca value of 14.9 mF cm™. This result further
validates the optimal preparation conditions identified earlier. Subsequently, vanadium doping was
performed under these optimized conditions, and the corresponding Cai results are shown in Figure
11f. Among the four tested materials, the 5VMC sample exhibited the highest Cai (16.7 mF cm™2),
confirming its ability to expose the largest effective active surface area during the catalytic process.
This performance is superior to that of the undoped sample.
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Figure 11. (a-e) Bilayer capacitance plots of a-MoCi— prepared under different hydrothermal and carbonation

conditions. (f) Bilayer capacitance plots of V-MoxC prepared with different vanadium doping levels.

Stability tests further demonstrate the durability of 5VMC. During the 100 h
chronopotentiometric test at a constant current density of 10 mA cm2, as depicted in Figure 12a, the
potential exhibits minimal fluctuation, while the Figure 12b reveals only a slight negative shift in the
LSV curves after 1000 CV cycles. These results confirm the excellent long-term electrochemical
stability of 5SVMC.
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Figure 12. (a) Chrono-potential curves of 5VMC samples at 10 mA cm2 and (b) the LSV curves before and after
1000 turns of CV cycling.

Table 1. Comparison of the performance of the present work with other HER electrocatalysts reported in the
literature in 1 M KOH.

Catalysts nw/mV  Tafel slope/mV dec! Ref.
V-MoxC 99 65.1 This work

MoC-Mo02C-31.4 HNWs 120 42 [40]

Zn-MoC/Mo2C-0.2 139 49.8 [41]
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MoC-MoxC 126 50 [42]
MoC-Mo>C/PNCDs 121 60 [43]
MoC/MoxC (II) 112 69 [44]
Ni-MoxC/NC-100 162 104.8 [45]
Fe-MoC/B-Mo2C@NC 143 73 [46]
Niis-Mo2C/N 105 449 [47]

3. Materials and Methods

3.1. Materials and Chemicals

Ammonium molybdate tetrahydrate ((NH4)sMo7O24-4H20), anhydrous citric acid (CsHsOy),
dicyandiamide (C2H2Ns), hydrofluoric acid (HF), ammonium metavanadate (NH:VOs) and
anhydrous ethanol (CHsCH20H) were bought from Shanghai Aladdin Biochemical Technology Co.,
Ltd. Silica (SiO:2 G.R.grade) was purchased from Sigma Aldrich Trading Co., Ltd. Nitric acid was
bought from Xilong Fine Chemical Co., Ltd. Argon was provided by Henan Yuanzheng Technology
Development Co., Ltd.

3.2. Synthesis of molybdenum carbide (a-MoCi-x) Samples and Vanadium Doped MoxC (V-MoxC) Samples

A total of 0.5 g of SiO2 was ultrasonically dispersed in 50 mL of deionized water. Subsequently,
5 mL of concentrated HNOs and 1.5 g of anhydrous citric acid were added under continuous stirring
to ensure complete dissolution. After the solution became clear, 0.3 g of (NH4)sM07O244H20 was
introduced, then the mixture was stirred thoroughly to achieve homogeneous dispersion of the
precursors. The solution was transferred to a 100 mL Teflon-lined autoclave and heated at 180 °C for
20 h. After washing and vacuum drying at 60 °C, the molybdenum oxide precursor loaded with SiO2
was obtained. Each precursor (200 mg) was placed downstream in a quartz boat, with 400 mg C2H2Na
upstream. Under Ar gas, the furnace was heated to 500 °C (2 °C/min, insulated for 1 h), then to 800 °C
(5 °C/min, insulated for 2 h). After cooling, the SiO: template was removed with 10% HF/ethanol, and
the products were washed and dried to yield a-MoCi«. The preparation scheme of a-MoCix was
illustrated in Figure 1a.

After adding (NH4)sMo7O2-4H20 in the aforementioned steps, measured quantities of
ammonium metavanadate (with Mo/V molar ratios of 100:2, 100:5, 100:8, and 100:11) were introduced
into the solution under continuous stirring. By repeating the subsequent procedures described above,
V-MoxC samples were obtained. These samples were designated as 2VMC, 5VMC, 8VMC, and
11VMC according to their respective vanadium doping concentrations.

3.3. Materials characterization

The Bruker AXS D8 Advance X-ray diffractometer with Cu Ka radiation was served to measure
X-ray diffraction (XRD) results. The scanning range was 10-80°, and the step size was 0.02°. The
Raman spectra (Horiba LabRAM HR Evolution) of the composites were investigated with a laser
diode at an excitation wavelength of 532 nm. Meanwhile, using the Micromeritics ASAP 2020
adsorbent to obtain the specific surface area of the material. In addition, the morphology and
microstructures of the catalyst was determined by scanning electron microscope (JMS-75000F),
transmission electron microscope (Talos™ F200). By analyzing X-ray photoelectron spectroscopy
(Escalab-250Xi), quantitative analysis of elements and information on electronic energy level
structure can be gained.

3.4. Electrochemical measurements
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All electrochemical measurements were conducted in 1.0 M KOH using a typical three-electrode
setup with a DH-7000 workstation (Donghua Analytical Instrument Co., Ltd., Jiangsu). The prepared
catalyst, a platinum plate, and an Hg/HgO electrode served as the working, counter, and reference
electrodes, respectively. 2.5 mg of the catalyst was added to a mixture of 245 pL deionized water, 245
uL anhydrous ethanol, and 10 pL of a 5 wt% Nafion dispersion. The mixture was sonicated for 1 h to
form a homogeneous ink. Then, 150 pL of the ink was drop-cast onto an alcohol-washed and dried
carbon paper (0.5x2 cm), covering an area of 0.5x1 cm to achieve a catalyst loading of approximately
0.75 mg cm2. After thorough drying, the prepared electrode was used as the working electrode. All
potentials were converted to the reversible hydrogen electrode (RHE) scale using: E (vs. RHE) = E
(vs. Hg/HgO) + 0.098 + 0.0592 x pH. Linear sweep voltammetry (LSV) was performed from -0.8 to
-1.3 V at 5 mV s! to obtain polarization curves. Tafel slopes were derived from the LSV data using
the Tafel equation (n = b-logljl+a). Cyclic voltammetry (CV) was conducted within a potential
window of —0.45 to -0.35 V. The material was first scanned continuously until a stable response was
obtained. Subsequently, CV scans were performed at scan rates ranging from 20 to 100 mV s with
an increment of 20 mV s, and with 10 cycles recorded at each rate. The data from the last cycle at
each scan rate were used for analysis. The Electrochemical impedance spectroscopy (EIS)
measurements were performed over a frequency range of 10-2 to 105 Hz with an amplitude of 5 mV.

4. Conclusions

In summary, a phase and &/ dual-phase composite structured molybdenum carbide
electrocatalysts were successfully prepared, and vanadium doping improved their catalytic
performance. Firstly, the optimal preparation method for the a phase was obtained through
continuous optimization of the preparation process. The a-MoCix obtained at a hydrothermal
temperature of 180 °C, hydrothermal time of 20 h, citric acid addition of 1.5 g, carbonization
conditions of 800 °C, and precursor/dicyandiamide mass ratio of 1:2 exhibited the best electrocatalytic
hydrogen evolution performance. Vanadium doped biphasic molybdenum carbide catalyst was
prepared by introducing vanadium during the above preparation process. The addition of vanadium
causes the transformation of molybdenum carbide from the a phase to the 3 phase. After the addition
of vanadium, the catalyst structure becomes fragmented, the thickness decreases, and the specific
surface area of the material increases. The V-MoxC catalyst with a Mo/V molar ratio of 100:5 exhibits
the best charge transfer kinetics and surface properties, with a (3/a ratio of 0.827. Due to the
advantages of biphasic catalysts, V-MoxC catalysts exhibit superior hydrogen evolution performance,
with an 110 of 99 mV, a Tafel slope of 65.1 mV dec, and excellent stability.
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