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Abstract Hydrogen is the kind of pure, renewable energy that is required for the world to begin

relying less and less on the fossil fuels that it currently consumes. The production of hydrogen

by electrocatalytic water splitting is deemed to be preferable to the consumption of fossil fuels

for the generation of clean and reliable energy. A catalyst’s ability to catalyze is significantly influ-

enced by the number of exposed active sites in the catalyst. Thus, the purpose of the current work is

to offer a simple and inexpensive strategy to synthesize a double non-noble metal catalyst of VSe2/

MoSe2 via one-step hydrothermal synthesis for catalytic Hydrogen evolution reaction (HER). The

strong and unique orientation interaction between the nanosheet-like structure of VSe2 and the

nanoflower-like structure of MoSe2 in the nanocomposite significantly improved the electron trans-

fer kinetics. Subsequently, the electrochemical hydrogen production performance of the hybrid

VSe2/MoSe2 is enhanced as compared to its constituent materials. Electrochemical characteriza-

tions prove that the VSe2/MoSe2 nanocomposite enhances the electrochemical activity performance

with the lowest onset potential (330 mV) and a low value of Tafel plot (66 mV/decade) in compar-

ison with sole MoSe2 and VSe2. In addition, the nanocomposite shows a low charge transfer resis-

tance of 65 O, which further advocates the HER polarization curve and Tafel plot.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The development of clean, sustainable and eco-friendly energy has

attracted a lot of attention. Due to the rise in environmental degrada-

tion and the depletion of fossil resources, this interest is escalating

speedily. The environmentally friendly electrochemical production of

hydrogen through electrolysis of water (2H2O ? 2H2 + O2) is a desir-

able option to produce a clean, sustainable and environmentally safe

energy source compared to fossil fuels (Huang et al., 2018; Q. Zhang

et al., 2020; Liang et al., 2015). Despite the fact that platinum and

platinum-based alloys are the most efficient catalysts for the hydrogen

evolution reaction (HER) in both acidic and alkaline conditions, their
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applicability in practical applications has been hampered by their

intrinsic drawback of scarcity, high cost and low reserves (X.-D.

Wang et al., 2016; Zhu et al., 2016; K. Zhang et al., 2015). Hence,

the question of the development of alternative electrocatalysts that

are non-precious, durable and highly HER active, as an alternative

to Pt-based materials, is a crucial topic for scientists.

More recently, researchers have made enormous efforts to develop

a variety of approaches to alternate precious electrocatalysts. Among

these approaches, transition metal dichalcogenides (TMDC), including

VSe2, VS2, WSe2 and MoSe2, have currently attracted a lot of interest

due to their earth-abundant nature, unique structure and physical

properties (Chen et al., 2018; Chhowalla et al., 2013; Alahmadi

et al., 2021). TMDC consist of three layers (MX2) bonded via Van

der Waals forces, in which the middle layer is a transition metal (M)

while the top and bottom layers are chalcogenide atoms (X)

(Eichfeld et al., 2015; Fang et al., 2021; Fan et al., 2015).

Among various TMDC, molybdenum diselenide (MoSe2) and its

hybrids have been on the focus of research as electrocatalysts for

HER due to their low cost, nontoxicity and ease of production. MoSe2
material possesses two phases: the 2H (semiconducting) and the IT

(metallic) set it apart from other TMDC materials (Kiran et al.,

2014). Very recent reports have theoretically and experimentally

demonstrated that the edge of materials controls the electronic struc-

ture. For instance, Jaramillo et al. and Helveg et al. have experimen-

tally demonstrated through a scanning tunneling microscope (STM)

that the active sites of MoS2 layers are located along the edges of

the domains while basal surfaces of the domains are inactive

(Jaramillo et al., 2007; Helveg et al., 2000). In another study, Tang

et al. showed that the atomic hydrogen adsorption on the MoSe2 edges

exhibits lower Gibbs free energy compared to MoS2, which leads to

greater coverage of hydrogen adsorption (Tang et al., 2014). Conse-

quently, by tuning and manipulating the morphology of the nanopar-

ticles or the sheets, by increasing the number of exposed active edge

sites in TMDC, HER performance can be enhanced (Li et al., 2011;

Poorahong et al., 2017; Liao et al., 2013). In addition, the influence

of the electrocatalyst’s electrical conductivity is a significant factor in

HER activity. Thus, MoSe2 is incapable of serving as a standalone

and effective HER catalyst due to its poor conductivity and worse elec-

troactive site exposure (Xu et al., 2018). Several attempts have been

made to address this serious problem by employing strategies such

as functional structure design (Ojha et al., 2017), synthesized hybrid

materials (Tang et al., 2014) and doping with other materials (Deng

et al., 2017; Qian et al., 2019). It is possible to alter the catalytic activity

of MoSe2 through the hybridization process, which is a simple tech-

nique for improving HER performance. Vanadium diselenide (VSe2)

has been cited in the literature as one of the most important TMDs,

with special mention made of its exceptional properties, such as excel-

lent electrocatalytic activities (Z.-L. Liu et al., 2018), high conductivity

(Yi et al., 2022), charge density wave (Duvjir et al., 2018) and ferro-

magnetism (Bonilla et al., 2018). Moreover, VSe2 is frequently used

to modify the electronic structure when combined with other materials,

thus reducing their overpotential (Kwon et al., 2022; Feng et al., 2022).

So far, successful techniques have been reported to increase the

active edge sites of TMDCS including chemical deposition (H. Yang

et al., 2016; Y. Zhang et al., 2015), electro-Fenton processing (Li

et al., 2014), electrodeposition (Kuo et al., 2020), liquid exfoliation

(Gopalakrishnan et al., 2014) and microwave heating process (Chen

et al., 2019; Tang et al., 2021; Chen et al., 2020). These processes are

frequently constrained because they require a lot of time, demand dif-

ficult circumstances, or involve the use of dangerous and expensive

organic solvents (Ren et al., 2015). Among these methods, hydrother-

mal synthesis provides a lot of benefits for the economy and the envi-

ronment (Chen et al., 2022).

In the current work, we demonstrated a facile one-pot synthesis

strategy of the VSe2/MoSe2 nanocomposite by using a one-step

hydrothermal method. In this method, we utilized ammonium molyb-

date hexahydrate precursor and vanadium nitrate as a metal source

and selenium as a chalcogenide source for the one-pot growth of the
VSe2/MoSe2 hybrid structure. The interaction between MoSe2 and

VSe2, which is generally caused by the abundance of the MoSe2 and

VSe2 interfaces, results in an increase in the number of catalytic active

sites in the resulting hybrid heterostructure. The typical 3D

heterostructure can enhance the active sites to fully expose in elec-

trolyte due to the VSe2 and MoSe2 being well dispersed. In comparison

to standalone pure VSe2 and MoSe2, the VSe2/MoSe2 hybrid displays

better HER performances. The unique heterostructure of the VSe2/

MoSe2 nanocomposite shows an excellent HER performance with a

low onset potential of 330 mV, a small Tafel slope of 66 mV/decade,

and excellent long-term stability in acidic medium. The structure, com-

position and morphology of the heterojunction nanocomposite were

also studied using different characterization tools.

2. Materials and method

2.1. Chemical and reagents

Ammonium molybdate tetrahydrate ((NH4) Mo7O24�6H2O),
ammonium metavanadate (NH4VO3), oxalic acid (C2H2O4),
selenium (Se) and nafion solution (5 wt%) were obtained from

Sigma-Aldrich. There was no additional purification per-
formed for any of the chemicals and reagents.

2.2. Synthesis of VSe2/MoSe2 nanocomposite

We describe a facile and low-cost one-step hydrothermal tech-
nique that was employed to produce the VSe2/MoSe2
nanocomposite. In a typical synthesis, 40 ml of distilled water

was used to dissolve 0.16 g of NH4VO3, 1.12 g of C2H2O4 and
0.25 g of (NH4) Mo7O24�6H2O. Following that, 0.16 g of Se
powder was gradually added to the above solution as a source

of a selenium precursor. Then, the resultant mixture was stir-
red for 1 h at ambient temperature. Subsequently, the solution
was placed into a stainless steel autoclave and heated for 24 h

at 200 �C. The mixture was allowed to cool at ambient temper-
ature after the hydrothermal reaction. Finally, ethanol and dis-
tilled water were used to wash the synthesized products before
being filtered using a filter paper. Finally, the synthesized pro-

duct was dried for 12 h at 50 �C. For comparison, under the
same conditions, both MoSe2 and VSe2 were also synthesized
in their pure forms.

2.3. Materials characterization

The phase structure of the investigated samples was identi-

fied using X-ray powder diffraction (XRD) on a
SHIMADZU-MAXima-XRD-7000 diffractometer equipped
with Cu-Ka radiation (1.5418 A). Raman spectra of powder

samples were performed on Senterra with a laser excitation
wavelength of 532 nm. The structural phase of VSe2/MoSe2
was examined by X-ray photoelectron spectra (XPS) using
K-alpha (Thermo fisher scientific, USA) with monochro-

matic X-ray Al K-Alpha radiation-10 to 1350ev spot size
400 mm at a pressure of 10�9 mbar. The morphology of
the products was examined using filed emission scanning

electron microscopy (FESEM-JSM-IT700HR). To examine
the chemical composition of the developed hybrid nanocom-
posites, the energy dispersive X-ray (EDX) was also col-

lected using the JSM-IT700HR. The hybrid VSe2/MoSe2
material was investigated using transmission electron micro-
scopy (TEM) (QUANTA FEG 250).
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2.4. Electrochemical measurements

All measurements of the electrochemistry were achieved by
using Autolab (PGSTAT204) and recorded at room temper-
ature. A disposable three-electrode conformation (screen

printed carbon electrode (SPCE), Metrohm) consists of a
working electrode (carbon), reference electrode (Ag/AgCl)
and counter electrode (carbon). All experiments were per-
formed in sulfuric acid (H2SO4, 0.5 M) as an electrolyte.

All potentials in the present work are reported with respect
to reversible hydrogen electrode RHE using the equation:
ERHE = EAg/AgCl + 0.1976 + 0.056pH. In order to make

the catalyst ink, 55 mg of the catalyst material as it had
been synthesized was dissolved in 4 ml solution of water-
n-propanol (1:3). Then the catalyst ink was ultrasonicated

for at least one hour in order to obtain a homogenous
ink. Thereafter, 2 mL aliquot of the above slurry ink was
directly drop-casted onto the 4 mm diameter working elec-

trode and then covered with 2 mL of Nafion solution (1:3
water and propanol). Further, 10 ml of electrolyte (0.5 M
H2SO4) was purged with nitrogen for at least 20 mins. Prior
to evaluating the electrocatalytic activity of the VSe2/MoSe2
catalyst, a few cycles of cyclic voltammetry (CV) were per-
formed to insure the electrode activation. Linear sweep
voltammetry (LSV) was performed in 0.5 M H2SO4 by

sweeping the potential in the range from 0.2 to �0.8V vs.
RHE at a scan rate of 1 mV/s under nitrogen atmosphere.
Electrochemical impedance spectroscopy (EIS) experiments

were performed with frequency ranging from 80KHz to
1 Hz at a potential of 60 mV. To assess durability, 1000
Fig. 1 (a) XRD patterns (b) Raman spectra of the as-sy
cycles of the CV measurements were swept from 0.2 to
�0.8 V at a scan rate of 100 mV/s.

3. Results and discussion

3.1. Structure and morphology of the nanocomposites

Using a simple one-pot hydrothermal procedure and common
reagents like ammonium metavanadate, ammonium molyb-

date tetrahydrate, oxalic acid and selenium powder as precur-
sors, the distinctive hierarchical solid blocks nanocomposite of
VSe2/MoSe2 were synthesized. During our hydrothermal pro-

cess, the VSe2 prefers to produce ultra-thin nanosheets with
random shapes while the MoSe2 forms a nanoflower-like struc-
ture. Nevertheless, the VSe2/MoSe2 hybrid would lead to mul-

tidirectional solid blocks that are arranged in a hierarchy.
Fig. 1 shows the XRD patterns and Raman spectra of the syn-
thesized samples. Fig. 1(a) shows the XRD patterns of pure
MoSe2, VSe2 and the hybrid mixture of MoSe2/VSe2. For

the XRD pattern of the produced MoSe2, all the diffraction
peaks are perfectly consistent with the hexagonal MoSe2 phase
(JCPDS Card No. 77-1715). The reflection peaks localized at

14.6�, 37.06�, 44.4� and 66.2� corresponding to (002), (100),
(103), (110), (105), and (110) planes, indicating excellent pur-
ity of the synthesized MoSe2 (Liu et al., 2015). From the VSe2
XRD patterns, the location of diffraction peaks is consistent
with hexagonal VSe2 nanosheets (DB Card No. 1538289,
a = b = 3295 Å and c = 6031 Å). A few peaks at 2 theta

of 14.4, 29.5, 32.4, 40.0, 43.5, 55.8, 60.0, 65.0, 71.4 and 86.3
originated from (001), (002), (011), (102), (003), (103),
nthesized materials of MoSe2, VSe2, and VSe2/MoSe2.
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(004), (201), (002) and (005) planes (Sundaresan et al., 2023;
He et al., 2017). For the VSe2/MoSe2 hybridized sample, all
diffraction peaks of pure MoSe2 and VSe2 were observed. Fur-

ther, Raman spectroscopy was employed to characterize the
synthesized samples as shown in Fig. 1(b). The Raman spectra
of MoSe2 displays that the typical strong peak at 239 cm�1

corresponds to the A1g out-of-plane vibration mode of the
MoSe2 (Yang et al., 2017; Huang et al., 2014). From the
Raman profile of pure VSe2, the vibration modes at 280 and

406 cm�1 are attributed to the vibration modes of E1g and
A1g, respectively (Ming et al., 2018; Ratha et al., 2019). Raman
spectra of the VSe2/MoSe2 mixture heterostructure exhibits the
characteristic Raman bands of both sole MoSe2 and VSe2. The

peaks at 280 and 406 cm�1 correspond to E2g and A1g vibra-
tion modes of VSe2, respectively, while the A1g vibrational
mode of MoSe2 is at 239 cm�1 implyes the existence of two

materials in the heterostructure, which is also compatible with
EDX and XPS analyses. These findings suggest that no phase
shifts occurred during the synthesis of a nanocomposite com-

prised of MoSe2 and VSe2.
The morphology and nanostructure of the pristine VSe2

and MoSe2 structures as well as the VSe2/MoSe2 nanocompos-

ite were studied using field emission scanning electron micro-
scopy (FESEM). As exhibited in Fig. 2(a), the pristine VSe2
Fig. 2 (a and B) FESEM images of pristine VSe2 nanosheets at differ

f) hybrid VSe2/MoSe2 material, (g) EDX spectra of VSe2/MoSe2 and
shows a nanosheet-like structure with a length of a few
micrometers. On closer inspection, it becomes clear that these
VSe2 are made of a number of ultrathin nanosheets, with an

estimated thickness of each nanosheet of roughly 10 nm
(Fig. 2(b). Fig. 2(c) and Fig. 2(d) show the nanoflower-like
structures of the pure MoSe2 that were synthesized through

the hydrothermal method from (NH4) Mo7O24�6H2O and Se.
It is composed of ultrathin nanosheets with an average thick-
ness of roughly 20 nm. The morphology of the hybrid VSe2/

MoSe2 is illustrated in Fig. 2(e) and Fig. 2(f). It has been
observed that when using combinations of V and Mo salts
under the same experimental conditions, the produced VSe2/
MoSe2 nanocomposites display morphologies that are com-

pletely different from either VSe2 or MoSe2. As clearly
observed, the nanocomposite forms a hierarchical slab-
stacking-like structure. Further, the elemental composition of

the hybrid VSe2/MoSe2 nanocomposite was also examined
using an EDX analysis, as revealed in Fig. 2(g), identifying
Mo, V and Se as the primary constituents of the synthesized

nanocomposite. The presence of these elements is further con-
firmed by EDX elemental mapping (Fig. 2(i-k)), which is also
distributed throughout the hybrid composite material. Mean-

while, VSe2 and MoSe2 in the hybrid mixture seem to be in
close contact based on the distribution of Mo, V, and Se.
ent magnifications, (c and d) flower-like structure of MoSe2, (e and

(i-k) element mapping images of Mo, V, and Se, respectively.
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These findings indicate that the VSe2/MoSe2 hybrid nanostruc-
ture was successfully synthesized and contains both compo-
nents. The hybrid VSe2/MoSe2 exhibits two distinct types of

lattice fringes in high-resolution TEM analyses, as shown in
Fig. 3(a) and (b). The interplanar spacing of the MoSe2
(002) plane is 0.63 nm (Wu et al., 2020) while the interplanar

spacing of the VSe2 (011) plane is 0.263 nm (KA et al., 2020).
To confirm the surface chemical composition of the VSe2/

MoSe2 heterostructure and the purity of its VSe2 and MoSe2
constituents, high-resolution X-ray photoelectron spec-
troscopy (XPS) measurements were made. The survey scan
spectrum of MoSe2, VSe2, and VSe2/MoSe2 nanostructures is
illustrated in Fig. 4(a). The synthesized samples mainly contain

the five elements V, Mo, Se, C and O. The major source of the
C 1S signal at 284.6 eV is the contamination from the carbon
conductive tape that was used to hold the sample for the XPS

analysis. The O 1 s signal in the XPS survey scan implies the
existence of oxide phases that may be caused by the surface
adsorption of oxygen. Moreover, as shown in Fig. 4(b), the

pristine VSe2 nanostructure shows two distinct peaks, which
are attributed to V 2p3/2 and V 2p1/2, localized at binding ener-
gies of 517.15 and 523.5 eV, respectively. The peak at about

517.15 eV suggests the occurrence of V4+ (+4 oxidation state
of vanadium) (Ulusoy Ghobadi et al., 2017; Karamat et al.,
2016). In the VSe2/MoSe2 nanocomposite, this peak was also
shifted to a low-binding energy region as a result of the incor-

poration of MoSe2. The VSe2/MoSe2 spectrum, as shown in
Fig. 4(c), has four dominant peaks. The two peaks at 229.7
and 232.8 eV, which correspond to Mo 3d5/2 and Mo 3d3/2,

are assigned to the oxidation state of the Mo4+. The peaks
located at 230.8 and 235.5 eV, which correspond to Mo 3d5/2
and Mo 3d3/2, are assigned to the oxidation state of the

Mo6+(J. Yang et al., 2016; Zhang et al., 2018). These con-
firmed that Mo is mainly present in the nanocomposite mix-
ture before being oxidized (L. Zhang et al., 2020).

Additionally, the former small peak at around 235.5 eV indi-
cates the presence of the hexavalent state of Mo, which is
assigned to Mo 3d3/2. On the other hand, in the case of pure
MoSe2, the hexavalent state peak becomes barely detectable.

This peak indicates the reduction of Mo of the hexavalent state
(Mo (VI) 3d3/2, 235.5 eV) to the tetravalent state (Mo (IV)
3d5/2, 232.5 eV) (Wang et al., 2014). Further, the binding ener-

gies of Mo (IV) 3d3/2 shift by 0.5 eV, indicating that the elec-
tronic structure of MoSe2 in the nanocomposite has been
modified. The hexavalent state peak may be most likely caused
Fig. 3 (a and b) TEM images of the hybrid VSe2/MoSe2 material w

lattice scale views.
by a combination of factors, including the reduction of MoO�2
4

during the hydrothermal reaction (Sakthivel et al., 2018), air
oxidation of the MoSe2/VSe2 surface (Fan et al., 2015), or
the formation of vacancies in the VSe2 structure in the hybrid

structure. It is noteworthy that by utilizing thermal treatment
annealing at a high temperature of 600 �C, this peak can be
completely eliminated (Zhang et al., 2017). In a comparable

kind of this application, Zhang et al. have also realized this
peak (L. Zhang et al., 2020). Further, Fig. 4(d) displays the
XPS analysis of Se 3d. For hybrid VSe2/MoSe2 material, the

characteristic doublet peaks are referred to Se 3d5/2 at 55 eV
and Se 3d3/2 at 56.3 eV, indicating the �2 oxidation state of
selenium (H. Yang et al., 2016). These findings support the
successful synthesis of pure VSe2, MoSe2 and hybrid

composites.
3.2. Electrocatalytic analysis

We evaluated the electrocatalytic performances of modified
SPCE with the as-prepared MoSe2, pristine VSe2 and VSe2/
MoSe2 nanocomposite in 0.5 M H2SO4 solution by LSV with

a scan rate of 1 mVs�1 at ambient temperature. The electro-
chemical performance of Pt was also studied as a control
experiment. The prepared electrocatalysts will be denoted as
MoSe2@SPCE, VSe2@SPCE and VSe2/MoSe2@SPCE,

respectively. The polarization curves are shown in Fig. 5(a).
Among all three electrocatalysts, the VSe2/MoSe2@SPCE
exhibits the highest HER catalytic activity with an onset

potential of 330 mV revealing robust interaction in the inter-
face that could develop the activity. Comparatively, MoSe2@-
SPCE and VSe2@SPCE exhibit higher overpotentials. Due to

the lower electrocatalytic reduction of proton to H2, the catho-
dic current rose under more negative potential. Consequently,
a relatively low hydrogen evolution activity was observed. It is

noteworthy that the one-pot synthesed VSe2/MoSe2 can be sta-
ted as having better catalytic activity. With the one-pot synthe-
sis method, we think there are unique possibilities for
enhancing the catalytic activity of dual non-noble materials.

The Tafel slope, which can use to understand the dynamics
of hydrogen evolution and reaction mechanism, is extracted
from the polarization curves (Shi et al., 2017; Yan et al.,

2017). From the Tafel equation (g = b log (j) + a) (Begum
et al., 2023), where g is the overpotential, b is the Tafel slope
and j is the current density, the Tafel slope is derived. In order
ith the d spacing of VSe2 and MoSe2 and with the corresponding



Fig. 4 XPS spectra of the hybrid VSe2/MoSe2 product: (a) XPS survey spectra of MoSe2, VSe2 and VSe2/MoSe2, (b) XPS spectra of Mo

3d, (c) V 2p, and (c) Se 3d,respectively.

Fig. 5 (a) The HER polarization curves of MoSe2@SPCE, VSe2 @SPCE and hybrid VSe2/MoSe2@SPCE in 0.5 M H2SO4. (b) Tafel

Plots derived from the HER polarization curves.
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to estimate the Tafel slope of the various electrocatalysts, Tafel
plots are reported in Fig. 5(b). A Tafel slope of 66 mV
decade�1 is determined for VSe2/MoSe2@SPCE. This value

indicates that the hybrid nanocomposite increases the HER
catalytic activity since it is substantially lower than the value
observed for VSe2@SPCE (99 mV decade�1), MoSe2@SPCE

(196 mV decade�1) and bare SPCE (235 mVdecade�1). Inter-
estingly, the Tafel slope value of VSe2/MoSe2@SPCE is lower
compared to other TMDC previously reported; like MoSe2/

Graphene (80 mVdecade�1; Najafi et al., 2018), MoS2
nanosheets (90 mVdecade�1; Muralikrishna et al., 2015) and
WSe2/rGO (85 mVdecade�1; Li et al., 2018).

Understanding the interfacial processes of the VSe2/MoSe2
hybrid material requires an examination of the kinetics of
HER. Conway et al. revealed a well-known conclusion regard-
ing the participation of chemisorbed hydrogen, which may

help in understanding how the cathodic H2 evolution reaction
occurs at electrodes (Conway and Tilak, 2002; Conway and
Tilak, 1992; Tilak et al., 1977; X. Wang et al., 2016). Typically,

the HER includes three main steps to convert H+ to H2 in
acidic electrolytes.

H3O
þ þ e� þM ! MHads þH2O step 1; Volmer reactionð Þ

ð1Þ
Fig. 6 (a) Nyquist plots of MoSe2@SPCE, VSe2@SPCE and VSe2/

MoSe2@SPCE before and after 1000 CV cycles in 0.5 M H2SO4.
MHads þH2O
þ þ e� ! H2 þH2O step 2;Heyrovsky reactionð Þ

ð2Þ

2MHads ! 2MþH2 step 3;Tafel reactionð Þ ð3Þ
Where M denotes the catalyst while MHads denotes the hydro-

gen atom adsorbed on the surface of the catalyst. The first step
(1) is known as a discharge step (Volmer step, 120 mV dec�1).
Herein, hydrogen ions (H3O

+) and electrons interact to form

adsorbed hydrogen intermediates (MHads) on the surface of
the catalyst. The following steps (2 or 3) are desorption, also
known as Heyrovsky electrochemical reaction (40 mV dec�1)

or Tafel chemical reaction (30 mV dec�1). In the current work,
the hybrid VSe2/MSe2 material has a Tafel slope of
66 mVdec�1, which indicates that the Volmer and Heyrovsky
reactions are taking place during the HER activity. In contrast

to pure VSe2 and MSe2, the lower Tafel slope of VSe2/MSe2
should be the result of the H intermediate participating in a
different state, which is promoted by the disordered state of

the surface of VSe2/MSe2.
In order to further explore the relationship between the

active surface of the electrocatalysts and catalytic HER activ-

ity, the charge-transfer processes of the various electrocatalysts
were studied by (EIS) (Argoubi et al., 2015, 2019; Mars et al.,
MoSe2@SPCE in 0.5 M H2SO4. (b) Stability results of the VSe2/



Table 1 Comparison Table of various MoSe2 and MoSe2-based electrocatalysts.

HER catalyst Synthesis technique Loading Electrolyte Tafel slope

mV/dec

Overpotential g10
(mV)

Resistance Reference

MoSe2/GC LPA 2 mg cm�2 0.5 M

H2SO4

88 �340 – (Najafi et al.,

2018)

MoSe2/CNFs CVD – 0.5 M

H2SO4

107 �219 – (H. Yang et al.,

2016)

Porous MoSe2 Liquid Exfoliation

Method

0.45 mg cm�2 0.5 M

H2SO4

80 �150 25 (Lei et al., 2016)

MoSe2/WSe2 Colloidal Method 0.28 mg cm�2 0.5 M

H2SO4

238 �580 713 (Hwang and Shin,

2021)

MoSe2-

NiSe@C

Hydrothermal

Synthesis

0.25 mg cm�2 0.5 M

H2SO4

76.3 �154 – (C. Liu et al.,

2018)

H-NiSe2/MoSe2 Hydrothermal

Synthesis

0.6 mg cm�2 0.5 M

H2SO4

43.5 �147 188.2 (Dai et al., 2022)

Co doped

MoSe2

Hot Injection

Technique

1.04 mg cm�2 0.5 M

H2SO4

67 �232 388 (Zimron et al.,

2020)

VSe2/

MoSe2@SPCE

Hydrothermal

Synthesis

0.2 mg cm�2 0.5 M

H2SO4

66 �480 65 This Work
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2016; Aoun, 2017). Fig. 6(a) shows the obtained Nyquist plot
of MoSe2@SPCE, VSe2 @SPCE and VSe2/MoSe2@SPCE

electrocatalysts along with bare SPCE. The charge transfer
resistance (Rct) of the electrocatalysts is a typical parameter
reflecting the interfacial Faradic kinetics of the catalytic reac-

tion of HER. Calculations were made based on the best fitting
of the experimental data using a simple Randles-type equiva-
lent circuit (Tanjila et al., 2021) (cf. inset of Fig. 6(a)). The

VSe2/MoSe2@SPCE has the lowest Rct value of 65 X while
those of VSe2@SPCE and MoSe2@SPCE are around 4.84
and 12.50 kX, respectively. Additionally, the low resistance
of the VSe2/MoSe2 hybrid material implies a highly effective

electrical communication between the two catalytic edge sites.
This tremendous decrease in charge transfer means a substan-
tially greater conductivity of the VSe2/MoSe2@SPCE. This

goes in line with the observed superior HER performance
revealed from the polarization measurements. Moreover,
along with its outstanding electrocatalytic activity, the durabil-

ity is another essential factor to be considered. As presented in
Fig. 6(b), the long-term stability of the VSe2/MoSe2@SPCE
electrocatalyst was evaluated upon 1000 uninterrupted CV
cycles in 0.5 M H2SO4 after 4 months of storage. In fact, the

VSe2/MoSe2@SPCE electrocatalyst demonstrated excellent
long-term stability with a minor drop in current densities
and an even slightly positively shifted HER onset potential.

This finding indicates the excellent stability of the VSe2/MoSe2
catalyst throughout HER performance. Table 1 provides a
thorough comparison of several catalysts in terms of the syn-

thesis process, electrolyte, charge transfer resistance and Tafel
slope. As illustrated in Table 1, our nanocomposite nanomate-
rials’ resistance and Tafel slope are comparable or even better

than those of previously reported MoSe2-based nanocompos-
ite nanomaterials.

4. Conclusion

In summary, we have presented insights into the synthesis of a simple

and cost-effective HER catalyst (VSe2/MoSe2) using a one-pot

hydrothermal technique. Such technique led to maximize surface area

by raising the number of exposed edges of the VSe2/MoSe2 nanocom-

posite, which in turn improved the HER catalytic activity. The pro-
posed VSe2/MoSe2@SPCE electrocatalyst exhibits a drastically

reduced charge transfer towards HER facilitated by the strong interac-

tion between VSe2 and MoSe2, which also increases the conductivity of

the nanocomposite as a whole. The prepared electrocatalyst presented

an outstanding HER activity with a relatively low onset potential of

330 mV and a small Tafel slope of 66 mV decade�1. In addition, impe-

dance analysis reveals a low charge transfer resistance of 65 X for the

prepared VSe2/MoSe2@SPCE, which suggests that active edge sites are

more numerous. Due to its excellent stability in an acidic medium,

VSe2/MoSe2@SPCE would be a potentially sophisticated HER

electrocatalyst.
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