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ABSTRACT
Widely used precious metal (i.e., Pt, or Pd) electrocatalysts need to be replaced with other cost-effective and earth-abundant materials for eco-
nomical water splitting applications. Recently, two-dimensional (2D) transition metal dichalcogenides (MoS2, VS2, WS2, etc.) have emerged
as ideal electrocatalysts for the hydrogen evolution reaction (HER) due to their tunable physicochemical properties and rich catalytic active
sites. In this regard, we propose a strategy to achieve improved HER performance of VS2 by fabricating a hybrid material with transition
metal (Zn and Cd)-based sulfides. A facile hydrothermal approach is employed to prepare a VS2/ZnS/CdS hybrid catalyst that exhibits
remarkable electrocatalytic performance for the HER in acidic media with a small overpotential of 86 mV at 10 mA/cm2 and a Tafel slope
of 74.4 mV/dec. This inferred the Volmer–Heyrovsky mechanism with electrochemical desorption of hydrogen as the rate-limiting step.
High performance is attributed to the abundance of catalytically active sites and the synergistic interactions between the materials. Theo-
retical calculations reveal that the VS2/ZnS/CdS hybrid shows favorable HER activity owing to its low hydrogen adsorption free energy of
about 0.35 eV. We believe that this work on designing 2D VS2/ZnS/CdS will offer a new pathway to discover an efficient H2 generation
electrocatalyst.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0068407

I. INTRODUCTION

Persistently increasing global energy demands and simultane-
ous shrinkage of conventional fuel sources stimulated enormous
research focus on the development of technologies for sustainable
energy conversion and storage. Water splitting is one of the promis-
ing approaches to decode this energy glitch than other existing
ones.1 Hydrogen (H2) is considered as green, recyclable energy and
reflecting all norms for an alternative energy source.2 Despite that,
the efficient use of this eco-friendly technology needs to be enhanced
by resolving the enigmas associated with it. The electrochemical

splitting of water molecules transpired to the oxygen evolution reac-
tion (OER) at the anode and the hydrogen evolution reaction (HER)
at the cathode. Water splitting in acidic media has been recognized
as the primary method of H2 generation.3 In the acidic electrolyte,
the key steps are illustrated as a hydronium cation (H3O+) absorbed
on a catalytic active site and coupled with an electron to form a
hydrogen atom.4 These processes required an efficient electrocat-
alyst to promote sluggish kinetics. Thus, for large-scale commer-
cialization of H2 production, more enhancement is needed in the
extent of electrocatalyst due to its direct affection on the overall
performance of water splitting.
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Due to the suitable hydrogen adsorption (Hads) energy on the
catalytic active sites of platinum (Pt)-based materials, Pt has been
used as the expediting electrocatalyst for the HER.5 However, the
use of this precious metal for HER application is hindered because
of its high cost and scarcity on the earth’s surface. Therefore, to make
HER more productive, the discovery of alternative efficient material
with high catalytic activity, cost-effective, and durable electrocata-
lyst is highly crucial.6 Among the various non-precious metal-based
electrocatalysts, transition metal sulfides have emerged as the supe-
rior HER electrocatalysts in recent years.7 The advantageous proper-
ties, such as good conductivity, low cost, less environmental impact,
and considerable catalytic activity toward the electrochemical HER,
make them promising candidates. One of the classes of 2D materi-
als, transition metal dichalcogenides (TMDCs), constitute by sand-
wiching transition metals (M–Mo, V, W, Re, etc.) in two chalcogen
atoms (X–S, Se, or Te) with covalent bonding. The layers are con-
nected with each other by weak van der Waals forces. Such a layered
structure leads to strong anisotropy in its electrical, optical, chem-
ical, and thermal properties. Depending on their variety of shapes,
sizes, crystalline forms, chemical compositions, and structural con-
figurations, they exhibit diverse properties ranging from insulators
(e.g., HfS2), semiconductors (e.g., MoS2 and VS2), semimetals (e.g.,
WTe2 and TiSe2), true metals (e.g., NbS2 and VSe2), and supercon-
ductors (e.g., NbSe2 and TaS2).8 As a representative candidate of the
TMDC family, the structure of vanadium disulfide (VS2) is shaped
by sandwiching a metal V-layer between two S-layers with an inter-
layer spacing of 5.76 Å.9 VS2 exhibits a small bandgap partly filled at
the Fermi level, attractive metallic behavior with high electrical con-
ductivity, high specific surface area, and unique mechanical proper-
ties.10 Due to these several fascinating properties, VS2 has become
a superior candidate for facilitating various electrochemical applica-
tions, including supercapacitors, batteries, and electrocatalytic water
splitting.11–13 Significant effort has been devoted toward manufac-
turing, designing, and developing VS2-based HER electrocatalysts.
On the other hand, metal monosulfides (e.g., CdS, ZnS, NiS, and
SnS) have attracted attention as a new class of electrode mate-
rials for electrochemical applications.14,15 Cadmium sulfide (CdS)
and zinc sulfide (ZnS) possess good electrical conductivity, low
toxicity, natural abundance, low cost, and environmental stabil-
ity. Both CdS and ZnS are semiconductors with a bandgap of 2.4
and 3.5–3.8 eV, respectively.16,17 Such beneficial properties of both
materials prompted researchers to exploit their potential in energy
devices.

Design and fabrication of new hybrid nanostructures with
strategic architectures are highly desirable due to the synergetic
effect arising from the cooperation between two or multiple
components that could lead to enhanced electrochemical prop-
erties.18 Recently, hybrids or heterostructures engineered with
transition metal sulfides have shown significant improvement in
electrochemical performance from their single-component counter-
parts.19,20 Herein, VS2/ZnS/CdS hybrids were synthesized by a sim-
ple hydrothermal method. Impressively, the VS2/ZnS/CdS hybrid
exhibited outstanding electrocatalytic HER activity with a small
overpotential of 86 mV at a current density of 10 mA/cm2 and
a Tafel slope of 74.4 mV/dec. The enhanced HER performance is
attributed to the synergistic effect of VS2 nanosheets and ZnS/CdS
structures, which greatly promoted interfacial electronic and chem-
ical interactions. Moreover, theoretical calculations reveal that the

VS2/ZnS/CdS hybrid structure is favorable in HER activity due to its
low hydrogen adsorption free energy, which is about 0.35 eV. These
fruitful outcomes evidence that the fabrication of optimized hybrid
nanostructures is a promising strategy to enhance the catalytic per-
formance of VS2 material. Thus, these precious metal-free and
highly active catalysts for the HER enable prospective opportunities
for 2D materials in industrial applications.

II. EXPERIMENTAL SECTION
A. Chemicals

All the chemicals used in the study were of analytical grade and
used without any further purification. The initial precursors such as
NH4VO3, Zn(NO3)2⋅6H2O, Cd(NO3)2⋅4H2O, CH4N2S, ammonia,
and H2SO4 were purchased from Sd-fine chemicals, India. C2H5NS
was purchased from Sisco research laboratories (SRL), India. 20%
Pt/C, Nafion, and isopropanol were purchased from Sigma-Aldrich.
The deionized water (DI) was used to prepare the experimental
solution and analyte solution.

B. Synthesis of ZnS/CdS structures
Typically, Zn(NO3)2⋅6H2O (0.297 g) and Cd(NO3)2⋅4H2O

(0.236 g) were dissolved in DI water (35 ml) under vigorous stirring
to form a homogeneous solution. Subsequently, CH4N2S (0.380 g)
was added to the solution and stirred for another one hour. Then,
the prepared solution was transferred into a 50 ml Teflon-lined
stainless-steel autoclave and maintained at 180 ○C for 24 h. After
the reaction system cools down to room temperature, the precip-
itate was collected, washed with water and absolute ethanol sev-
eral times to remove any possible impurities, and dried at 60 ○C
for 12 h under vacuum. Pristine ZnS and CdS materials were
also obtained under the same procedure using their respective
precursors.

C. Synthesis of VS2/ZnS/CdS hybrid structures
NH4VO3 (0.696 g) was added to a 25 ml mixed solution

of DI water and ammonia mixture. The solution was stirred for
15 min followed by adding 2.4 g C2H5NS and the mixture was stirred
for 30 min. In another beaker, the as-prepared ZnS/CdS material was
added into 15 ml of DI solution (1.0 mg/ml) and vigorously stirred
for 30 min followed by ultrasonication. Then, the prepared solution
was added to the above solution and further stirred for 30 min. The
prepared homogeneous mixture was transferred into a 50 ml Teflon-
lined stainless-steel autoclave to react at 180 ○C for 24 h. After cool-
ing down to ambient temperature, the product was centrifuged with
DI water and ethanol. The VS2/ZnS/CdS hybrid was eventually gath-
ered after being dried at 60 ○C at 6 h in a vacuum drying oven. For
comparison purposes, pristine VS2 was also synthesized by the same
procedure.

D. Characterization
Fourier transform infrared (FTIR) spectra were acquired on a

Perkin Elmer spectrophotometer to find the information about the
functional groups present in the prepared materials. XRD was car-
ried out by a Rigaku Ultima IV x-ray diffractometer having Ni-filter
for Cu Kα radiation (wavelength, λ = 0.1541 nm) to understand
the phase formation and crystallinity of the synthesized materials.
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To study the phase constitution, x-ray photoelectron spectroscopy
(XPS) measurements were performed using VG Microtech, Eng-
land (Multi Lab, ESCA-3000, sr. no. 8546/1) with Al Kα as the
x-ray source. Field-emission scanning electron microscopic
(FESEM, JEOL JSM-7100F, JEOL Ltd., Singapore) and transmission
electron microscopic [TEM, TALOS F200S G2 (200 kV, FEG CMOS
camera 4 × 4 k2)] measurements were employed to characterize the
morphologies of the obtained samples. Selected area electron diffrac-
tion (SAED) patterns were collected on the same TEM instrument.
The energy dispersive spectrometer (EDS) is also equipped with the
same FESEM instrument and used for the elemental analysis of the
material. The specific surface area and pore size distribution were
measured by the multipoint Brunauer–Emmett–Teller (BET) and
the Barrett–Joyner–Halenda (BJH) methods using Belsorp max,
Japan.

E. Computational study details
We have performed the first-principles calculation based

on density functional theory (DFT) implemented in the Vienna
ab initio simulation package (VASP).21 For all the calculations, we
have used a projector augmented wave (PAW) scheme to project
the potential of atoms, and the exchange–correlation energy was
introduced by Perdew, Burke, and Ernzerhof (PBE).22 For all the
calculations, we have the kinetic energy cutoff of 450 eV and all
the structure well optimization up to total energy and force conver-
sion lower than 10−5 eV per atom and 0.001 eV/Å, respectively. To
avoid the interaction of repeated images in the z-axis, we have used
20 Å of vacuum along the z-axis. The Brillion zone is defined by
Monkhorst and Pack scheme 5 × 5 × 1 k-mesh in reciprocal space.
To defined van der Waal’s interaction, we have used Grimme’s
DFT-D2 method.23

F. Electrochemical measurements
All of the electrochemical measurements were performed in

a three-electrode system on the CorrTest (CS350) Electrochemical
Workstation, China. The Ag/AgCl electrode was used as the ref-
erence electrode, platinum was used as the counter electrode, and
a glass carbon electrode (GCE, 3 mm in diameter) decorated with
the catalysts was used as the working electrode. Typically, 2 mg of
catalyst and 10 μl of Nafion solution were dispersed in 200 μl iso-
propanol solution by sonicating for 60 min to form a homogeneous
ink. Then, 5 μl of the ink was pipetted onto a GCE. All HER tests
were conducted in 0.5M H2SO4 electrolyte.

Linear sweep voltammetry (LSV) was conducted with a scan
rate of 5 mV/S. All results were calibrated with respect to the
reversible hydrogen electrode (RHE) according to the following
equation:24

E(vs. RHE) = E(vs.Ag/AgCl) + 0.197 + 0.059 pH. (1)

Tafel plots of various samples were investigated using the
following equation:25

η = blog j + a, (2)

where η is the overpotential, j is the current density, and b is the Tafel
slope.

The electrochemical impedance spectroscopy (EIS) measure-
ments were carried out in the frequency range of 0.01 Hz–100 kHz
with an AC voltage of 5 mV. Cyclic voltammograms (CV) of the
as-prepared samples were recorded in a non-Faradaic region at var-
ious scan rates used to measure the electrochemical double-layer
capacitance (Cdl). Stability tests were performed using a chronoam-
perometry technique (at a current density of 10 mA/cm2).

III. RESULTS AND DISCUSSION
We have developed a simple and effective strategy to fabri-

cate the VS2/ZnS/CdS hybrid structures with excellent electrocat-
alytic HER properties. The synthesis process of VS2/ZnS/CdS hybrid
structures is schematically illustrated in Fig. 1. Initially, structural
and morphological analyses of synthesized materials were carried
out by using various characterization techniques.

The FTIR analysis was carried out to analyze the composition
and quality in the range of 4000−500 cm−1, shown in Fig. 2(a).
The dips observed around 600 cm−1 are due to the characteristic
metal–sulfide (M–S) vibration. Additional peaks that appeared at
3400 cm−1 are attributed to the stretching vibration of the hydroxyl
group (O–H). In order to determine the phase and purity of the
synthesized materials, XRD analyses have been performed to under-
stand structural information [Fig. 2(b)]. The XRD pattern of pristine
CdS exhibits several characteristic peaks corresponding to the (100),
(002), (101), (102), (110), etc., planes of hexagonal CdS (JCPDS card
No. 65-3414). The peaks of cubic ZnS (JCPDS card No. 05-0566)
match the crystal faces (111), (200), (220), (311), and (331). The
XRD spectrum of ZnS/CdS clearly presented the planes of both ZnS
and CdS material. Pure VS2 is assigned to a hexagonal phase of VS2
(JCPDS card No. 89-1640) and assigned to the crystal faces (001),

FIG. 1. Schematic illustration of the synthesis process of VS2/ZnS/CdS hybrid.
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FIG. 2. (a) FTIR and (b) XRD patterns of synthesized materials.

(100), (011), (012), (110), (103), (111), (201), and (202). In the XRD
pattern of the VS2/ZnS/CdS hybrid, no intense peaks for the ZnS
and CdS are observed, which is presumably due to the low content
of the ZnS/CdS. For all the materials, no extra peaks are observed
other than JCPDS files, representing that the as-synthesized samples
are highly pure. EDS is a well-known method for identifying the rel-
ative elemental composition of a material. Figures S1a–S1f show the

typical EDS mapping image of a VS2/ZnS/CdS hybrid, which con-
firms the presence of V, Zn, Cd, and S elements in the sample. The
chemical states of V, Zn, Cd, and S in the as-prepared VS2/ZnS/CdS
hybrid structure were investigated by the XPS. Figure S2 confirms
the element of VS2/ZnS/CdS hybrid with the peaks of V, Zn, Cd, and
S elements. Figure 3(a) shows the V 2p core-level spectrum in which
doublet peaks at the higher binding energy of 524.5 and 517.6 eV are

FIG. 3. High-magnification XPS spectra of VS2/ZnS/CdS: (a) V 2p, (b) Zn 2p, (c) Cd 3d, and (d) S 2p.
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attributed to V 2p1/2 and V 2p3/2, corresponding to the V4+ chemi-
cal state.26 In Fig. 3(b), the high-resolution XPS spectra of Zn 2p, the
peak at 1020.25 eV assigned to Zn 2p3/2, indicated the oxidation state
of +2 for Zn.27,28 The two peaks of Cd (3d3/2 and 3d5/2) are located
at 413.7 and 407.1 eV, respectively, which indicated the existence
of Cd2+ [Fig. 3(c)].29,30 From the high-resolution S 2p XPS spec-
trum in Fig. 3(d), the peak at 163.8 eV is ascribed to S 2p1/2, while
the peak at 162.6 eV could be assigned to S 2p3/2.31 These observa-
tions confirm the successful synthesis of the VS2/ZnS/CdS hybrid
material.

The morphology of the VS2/ZnS/CdS hybrid is confirmed by
SEM and TEM, as shown in Fig. 4. It can be seen from Figs. 4(a)
and 4(b) that the morphology of CdS is flower-like structure, while
ZnS has a spherical structure. The ZnS/CdS hybrid exhibits both
the flower and spherical structures [Fig. 4(c)]. Figures 4(d) and
4(e) show low- and high-magnification FESEM images of vertically
aligned VS2 nanosheets. Figure 4(f) shows the FESEM images of
the VS2/ZnS/CdS hybrid, which represent the fragmented sheets
dominated by the morphology of VS2, due to the presence of a
lower concentration of ZnS and CdS. TEM and HRTEM images

of the VS2/ZnS/CdS hybrid are shown in Figs. 4(g) and 4(h). The
clear lattice fringes with interplanar spacings of 0.19, 0.34, and
0.31 nm correspond to (012), (002), and (111) planes of VS2,
CdS, and ZnS, respectively. The SAED pattern [Fig. 4(i)] clearly
defines the semi-crystalline nature of the synthesized VS2/ZnS/CdS
hybrid and analyzes planes indexed as (102), (111), and (110),
which correspond to CdS, ZnS, and VS2. The surface area of the
VS2/ZnS/CdS hybrid structure is further investigated by combined
nitrogen adsorption/desorption isotherms. Figure S3 shows a spe-
cific area of 4.3 m2/g of VS2/ZnS/CdS hybrid determined by the
BET method, while pristine VS2 shows 8.4 m2/g and ZnS/CdS shows
6.5 m2/g. The pore-size distribution curves are analyzed through
the BJH method (Fig. S3). The corresponding pore volume of VS2,
ZnS/CdS, VS2/ZnS/CdS hybrid is 0.017, 0.020, and 0.012 cm3/g,
respectively. All the above characterizations confirm the successful
synthesis of the VS2/ZnS/CdS hybrid.

The catalytic performance of the synthesized catalyst is mea-
sured by a three-electrode system in a 0.5M H2SO4 aqueous solution.
Figure 5(a) shows the polarization curves of the as-prepared sam-
ples, CdS, ZnS, ZnS/CdS, VS2/ZnS/CdS, and reference commercial

FIG. 4. FESEM images of (a) CdS, (b) ZnS, (c) ZnS/CdS, (d)–(e) VS2, and (f) VS2/ZnS/CdS. (g) TEM image of VS2/ZnS/CdS, (h) HRTEM image of VS2/ZnS/CdS, and (i)
SAED pattern of VS2/ZnS/CdS.
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FIG. 5. Electrocatalytic HER performance of VS2/ZnS/CdS: (a) LSV curves, (b) Tafel plots, (c) Nyquist plot, and (d) overall performance.

Pt/C catalyst. The commercial Pt/C shows the best catalytic activ-
ity for the HER with a small overpotential value (53 mV). In Fig.
S4a, both pure ZnS and CdS present poor electrocatalytic perfor-
mance, with large overpotential and low current densities. In con-
trast to pristine VS2 (208 mV), the VS2/ZnS/CdS hybrid exhibits
a giant enhancement in HER activity, with an overpotential of
∼86 mV at a generated catalytic current density of 10 mA/cm2. The
Tafel slope is a crucial intrinsic property of electrocatalysts and is
directly related to the rate-limiting step of the HER. The electro-
catalyst Pt/C, ZnS/CdS, VS2, and VS2/ZnS/CdS hybrid exhibit Tafel
slope values of 38.9, 313.6, 218.7, and 74.4 mV/dec, respectively
[Fig. 5(b)]. A lower Tafel slope of the VS2/ZnS/CdS hybrid signifies
the improved reaction kinetics for the HER. This is evident that the
electrocatalytic ability was enhanced by the addition of the ZnS/CdS
on VS2, which facilitates H2 desorption from its surface.

The equivalent electrical circuit used to model the HER pro-
cess on the VS2/ZnS/CdS hybrid GCE is shown in Fig. S4b and the
experimental data are well fitted in Fig. 5(c). Rs represents the solu-
tion resistance of the system. The charge transfer resistance (Rct)
is related to the electrocatalysis kinetics and its lower value corre-
sponds to a faster reaction rate. The arc of the EIS Nyquist plot
specifies the charge transfer resistance, and a smaller arc radius
indicates reduced charge transfer resistance. Furthermore, it reveals
faster charge transportation from the electrode to the electrolyte.
From the impedance result, it is clear that the Rct of VS2/ZnS/CdS

hybrid is lower than that of VS2 and other synthesized catalysts.
Thus, it reveals that a decrease in the charge transfer resistance of
the hybrid may due to the synergistic effect, which results in higher
current density with an improved overpotential. The relative elec-
trochemical active surface area (ECSA) of the catalysts is another
key factor that affects the HER catalytic performance of electrocata-
lysts. Typically, Cdl is to be directly proportional to the catalytically
active surface area of the electrode–electrolyte interface of electron
transfer in the HER. The CV curves measured at various scan rates
(Figs. S5a–S5c) and Cdl values have been calculated from the linear
relationship of current density against the scan rate (Fig. S5d). The
Cdl of the VS2/ZnS/CdS hybrid is 12.7 mF/cm2, which is five times
larger than that of pristine VS2 (2.3 mF/cm2) and eight times larger
than that of the ZnS/CdS structure (1.5 mF/cm2). This indicates that
the VS2/ZnS/CdS hybrid possesses the larger catalytically relevant
surface area.

Apart from the high HER activity, the stability of an HER
catalyst is another practical parameter to consider when designing
long-term operations. To evaluate the stability of the VS2/ZnS/CdS
hybrid structure in an acidic environment, we performed the cur-
rent vs time measurements at constant overpotential for 8.33 h
(Figs. S6a and S6b). After 8.33 h, the polarization curve main-
tains a similar shape to the initial one, with the same overpo-
tential value. This suggests the high stability of the VS2/ZnS/CdS
hybrid structure electrode for long-term utilization. The FESEM
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FIG. 6. Schematic illustration of the steps involved in HER performance of
VS2/ZnS/CdS.

images taken after the stability test are depicted in Figs. S7a and
S7b, revealing that the catalyst still retains its fragmented sheet-like
structure. Table S1 summarizes the electrochemical results of the
VS2/ZnS/CdS hybrid and the earlier reported V-based HER cata-
lysts. One can see that the overpotential value for the VS2/ZnS/CdS
hybrid is lower than that for previously reported catalysts, and the
Tafel value is also appreciable in comparison. This clearly explains
the high performance of the VS2/ZnS/CdS hybrid toward the
electrocatalytic HER.

In acidic media, three key mechanisms have been suggested for
the HER,32

(i) Volmer reaction (H3O+ + e− →Hads +H2O):

b = 2.3RT
αF

≈ 120 mV/dec Tafel slope, (3)

where R is the ideal gas constant, T is the absolute tempera-
ture, α ≈ 0.5 is the symmetry coefficient, and F is the Faraday
constant.

(ii) Heyrovsky reaction (H3O+ +Hads + e− → H2 +H2O):

b = 2.3RT
(1 + α)F ≈ 40 mV/dec Tafel slope. (4)

(iii) Tafel reaction (2Hads → H2):

b = 2.3RT
2F

≈ 30 mV/dec Tafel slope. (5)

As Hads takes part in each electrochemical reaction step in the
course of HER, it is important for judging the kinetics of HER.
As compared to pristine VS2, the decrease in the Tafel slope of
the VS2/ZnS/CdS hybrid indicates that there is a change in the
rate-limiting reaction from the Volmer reaction to the partial Hey-
rovsky reaction. The Tafel slope (74.4 mV/dec) of the VS2/ZnS/CdS
hybrid suggests the Volmer–Heyrovsky mechanism as a major path-
way for the HER.32 The primary discharging step (Volmer reac-
tion) for hydrogen adsorption is followed by the rate-determining
electrochemical desorption of hydrogen gas (Heyrovsky reaction).
The schematic illustration of the steps involved during the HER is
portrayed in Fig. 6. The remarkable catalytic performance of the
VS2/ZnS/CdS hybrid structure for the HER is mainly attributed to
the following: (i) the synergistic effects among VS2, ZnS, and CdS;
(ii) effectively increased exposed active sites for catalytic reactions
than the bare structure; (iii) the excellent conductivity of VS2 and
ZnS/CdS accelerates electron and ion transport during the HER
processes; and (iv) the strong interaction between VS2, ZnS, and
CdS.

To confirm the experimental findings on HER activity, we have
calculated the free energy profile using DFT. Theoretically, Gibbs
free energy is defined by the equation ΔGH =ΔE−TΔS+ZPE, where
ΔE denotes the change in total energy (calculated from DFT) and ΔS
and ZPE represent a change in entropy and the zero-point energy
difference between the adsorbed and the gas phase of hydrogen,
respectively. However, the ΔS and ZPE of the adsorbed hydrogen
are negligible to those of the gaseous phase at room temperature and
ambient pressure. In our case, TΔS − ZPE is about 0.27 eV. To define
the free energy profile, an intermediate step of hydrogen adsorption
(H

∗

) is important, while first (H+) and final (1/2H2) are expected to
be in equilibrium.

As per experimental results, we have chosen the (1 0 1), (1 1 1),
and (0 0 1) highest intensity XRD peak of CdS, ZnS, and VS2 bulk
structures. We have used the 5 × 5 × 1, 4 × 4 × 1 and 2 × 4 × 1 super-
cell of VS2 (0 0 1), ZnS (1 1 1), and CdS (1 0 1) planes. The lattice mis-
match for the VS2/ZnS heterostructure is 4.14% with respect to the

FIG. 7. (a) Top and (b) side view of VS2/ZnS/CdS heterostructure and (c) the free energy diagram of HER the pristine and heterostructures.
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VS2 (0 0 1) plane. Next, we have used the same VS2/ZnS heterostruc-
ture along with CdS (1 0 1) to mimic the VS2/ZnS/CdS heterostruc-
ture. To understand the HER activity, we have studied three differ-
ent structures named (i) VS2, (ii) VS2/ZnS, and (iii) VS2/ZnS/CdS
[Figs. 7(a) and 7(b)]. All the three structures have the first layer
as VS2, which has only sulfur as an active site. The free energy of
hydrogen adsorbed ΔGH for VS2 is 0.54 eV, which well agrees with
previous reports.33 For the VS2/ZnS heterostructure, ΔGH is 0.37 eV.
The effect of the CdS (1 0 1) layer is negligible because it is far from
the VS2 (0 0 1) layer that we have observed (ΔGH: 0.35 eV) for the
VS2/ZnS/CdS heterostructure [Fig. 7(c)]. From the first-principles
study, we found that VS2/ZnS/CdS is more favorable in HER activity
as compared to pristine VS2.

IV. CONCLUSIONS
In summary, we report an efficient HER electrocatalyst,

VS2/ZnS/CdS hybrid structure, via a facile hydrothermal method.
The VS2/ZnS/CdS hybrid exhibits superior HER activity including
high stability, low overpotential of 86 mV, and a smaller Tafel slope
of 74.4 mV/dec under acidic conditions. The remarkable catalytic
performance of the VS2/ZnS/CdS hybrid is mainly attributed to the
following: (i) the synergistic effect existing among VS2, ZnS, and
CdS; (ii) effectively increased active sites for catalytic reactions than
a bare structure; (iii) excellent conductivity of VS2 and ZnS/CdS,
which accelerates electron/ion transport during the HER processes;
and (iv) strong interaction between VS2, ZnS, and CdS. Further-
more, DFT calculations theoretically confirm that the VS2/ZnS/CdS
hybrid structure favors HER because of its low hydrogen adsorp-
tion free energy (0.35 eV). Therefore, this work demonstrates that
transition metal-based sulfides and their hybrids emerge as promis-
ing electrocatalysts for future high-performance energy conversion
devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for characterizations, CV and
LSV curves, stability test, FESEM images, and a comparison table.
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