
Synergistic Interlayer and Defect Engineering
in VS2 Nanosheets toward Efficient

Electrocatalytic Hydrogen Evolution Reaction

Item Type Article

Authors Zhang, Junjun; Zhang, Chenhui; Wang, Zhenyu; Zhu, Jian; Wen,
Zhiwei; Zhao, Xingzhong; Zhang, Xixiang; Xu, Jun; Lu, Zhouguang

Citation Zhang J, Zhang C, Wang Z, Zhu J, Wen Z, et al. (2017) Synergistic
Interlayer and Defect Engineering in VS2 Nanosheets toward
Efficient Electrocatalytic Hydrogen Evolution Reaction. Small:
1703098. Available: http://dx.doi.org/10.1002/smll.201703098.

Eprint version Post-print

DOI 10.1002/smll.201703098

Publisher Wiley

Journal Small

Rights This is the peer reviewed version of the following article:
Synergistic Interlayer and Defect Engineering in VS2 Nanosheets
toward Efficient Electrocatalytic Hydrogen Evolution Reaction,
which has been published in final form at http://doi.org/10.1002/
smll.201703098. This article may be used for non-commercial
purposes in accordance With Wiley Terms and Conditions for self-
archiving.

Download date 23/05/2023 20:48:03

Link to Item http://hdl.handle.net/10754/626739

http://dx.doi.org/10.1002/smll.201703098
http://hdl.handle.net/10754/626739


FULL PAPER

1703098 (1 of 10)

www.small-journal.com
small

NANO MICRO

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Synergistic Interlayer and Defect Engineering in VS2 
Nanosheets toward Efficient Electrocatalytic Hydrogen 
Evolution Reaction

Junjun Zhang, Chenhui Zhang, Zhenyu Wang, Jian Zhu, Zhiwei Wen, Xingzhong Zhao, 
Xixiang Zhang,* Jun Xu,* and Zhouguang Lu*

Dr. J. Zhang, Z. Wang, J. Zhu, Z. Wen, Prof. Z. Lu
Shenzhen Key Laboratory of Hydrogen Energy  
and Department of Materials Science and Engineering
Southern University of Science and Technology
Shenzhen 518055, P. R. China
E-mail: luzg@sustc.edu.cn
Dr. J. Zhang, Prof. X. Zhao
School of Physics and Technology
Wuhan University
Wuhan 430072, P. R. China
Prof. J. Xu
School of Electronic Science and Applied Physics
Hefei University of Technology
Hefei 230009, P. R. China
E-mail: apjunxu@hfut.edu.cn
C. Zhang, Prof. X. Zhang
Physical Sciences and Engineering Division
King Abdullah University of Science and Technology
Thuwal 23955-6900, Saudi Arabia
E-mail: xixiang.zhang@kaust.edu.sa

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.201703098.

DOI: 10.1002/smll.201703098

1. Introduction

Electrochemical water splitting is an 
approach to produce H2 from water with 
electricity power. Hydrogen evolution 
reaction (HER) plays a pivotal role in the 
electrochemical water splitting. Active elec-
trocatalysts, such as platinum (Pt) and its 
alloys, have been known as the state-of-the-
art HER catalysts, however, their practical 
applications are severely hindered by their 
high cost and scarce natural reserves. There-
fore, searching for earth-abundant and 
non-noble catalysts is of great significance. 
Efficient and robust electrocatalysts are 
required to lower reaction overpotential and 
minimize energy consumption. Recently, 
extensive research efforts have been devoted 
to exploring high-performance and non-
noble metal HER electrocatalysts.[1–3]

Numerous 2D layered transition-metal 
dichalcogenide (MX2) nanosheets, such as 

MoS2, WS2, MoSe2, WSe2, have received considerable attention 
owing to their high catalytic activity and low cost.[4–6] Consider-
able efforts have been devoted to MX2 nanosheets as advanced 
HER electrocatalysts. Both theoretical and experimental studies 
have pointed out that the edges of the MX2 nanosheets are active 
but the basal planes are inert. Several merits such as high con-
ductivity, high activity, and durable stability are required for the 
active electrocatalysts. Three strategies have been developed 
to improve the HER performance: (i) To improve the conduc-
tivity (by means of conductive carbon modification, doping, or 
phase engineering). For example, the phase transition of MX2 
nanosheets from semiconducting 2H phase to metallic 1T phase 
could lead to significant improvement of HER activity.[7–10]  
However, the metallic 1T phase is metastable, thus it may be 
hard to achieve outstanding long-term stability. (ii) To increase 
the exposed edge density (by generating more defects, disorders, 
or making vertical aligned MX2 nanosheets).[11–15] (iii) Interlayer 
expansion is recently expected as a new approach to increase 
HER activity, as it can offer varied electronic structure and  
optimized free energy of hydrogen adsorption (∆GH).[16–19] Inter-
layer-expanded MoS2 and MoSe2 nanosheets have been recently 
demonstrated to show significantly enhanced HER perfor-
mance.[20,21] Therefore, integrating these advantages to develop 
robust electrocatalysts is of great significance, but full of challenges.

A simple one-pot solvothermal method is reported to synthesize VS2 
nanosheets featuring rich defects and an expanded (001) interlayer spacing as 
large as 1.00 nm, which is a ≈74% expansion as relative to that (0.575 nm)  
of the pristine counterpart. The interlayer-expanded VS2 nanosheets show 
extraordinary kinetic metrics for electrocatalytic hydrogen evolution reaction 
(HER), exhibiting a low overpotential of 43 mV at a geometric current density  
of 10 mA cm−2, a small Tafel slope of 36 mV dec−1, and long-term stability of  
60 h without any current fading. The performance is much better than that of 
the pristine VS2 with a normal interlayer spacing, and even comparable to that 
of the commercial Pt/C electrocatalyst. The outstanding electrocatalytic activity 
is attributed to the expanded interlayer distance and the generated rich defects. 
Increased numbers of exposed active sites and modified electronic structures 
are achieved, resulting in an optimal free energy of hydrogen adsorption (∆GH) 
from density functional theory calculations. This work opens up a new door 
for developing transition-metal dichalcogenide nanosheets as high active HER 
electrocatalysts by interlayer and defect engineering.

Electrocatalysis
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VS2 is considered as a promising candidate for HER as it 
is an intrinsic metallic transition-metal dichalcogenide (TMD) 
and has a similar layered structure to MoS2.[22,23] Given that the 
stable structure and the high conductivity favoring fast electron 
transport, metallic VS2 with delicate nanostructures would be 
a potentially superior HER electrocatalyst. Theoretical studies 
have revealed that metallic VS2 monolayers exhibit superior 
HER activity among other TMDs, and catalytic activity of VS2 
nanostructures strongly depends on edge structure and con-
figuration.[24–26] Recently, morphology tuning of VS2 nanostruc-
tures and their composites have been experimentally conducted 
to improve their HER performance.[27–29] To the best of our 
knowledge, interlayer expansion and defect engineering of VS2 
nanostructures for improving their HER activity have never 
been investigated. In this work, we report a facile one-pot solvo-
thermal route to synthesize microflowers consisting of tiny VS2 
nanosheets. The metallic VS2 nanosheets possess rich defects, 
and exhibit a considerably expanded (001) interlayer spacing 
as large as 1.00 nm with a 74% expansion as compared to that 
(0.575 nm) of the bulk counterpart. The defect-rich and inter-
layer-expanded VS2 nanosheets show significantly improved 
HER performance, even comparable to that of the commercial 
Pt/C catalyst. Our work provides a promising way to develop 
robust and advanced HER catalysts through interlayer expan-
sion and defect modulation.

2. Results and Discussion

Interlayer-expanded VS2 nanosheets were prepared by reacting 
ammonium vanadate with thioacetamide in an n-octylamine 
solvent through a one-pot solvothermal route. From the low-
magnification scanning electron microscopy (SEM) image in 
Figure 1a, it is found that the freshly prepared VS2 is composed 
of uniform microflower-like structures with diameters of ≈2 µm.  
Figure 1b shows a magnified SEM image, which reveals that 
the microflowers are actually assembled from numerous thin 
nanosheets. Transmission electron microscopy (TEM) observa-
tion in Figure 1c further confirms that the hierarchical struc-
tures are constructed from numerous VS2 nanosheets. Figure 1d  
presents a TEM image of a flat-lying VS2 nanosheet and a 
corresponding selected-area electron diffraction (SAED) pattern 
inset revealing its polycrystalline nature with concentric rings. 
An energy dispersive X-ray (EDX) spectrum is displayed in 
Figure S1a (Supporting Information), which reveals the exist-
ence of V and S elements in the nanosheets. EDX elemental 
mappings in Figure S1b (Supporting Information) further indi-
cate homogeneous distribution of the two elements throughout 
the microflowers. Figure 1e shows a high-resolution TEM 
(HRTEM) image of the freshly prepared VS2 nanosheets. The 
thickness of the layered nanosheets is estimated to be about 
10–15 nm. The interlayer spacing between two adjacent mono-
layers is as large as 1.00 nm, corresponding to expanded (001) 
interplanar spacing along c-axis direction. It exhibits a ≈74% 
expansion as compared to that (0.575 nm) of the pristine bulk 
VS2. The phenomenon of interlayer expansion has often been 
observed in layered MoS2 and MoSe2 nanosheets.[19–22,30] Along 
with the expanded interlayer spacing, a lot of intrinsic defects 
marked with yellow arrows could also be observed, which may 

have resulted from the disordered structure of lattice expan-
sion. The atomic arranging manners on the basal surface are 
strongly disordered (Figure 1e), in which even short-range  
ordering of nanodomains could not be clearly observed.  
A fast Fourier transform (FFT) pattern of the basal surface is 
shown in the inset of Figure 1e. The closed diffraction rings 
further support the disordered arrangement of nanodomains. 
These results demonstrate the formation of several layered VS2 
nanosheets with enlarged interlayer spacings and rich defects.

Figure 2a shows X-ray diffraction (XRD) patterns of the sol-
vothermal VS2 nanosheets before and after annealing. For the 
freshly prepared solvothermal sample, the diffraction peaks 
are significantly different from those of pristine VS2 (JCPDF 
89-1640). Two new sharp diffraction peaks at 2θ = 8.7° and 
17.6° corresponding to the d-spacing of 1.00 and 0.50 nm are 
observed, and can be indexed into expanded (001) and (002) 
planes of VS2, respectively. These two peaks with a diploid rela-
tionship are diffractions from a series of (00l) Bragg peaks from 
a layered structure.[21] The relationship of doubling interplanar 
distance (1.00 nm = 0.50 nm × 2) reveals the formation of 
lamellar stacking along c-axis of the S–V–S sandwiched mono-
layer with an expanded interlayer spacing of 1.00 nm.[30] Com-
pared with bulk VS2, the distinct shift of (001) peak to lower 
2θ degree suggests a substantially expanded interlayer spacing 
from 0.575 to 1.00 nm. Origins of new (001) and (002) sharp 
peaks of the freshly prepared VS2 sample could be attributed 
to lattice expansion along c-axis induced by octylamine inter-
calation. After thermal treatment at 400 °C, the intercalated-
octylamine species can be effectively evaporated from the VS2 
nanosheets. It is observed that all the diffraction peaks of the 
annealed solvothermal VS2 sample match well with those of the 
pristine VS2 (JCPDF 89-1640). The (001) and (002) diffraction 
peaks of the annealed VS2 sample moved into normal posi-
tion, thus indicating its restored interlayer spacing. The inter-
layer spacing of the annealed VS2 nanosheets is confirmed by 
HRTEM analysis to be 0.57 nm (Figure S2, Supporting Infor-
mation), which is very close to the value of pristine bulk VS2. 
The annealed VS2 still maintains the nanosheet morphology. 
A more regular atomic arrangement on the basal surface is 
observed. The lattice spacing of 0.278 nm matches well with the 
(100) interplanar spacing of hexagonal VS2, indicating the sig-
nificantly decreased defects in these annealed VS2 nanosheets.

Figure 2b shows the Raman spectra of the freshly prepared 
and the annealed solvothermal VS2 samples. Both of them 
show two characteristic peaks located, respectively, at 280 cm−1 
due to the Eg mode resulted from the V–S in-plane vibration 
and at 403 cm−1 due to the out-of-plane Ag vibration.[27,31] Two 
additional broad overlapping bands at ≈1365 cm−1 (disorder-
induced D-band) and 1580 cm−1 (graphitic G-band) are also 
observed for both the freshly prepared and the annealed VS2. 
It reveals the presence of disordered and amorphous carbon, 
which resulted from carbonization of octylamine under the sol-
vothermal condition.[32]

X-ray photoelectron spectroscopy (XPS) was further per-
formed to probe the elemental composition and chemical 
state of the freshly prepared and the annealed solvothermal 
VS2 samples. Figure 3a shows V 2p core level spectra. Both 
spectra can be fitted with two sets of doublet peaks. The doublet 
peaks at the higher binding energy of 523.9 and 516.6 eV are 
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attributed to V 2p1/2 and V 2p3/2, indicating the V4+ chemical 
state. They are in good agreement with the reported values of 
VS2.[33] The doublet peaks at the lower binding energy of 521.4 
and 513.8 eV correspond to V2+ state.[34,35] Figure 3b shows  
S 2p core level spectra of the two samples. Two prominent peaks 
located at 162.3 and 161.1 eV can be assigned to S 2p1/2 and S 
2p3/2 of S2−.[17] Two weak peaks at higher binding energy 163.8 
and 162.4 eV are attributed to the presence of metal–sulfur 
and sulfur ion in a low coordination state, respectively.[36] The 
peak at around 168.4 eV that can be assigned to sulfate is also 
observed for two samples, which indicates slight oxidization of 
the VS2 nanosheets owing to exposure to air. Figure 3c depicts 
the C 1s spectra of the two samples. They show similar profiles 

with an asymmetric peak, which can be divided into four peaks 
as CC (sp2), CN, CO, and CO bond.[30] The observation 
confirms that amorphous carbon is formed in the VS2 samples 
as a result of carbonization of octylamine molecules during the 
solvothermal process. N 1s spectra are displayed in Figure 3d. 
The N 1s spectra can be fitted into two peaks centered at 401.9 
and 399.7 eV, suggesting the presence of NH bond from octy-
lamine molecules (and/or NH4

+ ions) and NC bond from 
N-doped amorphous carbon.[37] N signal intensity at 401.9 eV  
of the annealed solvothermal VS2 sample is significantly 
decreased, which indicates that the intercalated octylamine 
molecules and/or amino species were mostly removed by post-
thermal treatment. In order to further confirm the intercalated 

Small 2017, 1703098

Figure 1. a,b) SEM images of the freshly prepared VS2 nanosheets via solvothermal synthesis. c,d) TEM images of the freshly prepared solvothermal 
VS2 nanosheets, inset in (d) is the corresponding SAED pattern. e) High-resolution TEM image of the freshly prepared VS2 nanosheets, showing 
expanded (001) interlayer spacings. Insets are the profile plot of the calibration for measuring the spacings and the corresponding FFT pattern.
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species, thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC) measurements of the two samples 
were carried out. As shown in Figure S3a (Supporting Infor-
mation), the freshly prepared sample presents a much larger 
weight loss compared with the annealed one. The DSC curve 
of the freshly prepared VS2 in Figure S3b (Supporting Informa-
tion) shows several obvious endothermic peaks at 70, 94, 203, 
and 266 °C, respectively, corresponding to the mass losses. The 
low-temperature peaks are ascribed to the adsorbed water and 

inserted NH3 molecules, and the other two high-temperature 
peaks can be attributed to the inserted NH4

+ ions and octy-
lamine molecules, respectively.[38–40] In addition, the elemental 
analysis from EDX and XPS results for the freshly prepared sol-
vothermal VS2 nanosheets shows that the molar ration of V:S 
is 1:1.9, which is close to 1:2. The slight S deficiency may be 
responsible for the rich defects in the sample.

To better understand the formation mechanism of inter-
layer-expanded VS2 nanosheets by solvothermal synthesis,  

Small 2017, 1703098

Figure 3. High-resolution core-level XPS spectra for a) V 2p, b) S 2p, c) C 1s, and d) N 1s core levels and corresponding peaking fitting analysis of  
(i) the freshly prepared solvothermal VS2 nanosheets and (ii) the annealed solvothermal VS2 nanosheets.

Figure 2. a) XRD patterns and b) Raman spectra of (i) the freshly prepared solvothermal VS2 nanosheets and (ii) the annealed solvothermal VS2 
sample obtained by post-thermal treatment at 400 °C. The calculated pattern from c-axis expanded VS2 cell and the standard pattern of the pristine 
VS2 (JCPDF 89-1640) are shown as references.
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VS2 nanosheets are synthesized by a hydrothermal method at the 
same conditions (160 °C and 24 h) as a comparison. Figure 4a  
shows a SEM image of the hydrothermal product, revealing 
a general morphology of nanosheets. Figure 4b presents an 
HRTEM image of the nanosheets. They have an interlayer 
spacing of 0.59 nm, close to the normal (001) interplanar of 
pristine VS2 (0.575 nm). Disordered atomic arrangement in 
the basal surface is observed, which indicates rich defects of 
the hydrothermal VS2 nanosheets. XRD pattern of the hydro-
thermal product is shown in Figure 4c. All the diffraction peaks 
in the pattern can be indexed to the hexagonal VS2 (JCPDF 
89-1640) with lattice constants of a = b = 0.322 Å and c = 0.575 Å,  
further confirming the formation of VS2 nanosheets with 

normal interlayer spacing. A Raman spectrum of the hydro-
thermal VS2 nanosheets exhibits two response peaks at 280 and 
403 cm−1 corresponding to the Eg and Ag modes, respectively 
(Figure 4d). No peaks from amorphous carbon are detected. 
Moreover, the V 2p XPS spectrum in Figure 4e reveals that V 
exists mainly in V4+ coupled with a small amount of V2+; the S 
2p core levels XPS spectrum in Figure 4f indicates that S has 
a chemical valance of −2, contaminated with a small amount 
of elemental S and sulfate owing to slight oxidation on expo-
sure to air. These XPS observations of the hydrothermal VS2 
are consistent with those of the solvothermal VS2 nanosheets. 
All these results demonstrate the formation of rich-defect VS2 
nanosheets with normal interlayer spacing under hydrothermal 

Small 2017, 1703098

Figure 4. a) SEM, b) TEM images, c) XRD pattern, d) Raman spectrum, and high-resolution XPS spectra for e) V 2p and f) S 2p core levels and cor-
responding peaking fitting analysis of the freshly prepared VS2 nanosheets via a hydrothermal method.
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conditions. It may support our deduction that the octylamine 
intercalation is responsible for the interlayer-expanded VS2 
nanosheets by solvothermal synthesis.

Influences of interlayer expansion and intrinsic defect engi-
neering on the electrocatalytic HER activities of the various  

VS2 nanosheets (freshly prepared solvothermal VS2, annealed 
solvothermal VS2, and hydrothermal VS2) are carefully inves-
tigated. Electrochemical performance of the samples coated 
on glassy carbon electrodes was evaluated in H2SO4 solutions 
(0.5 m) using a typical three-electrode configuration. Figure 5a 

Small 2017, 1703098

Figure 5. Electrochemical property of (i) the freshly prepared solvothermal VS2 nanosheets, (ii) the hydrothermal VS2 nanosheets, (iii) the annealed 
solvothermal VS2 nanosheets samples for HER in 0.5 m H2SO4. a) Polarization curves at a scan rate of 5 mV s−1. b) Corresponding Tafel plots of the 
samples. c) Comparison of η required to generate a current density of 10 mA cm−2 on various V-based catalysts. d) Comparison of Tafel slope on 
various V-based catalysts. e) EIS Nyquist plots of different VS2 samples. f) The differences in current density variation (Ja–Jc) at 0.22 V versus RHE 
plotted against scan rate fitted to a linear regression for estimation of Cdl. g) Chronoamperometric responses (J–t) recorded from the freshly prepared 
solvothermal VS2 at a constant overpotential of −55 mV. h) Polarization curves recorded from the freshly prepared solvothermal VS2 nanosheets at a 
scan rate of 10 mV s−1 before and after 2000 cycles.
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shows polarization curves of the various VS2 catalysts as well 
as the Pt/C commercial catalyst measured with a scan rate 
of 5 mV s−1. All the potentials were calibrated to a reversible 
hydrogen electrode (RHE). The featureless polarization curve 
for bare glassy carbon guarantees a minimal background. Sig-
nificantly, the freshly prepared solvothermal VS2 catalyst shows 
a high HER activity as indicated by the near zero onset overpo-
tential (η) and the fast rising cathodic current at more negative 
potentials, which is close to that of the commercial Pt/C cata-
lyst. The overpotentials required to drive geometric current den-
sities of −10 mA cm−2 on the freshly prepared solvothermal VS2 
catalysts is only 43 mV, which is much smaller than those of 
the hydrothermal VS2 (47 mV) and the annealed solvothermal  
VS2 catalyst (118 mV). The dependence of the logarithmic cur-
rent density on η (logJ–η) was plotted to elucidate the HER 
kinetics, where η and J are the overpotential and the generated 
current density, respectively. The linear relationship of logJ and 
η represents useful kinetic metrics of above catalysts, namely 
the Tafel slope. The Tafel slope of 36 mV dec−1 was measured for 
the freshly prepared solvothermal VS2 nanosheets. This value is 
much smaller than those of the hydrothermal and the annealed 
solvothermal catalysts, and is comparable to that of the state-of-
the-art Pt/C catalyst (Figure 5b). The η needed to drive geometric 
current density of −10 mA cm−2 and Tafel slopes of the reported 
various V-based catalysts are summarized in Figure 5c,d  
and Table S1 (Supporting Information). In our work, the 
freshly prepared solvothermal VS2 catalyst exhibits a low η of 
43 mV and a small Tafel slope of 36 mV dec−1, which performs 
among the best of the documented V-based catalysts. Electro-
chemical impedance spectroscopy (EIS) technique was carried 
out to provide further insight into the electrode kinetics under 
HER process. The Nyquist plots of the various VS2 catalysts 
are shown in Figure 5e. The charge transfer resistance (Rct) 
is estimated to be 13 Ω for the freshly prepared solvothermal 
VS2 catalyst, 20 Ω for the hydrothermal VS2 catalyst, and 60 Ω 
for the annealed solvothermal VS2 catalyst. The smallest value 
of the freshly prepared solvothermal VS2 catalyst indicates its 
fast electrocatalytic Faradaic process and thus a superior HER 
kinetics.

N2 adsorption–desorption isotherm curves and Brunauer–
Emmett–Teller (BET) surface areas of the three samples are 
measured and presented in Figure S4 (Supporting Informa-
tion). The BET surface area is 29.011 m2 g−1 for the freshly pre-
pared solvothermal VS2 nanosheets and 27.337 m2 g−1 for the 
annealed solvothermal VS2 nanosheets. Postannealing treat-
ment has little influence on the BET surfaces of the VS2 sam-
ples. However, the hydrothermal VS2 nanosheets have a much 
smaller BET surface area of 8.449 m2 g−1, which is attributed to 
the large size of VS2 nanosheets obtained by the hydrothermal 
method. Nevertheless, the HER performance of the electro-
catalysts is affected not only by the surface area, but also by 
the active sites. Therefore, the electrochemically active surface 
area (ECSA) is considered as an indicator to catalytic activity 
of the electrocatalysts. ECSA was conducted by using a simple 
cyclic voltammetry method under non-Faradaic potential, as 
shown in Figure S5 (Supporting Information). The electro-
chemical double-layer capacitance (Cdl), which is proportional 
to ECSA, was further measured as shown in Figure 5f. The Cdl 
values are 151 mF cm−2 for the freshly prepared solvothermal  

VS2, 17 mF cm−2 for the annealed solvothermal VS2, and 
29 mF cm−2 for the hydrothermal VS2. As compared to the 
annealed solvothermal VS2 nanosheets, the freshly prepared 
solvothermal VS2 sample shows a similar BET surface area 
but a much larger Cdl value. This observation indicates that the 
freshly prepared solvothermal VS2 sample contains high defect-
induced exposed active edge sites and consequently results in 
the significantly enhanced HER performance. On the other 
hand, the hydrothermal VS2 sample has a smaller BET sur-
face area but a larger Cdl value than the annealed solvothermal  
VS2 sample. As a result, the hydrothermal VS2 sample exhibits 
obviously increased HER activity.

Long-term HER stability is another key parameter of high-
performance electrocatalysts. We further evaluated the stability 
of the freshly prepared solvothermal VS2 catalyst by a constant 
overpotential measurement. This quasielectrolysis process was 
conducted at a constant η of −55 mV in 0.5 m H2SO4 (Figure 5g).  
Remarkably, the H2 evolution can proceed at a sustained 
current density of −25 mA cm−2 even over 60 h of continuous 
operation, suggesting its excellent stability. The stable stability 
was further proved by a long-term cycling test of polarization 
curves operating in the same electrolyte (Figure 5h). Negligible 
current losses can be observed after 2000 cycles relative to the 
initial one. The VS2 catalyst before and after HER test is fur-
ther characterized by SEM and Raman analyses as shown in 
Figure S6 (Supporting Information). It is revealed that the cata-
lyst after HER test can well reserve its original morphology and 
composition, indicating its good structural stability.

The superior catalytic activity and kinetics of the freshly pre-
pared solvothermal VS2 nanosheets are believed to originate 
from synergetic advantages of expanded interlayer spacing and 
defect-rich structure, as illustrated in Figure 6a. On the one 
hand, the generated defects on the basal planes can be expected 
to increase the exposure of active edge sites, which dramatically 
improve the electrocatalytic performance.[11,42,43] On the other 
hand, the expanded interlayer distance can bring beneficial 
structural and electronic modulations, enabling each VS2 layer 
behaviors more close to monolayers.[16,17,20]

First-principle computational approaches based on density 
functional theory (DFT) were performed to understand the 
influence of HER reactivity of VS2 nanosheets induced by the 
defect and interlayer engineerings. It has been pointed out that 
the free energy of hydrogen adsorption (∆GH) is a good indicator 
for the activity of the hydrogen-evolving catalysts. Active HER 
catalysts should have an optimal ∆GH close to zero. Figure 6b  
shows the calculated free energy diagram for hydrogen adsorp-
tion free energy on different VS2 structures. The insets in 
Figure 6b and Figure S7 (Supporting Information) show the 
simulation models for the different VS2 nanostructures. The 
defect-rich VS2 nanosheets with an expanded interlayer spacing 
of 1.00 nm present the most preferable ∆GH value of −0.044 eV,  
as compared to those of the defect-rich VS2 with an interlayer 
spacing of 0.57 nm (∆GH = −0.046 eV) and the defect-free  
VS2 nanosheets with normal interlayer spacing (∆GH = 0.366 eV),  
as shown from the results in Table S2 (Supporting Informa-
tion). Therefore, the defect-rich VS2 (1.00 nm) nanosheets 
possess optimal catalytic activity. More details of calcula-
tion models and parameters can be found in the Supporting  
Information. In addition, we also calculate the S vacancy  
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formation energy and find that the energy of defect-rich  
VS2 (1.00 nm) is 0.01 eV smaller than that of defect-rich VS2 
(0.57 nm), which suggests that the interlayer-expanded VS2 is 
more energetically preferable to form stable vacancy defects 
during the growth process, further presenting more robust 
catalytic performance. The calculation results agree well with 
the above experimental measurements, and the reduced ∆GH 
of defect-rich VS2 (1.00 nm) enables a faster HER kinetics, con-
sequently resulting in enhanced HER performance.

3. Conclusions

In summary, a facile one-pot solvothermal method is developed 
to synthesize metallic VS2 nanosheets with rich defects and 
expanded (001) interlayer spacing for the first time. The (001) 
interlayer spacing of the freshly prepared VS2 nanosheets is as 
large as 1.00 nm, which shows a 74% expansion. The freshly 
prepared VS2 nanosheets exhibit superior HER performance 
with a low onset overpotential of −43 mV and a small Tafel 
slope of 36 mV dec−1, as well as excellent long-term stability, 
making the interlayer-expanded VS2 nanosheets a promising 
low-cost HER electrocatalyst. The improved HER performances 
of the freshly prepared solvothermal VS2 nanosheets are attrib-
uted to the interlayer expansion and the defect modulation 
to increase exposed active sites, finally achieving an optimal 
hydrogen adsorption free energy. Our work opens up a new 
opportunity to synergistically engineer defects and interlayers 
of MX2 nanosheets as efficient HER catalysts.

4. Experimental Section
Synthesis of Defect-Rich and Interlayer-Expanded VS2 Nanosheets: A 

typical procedure for synthesizing VS2 nanosheets with an expanded 
interlayer spacing (freshly prepared sample) was performed as follows. 
Ammonium vanadate (NH4VO3) (1 mmol) was added to octylamine 
(20 mL) in a Teflon-lined autoclave (50 mL), and then followed by 
addition of thioacetamide (CH3CSNH2) powder (5 mmol). The mixture 
was magnetically stirred vigorously at room temperature for 60 min. 

Afterward, the autoclave was sealed and maintained at 160 °C for 24 h 
in an oven, and finally cooled down to room temperature. The product 
was collected by centrifugation and washed with absolute ethanol and 
distilled water several times, and then vacuum-dried at 60 °C for 12 h.

Synthesis of the Annealed Solvothermal VS2 Nanosheets: The annealed 
VS2 nanosheets were prepared by heating the above freshly prepared VS2 
nanosheets at 400 °C for 1 h in a mixed Ar–H2 (5% H2) atmosphere.

Synthesis of the Hydrothermal VS2 Nanosheets: For better comparison 
and illustration, a sample of defect-rich VS2 nanosheets with a normal 
interlayer spacing was also prepared by a hydrothermal synthesis. 
Typically, Na3VO4ཥ12H2O (3 mmol) and thioacetamide (15 mmol) were 
dissolved in deionized (DI) water (40 mL). After being magnetically 
stirring for 1 h, the above solution was transferred into a Teflon-lined 
stainless steel autoclave (50 mL). The autoclave was sealed and kept at 
160 °C for 24 h, and finally cooled down to room temperature. Finally, 
the product was collected and rinsed with deionized water and absolute 
ethanol, and then vacuum-dried at 60 °C.

Characterization: The crystallographic structures of the various 
VS2 samples were characterized by XRD on a Rigaku D/Max-2400 
diffractometer with Cu-Kα radiation (λ = 1.54056 Å) and identified 
on a Renishaw inVia Raman microscope with an excitation laser 
beam of 532 nm wavelength. Morphologies, sizes, crystal structures, 
and compositions were studied with SEM (TESCAN MIRA3), high-
resolution TEM (JEOL JEM-2100 at 200 kV), and EDX. XPS was 
performed in a Thermo ESCALAB 250Xi XPS spectrometer system 
with a monochromatic Al Kα X-ray source (1486.6 eV). TGA and DSC 
were collected on a Mettler-Toledo TGA DSC 1 Stare system under N2 
atmosphere. The surface area was calculated by nitrogen adsorption–
desorption isotherms using the BET method on BELSORP-max system 
(BEL Japan Inc.).

Electrochemical Measurement: The electrochemical measurement 
was carried out in a standard three-electrode configuration on an 
electrochemical workstation (BioLogic-VMP3), with a saturated calomel 
electrode as the reference electrode, a Pt foil as the counter electrode, 
and a glassy-carbon electrode coated with the VS2 catalysts as the 
working electrode. Typically, the VS2 catalyst (5 mg) was added to a 
mixture of DI water–isopropanol (volume ratio of 3:1) (1000 µL) and 
Nafion solution (5 wt%) (50 µL). The mixture was vigorously sonicated 
for about 30 min to form a homogeneous ink solution. 3 µL of the 
catalyst ink solution (containing 14 µg of the catalyst) was then loaded 
onto a glassy-carbon electrode of 3 mm in diameter with a loading 
density of about 0.204 mg cm−2. The as-prepared catalyst film was 
dried at room temperature. The electrocatalytic activities of the catalysts 
were examined by polarization curves using linear sweep voltammetry 
at a scan rate of 5 mV s−1 conducted in 0.5 m H2SO4 solution (purged 

Figure 6. a) Schematic illustration of the HER catalytic activity in the freshly prepared solvothermal VS2 nanosheets with rich defects and expanded 
interlayer spacing. Blue and yellow balls indicate V and S atoms, respectively. b) Calculated free energy diagram for HER on different VS2 structures, 
insets are the VASP models for the defect-rich VS2 with an expanded interlayer spacing of 1.00 nm. Data of elemental metal Pt (∆GH = −0.09 eV) are 
taken from the literature report.[41] Blue, yellow, and white balls indicate V, S, and H atoms, respectively.
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with N2 for 30 min). All potentials were carefully calibrated to RHE, 
and the polarization curves were corrected for iR losses. The EIS 
spectra were measured with the frequencies from 200 kHz to 0.1 Hz 
at an overpotential of −55 mV. The chronoamperometry was measured 
at an overpotential of −55 mV for 60 h (no iR compensation). To 
estimate the electrochemical active surface areas of the catalysts, cyclic 
voltammogram curves were tested via measuring Cdl under a potential 
window of 0.095–0.345 V at various scan rates (10, 20, 40, 60, 80, 100, 
120, 160, and 200 mV s−1).

DFT Calculation: The first-principle calculations were performed 
using spin-polarized DFT with the Vienna ab initio simulation package 
(VASP) code.[44] The projector augmented wave potentials were used to 
describe the core electrons and the generalized gradient approximation 
of Perdew, Burke, and Ernzernhof was adopted for exchange–correlation 
functional.[45,46] A cut-off energy of 400 eV was used and the tolerance 
for electron convergence was set as 1 × 10−5 eV while the force tolerance 
was 0.01 eV Å−1. The Brillouin zone sampling was done using a 12 × 
12 × 1 Gamma centered grid for 1T-VS2 unit cell and a 4 × 4 × 1 grid 
for the supercell. A vacuum layer of more than 14 Å was imposed 
along z direction to prevent interaction between periodic images. And, 
the DFT-D2 method of Grimme was adopted as approximate vdW 
correction method.[47] Details of the calculation and relevant references 
are provided in the Supporting Information.
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