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A B S T R A C T

A concept of experiment to tune the two-dimensional MoS2 into VMo2S4 via thermodynamic driven phase en-
gineering by combining the facile electrospinning technology and S-vapor assisted graphitization process has
been demonstrated. Compared to V doped MoS2 nanosheets, the VMo2S4 nanosheets show a superior oxygen
evolution reaction (OER) activity in alkaline electrolyte, reaching a current density of 10 mA cm−2 at over-
potential of 295 mV with Tafel slope of 97 mV dec−1. The VMo2S4 nanosheets also show superior water splitting
activity with 10 mA cm−2 at a cell voltage of 1.65 V. The theoretical and experimental results reveal that the V
introduction into interplane of MoS2 leads to the significant decrease in the energy barrier for *OOH formation
(0.99 eV), thus suggesting the improved transformation from *OOH to O2.

1. Introduction

Electrocatalytic overall water splitting (OWS) to produce hydrogen
and oxygen has become an efficient way to solve the energy crisis and
ecological issues in society, especially for automotive industries [1–4].
It involves an anodic oxygen evolution reaction (OER) and a cathode
hydrogen evolution reaction (HER), both of which involves OH* or H*
during the reaction [5–7]. Too strong OH* or H* adsorption towards
the active sites of electrocatalysts would result in catalyst poisoning
while too weak OH* or H* adsorption towards the active sites would
require a large overpotential to overcome energy barriers [8,9]. Hence,
the rational modulation for balancing the absorption of OH* and H* is
critical to achieve the high-performance electrocatalysts for water
splitting. Due to the sluggish kinetics and four-electron transfer, the
OER is the bottleneck of the OWS [10,11]. Therefore, designing effec-
tive OER catalysts is prerequisite for outstanding OWS electrocatalysts

MoS2-based materials have been reported for many times as a pro-
mising electrocatalyst. [12–15] Most of these reports focus on the HER
performance of MoS2, while it is rarely reported for OER and OWS
performance [16–18]. This is because of the OER inertness of MoS2.
Coupling with transition-metal oxide, carbide, sulfide for a compound
catalysts, such as Co9S8@MoS2, MoS2/Ni3S2 and Mo-N/C@MoS2, to

modulate the electronic structure of MoS2 is an effective method to
endow MoS2 OER and OWS performance [19–21].These electro-
catalysts show enhanced electrical conductivity and decreased H* ad-
sorption energy, indicating the outstanding OWS activities. However,
these added compounds are limited to first row transition metal (Fe, Co
and Ni) and the OER active compounds are not originated from the
basal plane of MoS2 itself but the new added components, such as
Co9S8, Ni3S2 and Mo-N/C. Hence, developing a facile strategy to tune
the basal plane of MoS2 into active site for OER and OWS is challenging
and attractive.

Here, we reported a concept of experiment to tune the MoS2 into
VMo2S4 via phase engineering by combining the facile electrospinning
technology and S-vapor assisted graphitization process. The experi-
mental results demonstrate that the VMo2S4/CNFs show superior OER
and OWS performance with an overpotential of 295 mV at 10 mA cm−2

and a cell voltage of 1.65 V at 10 mA cm−2. Theoretical results indicate
that the OOH* intermediates in OER process could be easily stabilized
by the sulphur and surface metals (V and Mo), exhibiting a lower en-
ergy barrier of 0.99 eV when compared with the V-MoS2 (2.84 eV), thus
showing outstanding OWS activity.
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2. Experimental sections

2.1. Preparation of Mo-V/PAN membrane

In a typical procedure, 0.3 g ammonium tetrathiomolybdate and
0.3 g vanadium (III) acetylacetonate are dissolved in 22 mL PAN/DMF
solution with a mass fraction of 15% PAN and stirred by magnetic
stirring apparatus in room temperature so as to obtain homogeneous
solution. The electrospinning process is performed as pervious report
[22]. The photograph of the membrane is shown in the Fig. S1. The
length of the nanofiber is about 148.1 mm and the thickness of it is
about 0.4 mm.

2.2. Preparation of VMo2S4/CNFs

The growth of V-MoS2/CNFs are carried out in a chemical vapor
deposition (CVD) furnace. The as-prepared membrane cut to 1 × 2 cm
pieces is calcined at the center of heating zone of the furnace. 0.2 g
sublimed sulfide are put in the left of the membrane. Next, the Mo-V/
PAN mats are heated to 230 ℃ in air for pre-oxidation at a rate of 5 ℃
min−1 and maintained 3 h for stabilization. After this process, the
furnace is heated up to 400 °C at a rate of 5℃ /min and maintained 2 h.
At the same time, sublimed sulfide is heated to 200 ℃. With the help of
Ar, S reacted with Mo-V/PAN in the central region of the furnace. At
last, the membrane is heated up to 800 °C and the temperature is held
constant for 3 h under the protection of Ar. After the heat treatment, the
furnace is cooled to room temperature in an Ar atmosphere.

2.3. Preparation of MoS2/CNFs and V-MoS2/CNFs

MoS2/CNFs are obtained following the preparation method of V-
MoS2/CNFs with 0.6 g ammonium tetrathiomolybdate and no vana-
dium (III) acetylacetonate. V-MoS2/CNFs are obtained following the
preparation method of V-MoS2/CNFs while in the final heating section,
the membrane is heated up to 1000℃.

2.4. Materials characterizations

The field emission scanning electron microscopy (FE-SEM) images
are characterized via a JSM-6700F FE-SEM (JEOL, Japan) at an accel-
eration voltage of 3 kV. Transmission electron microscopy (TEM)
images are taken using a JSM-2100 transmission electron microscope
(JEOL, Japan) at an acceleration voltage of 200 kV. High-angle annular
dark field scanning transmission electron microscopy (HAADF-STEM)
images and STEM mapping are recorded using a STEM (Tecnai G2
F30S-Twin, Philips-FEI) at an acceleration voltage of 300 kV. X-ray
diffraction (XRD) patterns are observed using a Bruker AXS D8 DISC-
OVER X-ray diffractometer with Cu Kα radiation (λ = 1.5406 Å) in the
2θ range of 10–80°at a scanning rate of 0.02 2θ−1. X-ray photoelectron
spectra of the samples are analyzed using an X-ray photoelectron
spectrometer (Kratos Axis Ultra DLD) with an Al (mono) Kα source
(1486.6 eV). The Al Kα source is operated at 15 kV and 10 mA.

2.5. Electrochemical characterization

The electrochemical measurements are performed with a CHI 660D
electrochemical work station (CH Instruments, Inc., Shanghai). The
conventional three-electrode system is used, which incorporate working
electrode, count electrode and reference electrode. The carbon rod is
used as count electrode and the saturated calomel electrode (SCE) is
utilized as reference electrode. The MoS2/CNFs, V-MoS2/CNFs,
VMo2S4/CNFs are tailor into a neat square of 1 cm2 respectively, and
directly used as the working electrode. The potential reported in this
study are calibrated and converted to the reversible hydrogen electrode
(RHE) by the equation E(RHE) = E(SCE) + 0.244 + 0.059 × pH. All
tests are carried out without the ohmic potential drop (iR) drop

compensation. The HER and OER tests are performed between
−0.6 ~ 0 V and 0 ~ 0.8 V vs. SCE in basic solution, respectively. Tafel
plots are obtained by taking the logarithm of current density as X-axis
and overpotential as Y-axis according to the Tafel equation:

= +η a b jlog (1)

where b is the Tafel slope, j is the cathodic current density and η is
the overpotential. The EIS are operated in a potentiostatic mode in the
frequency ranging from 105 to 0.01 Hz with the amplitude of 15 mV at
1.6 V in basic media. To evaluate the electrochemical active surface
area (ECSA), the electrochemical double layer capacitances (Cdl) are
conducted with different scan rates from 20 mV s−1 to 100 mV s−1

between 0.97 V and 1.17 V vs. RHE. ECSA = (Cdl/Cs) × Scat, where Cs

is the ideal specific capacitance of a smooth flat surface (0.04 mF cm−2)
and Scat is the geometric area of the electrode [22]. The galvanostatic
tests for stability performance are measured at the potential of 1.53 V
vs. RHE.

2.6. O2 production and Faraday Efficiency measurement

The O2 production and Faraday Efficiency measurement are mea-
sured by gas chromatography (Agilent, 7820A) in H-type electrolytic
cell. Before testing, the solution is purged by Ar gas for about one hour
to eliminate oxygen. The VMo2S4/CNFs performed as working elec-
trode. The Ag/AgCl electrode and Pt wire worked as reference electrode
and count electrode. During electrolysis, Ar is continuously delivered
into the anodic compartment at a rate of 10.00 mL min−1. The VMo2S4/
CNFs worked at the current of 20 mA. After 20 min electrolysis, the
volume of evolved O2 is quantified by gas chromatography. The FE of
VMo2S4/CNFs are calculated using the equation (2):

=FE
Fxo pG

IRT
4

O2
2

(2)

Where XO2 (vol%) is the volume fraction of O2 in the exhaust gas,
I = 0.1 A is the current, G = 10.00 mL min−1 is the Ar flow rate,
p = 1.013 × 105 Pa, T = 273.15 K, F = 96485C mol−1,
R = 8.3145 J mol−1 K−1.

2.7. Computational methods

All calculations are performed with spin-polarized density func-
tional theory under the generalized gradient approximation with the
functional Perdew-Burke-Ernzerhof [23–25]. An energy cut-off of
380 eV is adopted, and the k-space is sampled with a grid of 3 × 3 × 1
under the Monkhorst-Pack scheme for all reactions. The van der Waals
interaction has been considered using the DFT-D3 scheme [26]. All
energies have been corrected by calculating zero-point energy. A
(2 × 2 × 1) supercell for (1 1 0) surface is adopted for VMoS2, and V-
doped MoS2 is modelled by its (0 0 1) surface, with a (2 × 2 × 1)
supercell. All structures are firstly optimized, followed by introducing
OER intermediate states OH*, O* and OOH* to calculate the reaction
free energy changes ΔGi for elementary steps, as well described in the
literature [5,27,28]. The on-site overpotential can be derived by
η=Maximum {ΔGi/e} – 1.23 V under standard condition with external
potential U = 0.

2.8. Electrocatalytic overall water splitting test

The OWS tests are performed in a two-electrode system. The as-
prepared samples work as both anode and cathode simultaneously. The
voltage ranges from 1.0 V to 2.0 V. The stability test is carried out at
1.73 V.

3. Results and discussions

The general synthesis procedure involves the electrospinning
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technology and S-vapor assisted temperature graphitization. The two
kinds of products, the VMo2S4/CNFs and V-MoS2/CNFs, can be well
obtained via the thermodynamic driven phase engineering at different
temperatures. Specifically, the V doped MoS2 nanosheets supported on
CNFs is acquired at 1000 ℃ while the VMo2S4 nanosheets is obtained at
800 ℃. Further details for the materials synthesis are available in
Experiment Section.

X-ray diffraction (XRD), scanning electron microscopy (SEM) and
scanning transmission electron microscopy (STEM) are utilized to in-
vestigate the morphology and structure of V-MoS2/CNFs and VMo2S4/
CNFs. As shown in Fig. S2, the peaks at 14.4°, 32.7°, 33.5°, 35.8°, 39.6°,
44.2°, 49.7°, 58.3° and 60.2° are ascribed to (0 0 2), (1 0 0), (1 0 1),
(1 0 2), (1 0 3), (0 0 6), (1 0 5), (1 1 0), (0 0 8) plane of 2H-MoS2
(JCPDS 37–1492), demonstrating that the introduction of vanadium
atoms does not change the crystal structure of MoS2 [29]. However,
When the graphitization temperature decreases to 800 °C, the V atoms
would assemble linearly to the interval of MoS2 layer, leading to a
phase transformation and ultimately formation of the VMo2S4 structure.
As shown in Fig. 1a, the sharp peaks at 28.5°, 31.4°, 34.5°, 36.1°, 41.7°,
43.9°, 56.5° could be attributed to (0 1 1), (1 1 0), (2 0 2), (0 1 3),
(2 1 1), ( −1 1 4), ( −2 1 5) plane of VMo2S4 (PDF 38–1326) [30].
Fig. 1b reveals that the VMo2S4 nanosheets arrange along with the in-
terlaced carbon nanofibers with three-dimensional conductive net-
works, providing a prerequisite for a self-supported electrode [31]. TEM
image (Fig. 1c) indicates the size of V-MoS2 nanosheets ranges from
5 nm to 10 nm and the thickness of the nanosheets is about 2 nm
(Fig. 1d). The high resolution TEM (HRTEM) images (Fig. 1d and e)
clearly show the visible lattice fringe of VMo2S4 nanosheets. The in-
terplanar spacing of 6.8 Å could be attributed to the (0 0 2) plane of
VMo2S4, which is in agreement with that of 5.8 Å from the crystal

model. The slight change of interplanar spacing should be ascribed to
the irregular in situ growth in the CNFs [22] The interplanar spacings of
2.5 Å correspond to the (0 1 3) plane of VMo2S4. The energy dispersive
X-ray spectrum (EDS) shows obvious peaks which ascribe to C, N, O, V,
Mo, S, Cu and Si (Fig. 1f). However, the signals of Cu and Si should
correspond to carbon-coated Cu grid [32]. High angle annular dark
field STEM (HAADF-STEM) image and the corresponding STEM-EDX
mapping images are shown in the Fig. 1g. The Mo, V and S all exhibit
uniformly distributing throughout the whole nanosheet, demonstrating
the uniform distribution of V in VMo2S4 nanosheets, furthering in-
dicating that the different Mo-V-S structures could be obtained via
phase engineering.

The morphology and structure characterization for V doped MoS2/
CNFs are shown in the Figs. S2–S7. Figs. S3 and S4 show the similar
morphology with VMo2S4/CNFs, while the size and thickness of V-MoS2
increases to 50–100 and 3–5 nm, respectively. The interplanar spacing
of 6.4, 2.6, 2.7 and 3.1 Å are in agreement of (0 0 2), (1 0 1), (1 0 0) and
(0 0 4) plane of V-MoS2 nanosheet (Fig. S5). EDS spectrum and STEM-
EDX mapping images in Figs. S6 and S7 show Mo, V, S elements uni-
formly distribute in the V-MoS2 nanosheets.

X-ray photoelectron spectroscopy (XPS) is used to investigate the
surface and interface structures of the V-MoS2/CNFs and VMo2S4/CNFs.
The XPS survey of VMo2S4/CNFs and V-MoS2/CNFs both clearly in-
dicate the signals of Mo, V, S (Figs. S8 and S9), demonstrating that these
elements exist on the surfaces of VMo2S4 and V-MoS2 nanosheets [33].
The high-resolution Mo 3d spectra of MoS2/CNFs, V-MoS2/CNFs and
VMo2S4/CNFs are shown in the Fig. 2a. The Mo 3d spectra of MoS2/
CNFs could be deconvoluted into two spin–orbit peaks with S 2 s
spectrums at 225.9 eV [34]. The binding energies (BEs) at 228.8 and
231.9 eV are ascribed to the spin–orbit Mo 3d5/2 and Mo 3d3/2 of Mo4+

Fig. 1. (a) XRD patterns, (b) FE-SEM image, (c) TEM image, (d) Side view and (e) Top view of HRTEM images, (f) EDX spectrum and (g) HAADF-STEM image of
VMo2S4/CNFs and corresponding STEM-EDS mapping images.
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[35]. However, for the V-MoS2, the BEs for Mo 3d5/2 and Mo 3d3/2 shift
to 229.4 eV and 232.7 eV, suggesting the higher BE shifts. In addition,
for the VMo2S4, the corresponding Mo 3d peaks also exhibit a shift to
high BEs at 229.0 and 232.2 eV. The relative higher BEs for Mo 3d in V-
MoS2 and VMo2S4 indicate that the Mo atoms transfer electrons to
neighboring S atoms [36]. For the V 2p spectra (Fig. 2b), the BEs at
513.9 eV and 521.4 eV could be ascribed to V 2p3/2 and 2p1/2 of V4+,
respectively [37]. The S 2p XPS spectra exhibit the BEs at 162.0 eV and
163.1 eV, which could be attributed to the S 2p3/2 and 2p1/2 of Mo-S
bonds (Fig. 2c) [38]. The peaks for S 2p in V-MoS2/CNFs and VMo2S4/
CNFs shift to the lower BEs at 158.8 eV and 160.0 eV and 161.5 eV and
161.4 eV, respectively, suggesting the strong electron interactions. A
new peak with BEs at 158.5 and 159.9 eV can be observed, which could
be ascribed to V-S bonds. The BEs for S 2p exhibit a blue shift, in-
dicating that the S atoms receive the electrons transfer from Mo and V
atoms, serving as active sites for OER. The C 1 s XPS spectra of
VMo2S4/CNFs and V-MoS2/CNFs are shown in the Fig. 2d, which are
deconvoluted to three peaks accounting for C–C, C-O and C = O [39].
Based on the results, the V atoms could enhance the strong electron
transfer from Mo and V to S atoms, leading to the superior electro-
catalytic activities for OER [33].

The electrocatalytic HER and OER performance of MoS2/CNFs,
VMo2S4/CNFs and V-MoS2/CNFs are shown in the Fig. 3. The electro-
chemical activities are performed in traditional three-electrode system
with carbon rod as count electrode and saturated calomel electrode
(SCE) as reference electrode [40]. The detailed procedures are de-
scribed in Experimental Section. As shown in the Fig. 3a, polarization
curves are used to evaluate the alkaline HER performance. The
VMo2S4/CNFs only need an overpotential of 124 mV to reach a current
density of 10 mA cm−2, much less than that for V doped MoS2/CNFs
(181 mV) and pure MoS2/CNFs (223 mV), indicating V atoms inter-
calation into MoS2 layers is a promising way to enhance electrocatalytic
HER performance of MoS2. The Tafel slope could describe the kinetic
performance of these electrocatalysts [41]. Notably, the Tafel slope of

VMo2S4/CNFs (98 mV dec−1) is significantly lower than those for V-
MoS2/CNFs (250 mV dec−1) and MoS2/CNFs (319 mV dec−1). The
Tafel slope of VMo2S4 can be compared with the 20% Pt/C (68 mV
dec−1). Moreover, the electrochemical active surface areas (ECSA) of
MoS2/CNFs, VMo2S4/CNFs, V-MoS2/CNFs are carried out through the
double layer capacitance (Cdl) to determine their intrinsic active sites
(Figs. S10–S12) [42]. As shown in the Fig. S13, the Cdl for MoS2/CNFs
(15.6 mF cm−2) is much lower than those of the VMo2S4/CNFs (19.2
mF cm−2) and V-MoS2/CNFs (21.8 mF cm−2), indicating that the va-
nadium introducing to MoS2 lead to the increased active site areas.
ECSA-normalized LSV plots are shown in the Fig. 3c. The VMo2S4/CNFs
requires an overpotential of 260 mV to reach 0.1 mA cm−2

ECSA, much
smaller than that of MoS2/CNFs (458 mV) and V-MoS2/CNFs. (434 mV)
(Fig. S14) These results indicate that the phase engineering indeed
improves the active site areas [43].

The electrocatalytic OER performance of all of these samples is
shown in the Fig. 3d–f. The MoS2/CNFs and V-MoS2/CNFs perform
weak OER activity while VMo2S4/CNFs shows superior OER perfor-
mance, which only needs an overpotential of 295 mV to reach the
current density of 10 mA cm−2. The Tafel slope of VMo2S4/CNFs
(97 mV dec−1) is significantly lower than those for V-MoS2/CNFs
(341 mV dec−1) and MoS2/CNFs (342 mV dec−1) (Fig. 3e). ECSA-
normalized LSV plots also indicate the excellent OER performance of
VMo2S4/CNFs in Fig. 3f and S15. Electrochemical impedance spectro-
scopy (EIS) is also used to understand the electrocatalytic performance
of VMo2S4/CNFs [44]. It can be seen from the Fig. 3g that the im-
pedance of the samples increased in the order of VMo2S4/CNFs (24 O),
V-MoS2/CNFs (292 O), MoS2/CNFs (213 O), indicating that the
VMo2S4/CNFs obtain the best kinetics and electrocatalytic perfor-
mance. The oxygen production and Faraday Efficiency (FE) of VMo2S4/
CNFs are measured by gas chromatography analysis in H-type electro-
lytic cell (Fig. S16). The plot in Fig. 3h shows that the amount of O2

production increase with the electrolysis process in 1.0 M KOH. The FE
of OER process is calculated to be 97.5%, confirming that the current is

Fig. 2. (a) Mo 3d, (b) V 2p, (c) S 2p and (d) C 1 s XPS spectra of the MoS2/CNFs, VMo2S4/CNFs, V-MoS2/CNFs.
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attributed to the water oxidation, instated of S oxidation [45]. The
stability of VMo2S4/CNFs is conducted at −0.16 V vs. RHE for HER and
1.53 V vs. RHE for OER, respectively (Fig. 3i). After the electrolysis for
continuous 10 h, the current density remains 92% for HER and 93% for
OER, indicating that the VMo2S4 nanosheets are stable even after 10 h
continuous hydrogen and oxygen release. The vibration of i-t curves is
attributed to the rigorously oxygen bubbles releasing from the electrode
surface [46]. Moreover, LSV plots of VMo2S4/CNFs after 2000 CV cycles
for HER and OER are obtained to suggest the unchanged activity in 1 M
KOH solution. As shown in the Fig. S17, there is no obvious change for
both HER curve and OER curve after 2000 cycles CV tests, demon-
strating the durability of VMo2S4/CNFs electrode.

Inspired by exceptional and stable electrocatalytic activities of the
VMo2S4/CNFs towards both HER and OER, VMo2S4/CNFs works as
both anode and cathode for electrocatalytic overall water splitting
(OWS) in a two-electrode cell [47]. As shown in the Fig. 4a, a cell
voltage of 1.65 V is required to reach 10 mA cm−2, demonstrating its
excellent OWS performance in 1.0 M KOH solution. Chron-
oamperometry curve of VMo2S4/CNFs at 1.75 V also indicates its dur-
ability when continuously working for 10 h.

To further prove the stability of VMo2S4/CNFs, SEM, TEM and XRD
are utilized to investigate the morphology and structure after 10 h OER
test. As shown in the Fig. S18, the VMo2S4 nanosheets exhibit distinct

crystal structures. The interplanar spacing of 2.5 Å could be attributed
to the (0 1 3) plane of VMo2S4. (Fig. S19). In Fig. S20, the XRD pattern
displays the (0 1 1), (1 1 0), (2 0 2) planes of VMo2S4. SEM, TEM image
and XRD pattern shows no significant changes after OER process, fur-
ther revealing the stability of VMo2S4/CNFs.

Chemical structures of V-MoS2 and VMo2S4 nanosheets are shown in
the Fig. 5a and 5b. The electronic density of states (DOS) for VMo2S4
and V doped MoS2 (V-MoS2) nanosheets are calculated. As shown in
Fig. 5c, the V-MoS2 shows a half-semiconductor feature with one spin
being semiconductor and another being metallic [48]. However, the
VMo2S4 shows strong metallic feature for both spin up and spin down,
with Fermi energy getting across large amount of electronic states
(Fig. 5d). Based on the DOS profiles, it is concluded that the VMo2S4 can
offer much better conductivity than that V-doped MoS2 [47].

In addition, the OER process has been determined to be related to
the free energy of the intermediates on the electrocatalysts surface (i.e.,
*OH, *O, and *OOH). The key performance difference comes from the
stability of OOH* intermediate states [49,50]. Fig. 5e depicts the free
energy diagram for the OER on V-MoS2 and VMo2S4 nanosheets at the
equilibrium potential 1.23 V (vs. RHE). Obviously, it can be clearly seen
that the potential-determining step (PDS) for V-MoS2 is the transfor-
mation from *O to *OOH, which exhibits the free energy of 2.84 eV,
suggesting the OOH* intermediates cannot be effectively stabilized by

Fig. 3. (a) Polarization curves and (b) Tafel curves for MoS2/CNFs, VMo2S4/CNFs, V-MoS2/CNFs and commercial Pt/C electrode for HER in 1 M KOH with scan rate
of 2 mV s−1 (c) The ECSA-normalized activity of MoS2/CNFs, VMo2S4/CNFs and V-MoS2/CNFs for HER (d) Polarization curves and (e) Tafel curves for MoS2/CNFs,
VMo2S4/CNFs, V-MoS2/CNFs and commercial IrO2 electrode for OER in 1 M KOH with scan rate of 2 mV s−1 (f) The ECSA-normalized activity of MoS2/CNFs,
VMo2S4/CNFs and V-MoS2/CNFs for OER (g) Electrochemical impedance spectroscopy (EIS) analysis of MoS2/CNFs, VMo2S4/CNFs and V-MoS2/CNFs. (h) The
amount of gas theoretically calculated and experimentally measured versus time for O2 of VMo2S4/CNFs. (i) Chronoamperometry curves of VMo2S4/CNFs at 1.53 V
and −0.16 V vs. RHE for OER and HER.
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negatively charged sulphur in the V-MoS2 (0 0 1). Remarkably, for
VMo2S4, the energy barrier for *OOH formation is significantly de-
creased to 0.99 eV, and the transformation from *OOH to O2 becomes
PDS (Fig. 5f). Such PDS change could be ascribed to the binding

strength between S atoms in VMo2S4 (1 1 0) and *OOH. Additionally,
XPS and DOS results both indicate that the enhanced electron transfer
from Mo and V to S could improve the OER activity.

Fig. 4. (a) Linear sweeping voltammetry curves of VMo2S4/CNFs for overall water splitting in 1 M KOH. (b) Stability test of VMo2S4/CNFs at a constant potential of
1.75 V for overall water splitting.

Fig. 5. (a)–(b) Chemical structures of V-MoS2 and VMo2S4 nanosheets. Yellow: S; Cyan: Mo; Gray: V. (c)–(d) Calculated Total and S atoms density of states of V-MoS2
and VMo2S4 nanosheets. (e) The free energy diagram for the OER on V-MoS2 and VMo2S4 nanosheets. (f) The reaction pathway of OER on the most active edge sites
of V-MoS2 and VMo2S4 nanosheets in alkaline media.
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4. Conclusions

In summary, the VMo2S4 nanosheets grown on CNFs are synthesized
by simple electrospinning and calcination methods. The V-MoS2 and
VMo2S4 could be controlled synthesized via phase engineering.
Compared to the V doped MoS2 nanosheets, the VMo2S4 nanosheets
shows a better water oxidation activity in alkaline solution, reaching a
current density of 10 mA cm−2 at overpotential of 295 mV. The
VMo2S4 nanosheets also show superior water splitting activity with
10 mA cm−2 at a cell voltage of 1.65 V. The DFT calculations reveal
that the introduction of V atoms to interplane of MoS2 leads to the
reducing in the binding energy to form *OOH species during the water
oxide progress.
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