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Abstract: A heterostructure composed of spherical hollow WS, and petal-like MoS; was systematically studied. The
results showed that the spherical hollow structures exposed more active sites, and the construction of heterostructures
triggered the synergistic effect between WS, and MoS; and improved the hydrogen evolution reaction (HER)
performances with better electron transfer ability. More importantly, the density functional theory calculations further
clarified the synergistic mechanism, in which the MoS,/WS; heterostructure could effectively regulate the hydrogen
adsorption free energy to achieve the minimum value with a W/Mo atomic ratio of 2:25. Consequently, the optimized
WMo-2/25 catalyst exhibited superior electrocatalytic HER activity with a low Tafel slope of 53 mV/dec as well as

good durability.
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1 Introduction

With the development of human society, the
energy demand has significantly increased. As the
dominant energy, the consumption of traditional
fossil fuels is rapidly increasing, and their limited
reserves are bound to constrain significant use in
the long term. In addition, the consumption of fossil
fuel produces a large number of harmful substances,
leading to serious problems of environmental
pollution and deterioration of the ecological
environment around the earth. Therefore, the
development and application of sustainable clean
energy become important and urgent [1-3]. As a
green and pollution-free clean energy [4], hydrogen
has a broad prospect in application with the
advantages of abundant reserves, high combustion
value, and is not constrained by region and natural
environment [5]. Replacing conventional energy
sources with hydrogen energy is a desirable goal

that has received plenty of attention. Hydrogen
can be prepared in three main ways. The first one is
the production of hydrogen from fossil fuels [6],
but it is contrary to the ultimate goal of
environmental protection. The second one is the use
of bioenergy [7]. However, this method cannot be
achieved through large-scale industrial production
due to immature technology. The third one is
water splitting through sustainable electrochemical
processes such as photoelectrocatalysis or electrolysis
driven by an external renewable source of
electricity [8]. Limited by high cost and low
although Pt-based compounds are
considered to be the most efficient electrocatalysts
for hydrogen evolution reaction (HER) [9], they
cannot achieve sustainable and large-scale
applications. Therefore, the search for efficient and
cheap catalysts to replace noble metals has attracted
increasing attention [10—13].

As an effective catalyst for HER, transition
metal sulfides have been widely reported, including
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molybdenum sulfide (MoS,) [14,15], tungsten
sulfide (WS;) [16—18], nickel sulfide (NiS,) [19,20],
and cobalt sulfide (CoS») [21,22], etc. Among them,
MoS; and WS, have gradually become the
alternatives to noble metal catalysts owing to their
high activities. A large number of reports have
shown that the catalytic activities of MoS, and
WS, can be improved by providing more active
sites [23], increasing specific surface area [24],
enhancing electron transfer ability [25-27], and
constructing heterostructures [25,28,29]. CHEN
et al [23] compared the HER performance of MoS,
and WS,; however, there was little explanation
about their synergistic effect. KIM et al [16]
achieved improved catalyst performance by
growing MoS; and WS on nickel foam coated with
reduced graphene oxide (rGO). Nevertheless, it is
difficult to control the uniformity of materials
adhesion, and nickel foam is not suitable for acidic
electrolytes. Therefore, it is an interesting challenge
to prepare MoS,/WS, catalyst with excellent
performance and suitable for acidic conditions by
simplifying the experimental process.

In this work, we proposed unique MoS,/WS,
heterostructures prepared by a combination of
high-temperature calcination and hydrothermal
method, in which WS, with a spherical shell
structure expands the specific surface area, and
MoS; with a thin edge provides more active sites
for the HER. Moreover, by adjusting the atomic
ratio of W to Mo, we regulated the microstructures
and obtained the best catalytic performances with a
Tafel slope of 53 mV/dec and good stability in
acidic conditions.

2 Experimental

2.1 Synthesis of silica templates

Typically, 7 mL tetraethyl orthosilicate (TEOS)
was put dropwise to a homogeneous solution mixed
with 92 mL ethanol, 17.2 mL deionized water, and
5 mL ammonia. The obtained mixture was stirred
at room temperature for 3 h. The collected
precipitates were washed with deionized water and
ethanol thrice, and then dried at 80 °C for 12 h.
Finally, the silica templates can be obtained.

2.2 Synthesis of spherical hollow WS; (p-WS3)
1 mmol WOQO;, 6mmol NH,CSNH, and
10 mmol silica templates were dispersed in 25 mL

ethanol and then sonicated for 30 min. After drying,
the pale-yellow mixture powder was fully ground
with 2 mmol Na,SOs. In the atmosphere of argon,
the powder mixture was calcined at 200 °C for 3 h,
and then calcined at 600 °C for 3 h. The calcined
powder was put into hydroxide sodium solution to
remove templates and wunreacted substances,
washed and then dried overnight at 80 °C.

2.3 Synthesis of catalysts

The MoS,/WS, catalysts were synthesized
by a facile hydrothermal method. 0.4 mmol p-WS,,
5 mmol Na,MoO4-2H,0 and 5 mmol CsHioNNaS,-
3H,O were added in a mixture of 30 mL ethanol
and 30 mL deionized water, and stirred for 30 min.
Next, the mixture was transferred to a reactor and
placed in the oven at 180 °C for 12 h. And the
as-prepared product was named as WMo-2/25.

Catalysts with various atomic ratios of W to
Mo were also obtained following the same
procedure by changing the amount of molybdenum
source (2 and 10 mmol), and the corresponding
products were named as WMo-5/25 and WMo-1/25,
respectively. Additionally, pure MoS; (named as
stMoS,) was also synthesized by the same
procedure in the absence of WS,.

All the detailed information of reagents and
materials can be found in the Supporting
information (SI).

2.4 Characterization

The X-ray diffraction patterns (XRD) were
obtained by an X-ray diffractometer (Rigaku D/
Max 2500, with a diffraction source of Cu K,). The
microstructures were captured by MIRA4 LMH
scanning electron microscope (SEM) and Titan
G260—-300 transmission electron microscope
(TEM/HRTEM). The surface element analysis was
performed by Ultim Max 40 X-ray spectrometer
(EDS). X-ray photoelectron spectroscopy (XPS)

was detected on the Thermo Scientific
photoelectron spectrometer.
2.5 Electrochemical tests

The electrochemical hydrogen evolution

performances were evaluated on the -electro-
chemical  workstation (CHI660E,  Shanghai
Chenhua, China) in 0.5 mol/L H,SO4 with saturated
calomel electrode, carbon rod, and glassy carbon
electrode loaded with catalysts as the reference,
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counter, and working electrodes, respectively.

Typically, 3 mg of catalyst, 80 uL of Nafion
solution (5 wt.%, Du Pont), and 200 pL of ethanol
were put into 800 uL. of deionized water to form a
homogeneous ink. Then, 5 pL of the slurry was
loaded on the surface of the working electrode, and
then naturally dried.

The polarization curves were obtained by the
linear scanning voltammetry (LSV) with a
scanning speed of 2 mV/s, and the electrochemical
impedance spectroscopy (EIS) was measured from
to 1 MHz to 1 Hz at =150 mV. The stability curves
were obtained from 1000 continuous cyclic
voltammetry scans and 10 h of constant voltage /—¢
tests. And the Tafel slope was calculated following
Eq. (S1) in the Tafel formula of SI.

3 Results and discussion

3.1 Microstructure of sample

Figure 1 shows the XRD patterns of various
samples, in which stMoS; displays a similar peak
distribution to MoS, (JCPDS No.75-1539), but the
(002)’ diffraction peak shifts to 9.4°, indicating a
larger inter-layer spacing. The (004)’ peak is the
second-order diffraction peak of (002)’ [30], and the
interplanar spacing calculated from (004)’ peak is
about 4.95A by the Bragg equation. In the
diffraction pattern of p-WS,, four obvious
diffraction peaks are found, including the (002),
(101), (103) and (110) reflections, and well matched
with the standard WS, (JCPDS No.84-1398).
Moreover, with the decreased W/Mo atomic ratio,
the (002)’ diffraction peak of MoS; is gradually
enhanced.

Figure S1 in SI shows the Raman spectra, in

002y
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Fig. 1 XRD patterns of various samples

which srMoS; displays the characteristic E's,
and A, (372.6, and 399.9 cm™!) peaks [31,32] of
MoS,. In the WMo-2/25 spectrum, except the
characteristic MoS, peaks, the E', and A, peaks
(349 and 4133 cm™!) [33] of WS, can also be
observed, further demonstrating the coexistence of
WS, and MoS,.

Figure 2 shows the microstructures of various
samples. In Fig. 2(a), stMoS; is large and irregular
petals. In Fig. 2(b), p-WS, inherits the uniform
spherical morphology of SiO: nanospheres (Fig. S2(a)
in SI), and the corresponding diameter is slightly
larger than that of hard templates. With a few Mo
addition, both WMo-5/25 (Fig. S2(b) in SI) and
WDMo-2/25 (Fig. 2(c)) inherit the spherical hollow
structures of p-WS; and petal structures of srMoS,,
which is beneficial to exposing more active sites.
However, for WMo-1/25 (Fig. S2(¢) in SI), MoS:
adheres to WS, spherical shells and agglomerates
seriously. The EDS mappings (Figs. 2(d,—d4)) of the
WDMo-2/25 demonstrate the well-dispersion of Mo,
W and S elements in the catalyst.

By magnifying the petal structures of srMoS,
(Fig. 3(a1)), the interlayer spacing of srMoS; is
about 4.9 A (Fig. 3(a2)). In WMo-2/25 (Fig. 3(b1)),
the petal-shaped srMoS; is closely bound to the
spherical p-WS; shells, and two different spacings
can be measured, including 6.2 A and 4.9 A, as
depicted in Fig. 3(b2). According to the XRD
analysis results, the former belongs to the (002)
crystal plane of WS,, and the latter is the (004)’ of
MoS,, further demonstrating the coexistence of
WS, and MoS; in WMo-2/25.

According to the XPS survey spectrum of
WMo-2/25 (Fig. 4(a)), there are W, Mo, S, C, O and
N in the sample. And the W 4f spectrum (Fig. 4(b))
exhibits two peaks at 326 and 34.8¢V,
corresponding to the W*" states [34]. The peaks
located at 36.1 and 38.2 €V can be attributed to W¢*
species [35,36], resulting from inevitable oxidation
on the surface. In Fig. 4(c), the double peaks at
228.4 and 231.5eV can be assigned to Mo 3d of
MoS,, and the peaks appeared at 232.4 and
235.5eV should be ascribed to MoO; [37].
Additionally, the peaks of S2s and Mo*" are
observed at 2256 and 2289e¢V [38,39],
respectively. In the S 2p spectrum (Fig. 4(d)), the
peaks at 161.2 and 162.3 eV are indexed to the
binding energies of S>” 2p3;» and S* 2p12 [40], the
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Fig. 2 SEM images of stMoS; (a), p-WS: (b) and WMo-2/25 (c, di), and corresponding EDS elemental mapping of

WMo-2/25 (dy—da)

100 nm

Fig. 3 TEM (ai, bi) and HRTEM (a,, by) images of srMoS, (ai, a2), and WMo-2/25 (bi, b2)

peaks at 162.6 and 163.8 eV correspond to the
binding energies of S;  [41], and the peak at
168.48 eV belongs to sulfate groups [42]. Moreover,
the presence of C and O can also be further revealed
by Fig. S3 in SI.

3.2 Electrochemical performance

The HER performance of various samples was
evaluated in a three-electrode system in 0.5 mol/L
H,SO4 (Table 1). As shown in Fig. 5(a), the
commercial Pt/C catalyst still exhibits the best
electrocatalytic performance with the smallest Tafel
slope of 30 mV/dec, consistent with the previous
reports [36,43]. The WMo-2/25 catalyst also shows
excellent HER performances compared with other
counterparts with a small Tafel slope of 53 mV/dec
(the Tafel formula, Eq.(S1) in SI), and only

requires —280 mV to achieve 10 mA/cm?, much
better than other electrocatalysts with various
W/Mo atomic ratios, as compared in Table 1.
Generally, the HER can be divided into two
processes and three possible steps in acidic
electrolyte [6]. The first one is the discharge
process, in which electrons transferred to the
electrode surface react with protons to generate
adsorbed intermediate hydrogen atoms (Hads)
(Volmer reaction, Eq. (S2) in SI). And the other one
is the desorption process, in which Heyrovsky
reaction occurs at a low concentration of Hags
(Eq. (S3) in SI), while the Tafel reaction occurs
under high concentration (Eq. (S4) in SI). Moreover,
the corresponding Tafel slopes are 120, 40 and
30 mV/dec [6], respectively. Then, the corresponding
HER mechanism and rate-controlling steps can be
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Fig. 4 XPS spectra of WMo-2/25: (a) Survey; (b) W 4f; (¢c) Mo 3d; (d) S 2p

Table 1 Electrocatalytic HER performance of various samples

Catalyst Tafel slope/(mV-dec™) Overpotential, 7/ mV ~ Ca/(uF-cm™?)  Agcsa/cm? Ro/Q
Pt/C 30 =20 - - -
p-WS; 99 - 660 1 -
WMo-5/25 82 —340 4770 79.50 400
WMo-2/25 53 —280 4946 82.43 120
WMo-1/25 88 -360 2308 39.67 340
stMoS; 119 - 1073 17.88 -

deduced [44]. The Tafel slope of WMo-2/25
(53 mV/dec) in this work is much smaller than
that of other counterparts (Fig. 5(b)), implying a
Volmer—Heyrovsky mechanism. It is worth noting
that the Tafel slopes of all the composed catalysts
are lower than those of p-WS. and srMoS,,
indicating that the construction of heterostructures
is also one of the effective ways to improve the
HER performance.

The electron transfer ability is also an
important factor to evaluate the kinetics of HER
catalysts [45]. The charge transfer impedance (Rc)
of various catalysts in the HER can be obtained by
fitting the EIS with a suitable circuit model. As

shown in Fig. 5(c), the R of p-WS; and srMoS; is
much larger than that of composed catalysts, and
the R.: of composed catalysts depends on the Mo
addition, in which the R of WMo-2/25 (120 Q) is
the minimum, indicating the strongest electron
transfer ability.

Stability is another important indicator for
applications of catalysts. As shown in Fig. 5(d), the
WMo-2/25 could maintain the catalytic activity
for 10h without significant decrease, and the
polarization curves only show slighter decay
compared with the initial one after 1000 CV cycles
(inset in Fig. 5(d)), demonstrating good stability
under acidic conditions.
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Fig. 5 Electrocatalytic HER performance of various samples in 0.5 mol/L H>SO4: (a) LSV polarization curves; (b) Tafel
plots; (c) EIS at 250 mV vs RHE; (d) Chronoamperometry of WMo-2/25 at —0.2 V (Inset shows the polarization curves
of WMo-2/25 before and after 1000 CV cycles); (e) Capacitive currents at 0.15 V (vs RHE) as function of scan rate;

(f) TOF curves

The cyclic voltammetry (CV) curves of
samples at different scanning rates (20, 40, 60, 80,
100, 120, and 140 mV/s) (Fig.S4 in SI) were
measured in the voltage range without Faraday
reaction. The curves (Fig. 5(e)) were drawn with

scanning rates as the abscissa and the change of
capacitance current value as the ordinate, and half
of their linear slopes were the electrochemical
double-layer capacitances (Ca) [46—49]. Generally,
the electrochemical active surface area (Agcsa)
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can be considered to represent the number of active
sites [50,51], and Agcsa value of samples can be
estimated by Eq. (S5) in SI. Obviously, the Agcsa of
WMo-2/25 (82.43 cm?) is the maximum. The
turnover frequency (TOF) represents the HER
catalytic activity of each active site, and the
corresponding curves (Fig. 5(f)) were converted
from the polarization curve following Eq. (S6—S9)
and Table S1 in SI. It can be observed that pure
p-WS: exhibits the largest TOF value, and the TOF
value is gradually reduced with the increased content
of Mo. However, it should be noted that the
variation is not significant, and the WMo-2/25
catalyst still possesses a comparable TOF value
with that of p-WS,.

Based on the above analysis, compared with
those of p-WS, and srMoS,, the enhanced HER
activity of WMo-2/25 is believed to be a direct
consequence of the formation of MoS,/WS,
heterostructures. With the decrease of W/Mo molar
ratio, the formation of heterostructure is gradually
increased, which is conducive to the enhancement
of hydrogen evolution performance, and achieves
the maximum at molar ratio of 2:25. Afterwards,
the HER activity is gradually reduced with the
decreased W/Mo molar ratio, because too much
MoS; will aggregate and block the spherical shell
structure of WS,, resulting in a sharp reduction of
the specific surface area as well as the exposed
active sites.

3.3 DFT calculations

All spin-polarized density functional theory
(DFT) calculations were performed via the Vienna
ab initio Simulation Package (VASP) code. The
exchange-correlation interactions were described by
the Perdew-Burke-Enzerhof (PBE) pseudo-
potentials of generalized gradient approximation
(GGA), and the van der Waals interaction was
calculated using the vdW-D3 method developed by
Grimme. To get deep insights into the improvement
mechanism, a model of WMo-2/25 is established
(Fig. 6(a)), and the Gibbs free energy (AGn) of each
sample is obtained by DFT calculations (Fig. 6(b))
following Eqgs. (S10) and (S11) in SI. In the HER
process, the excessive adsorption or desorption
capacity of hydrogen can hinder the catalytic ability
and affect the smooth generation of H,. Therefore,
for an ideal electrocatalyst, the AGy should be close
to 0[52]. As observed in Fig. 6(b), AGu of p-WS,

and srMoS; are ~0.35 and ~0.18 eV, respectively.
Compared with p-WS,, the Mo addition contributes
to the decrease of AGwu, indicating that the
formation of heterostructure is beneficial to
improving the HER performances of tungsten
disulfide. And when the W/Mo molar ratio is about
2:25, the value of AGy is close to 0, reaching the
minimum. With the further increase of Mo content,
the corresponding AGn is gradually enlarged,
suggesting worse hydrogen desorption kinetics as
well as HER activity, which is consistent with the
experimental results.

| (b)
0.4 p-WS,
0.3F
>
o
S: 02F
< — !
WMo-1/25
0.1
WMo-2/25
oL He  fo % 12H,

Fig. 6 Atomic structure model of WMo-2/25 (a), and
Gibbs free energy diagrams of srMoS,, p-WS, and
MoS,/WS; heterostructures with various proportions (b)

4 Conclusions

(1) With the presence of silica templates, the
hollow heterostructures of MoS2/WS,
successfully synthesized and adopted as HER
electrocatalysts.

(2) The coexistence of petal-like MoS, and
spherical shell-like WS, enables more active sites
and better electron transfer ability.

(3) The DFT calculations reveal that the
construction of MoS,/WS, heterostructures with a
W/Mo molar ratio of 2:25 leads to an optimized
hydrogen adsorption energy, resulting in the best
HER activity with a small Tafel slope of 53 mV/dec
as well as excellent stability in acidic solution.

were
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