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Seeking more economical alternative electrocatalysts without sacrificing much in performance to replace precious metal Pt is one
of the major research topics in hydrogen evolution reactions (HER). Tungsten disulfide (WS2) has been recognized as a promising
substitute for Pt owing to its high efficiency and low-cost. Since most existing works adopt solution-synthesized WS2 crystallites
for HER, direct growth of WS2 layered materials on conducting substrates should offer new opportunities. The growth of WS2 by
the thermolysis of ammonium tetrathiotungstate (NH4)2WS4 was examined under various gaseous environments. Structural analysis
and electrochemical studies show that the H2S environment leads to the WS2 catalysts with superior HER performance with an
extremely low overpotential (η10 = 184 mV).
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The future economy requires the production of clean energy to
replace fossil fuels. Hydrogen is considered as one of the promising
future options as a pollution-free energy carrier. Practically, electro-
catalytic water splitting has gained attention for sustainable hydrogen
production.1 Accordingly, scientists are eagerly seeking for an electro-
catalyst that could act as an alternative to the most electrochemically
active but expensive platinum metal.2–4 Tungsten disulfide, WS2, a
member of the semiconducting transition metal dichalcogenide fam-
ily, has drawn considerable attention due to its semiconducting nature
and electrocatalytic activities.5–8 Nevertheless, very few studies have
been conducted on WS2 regarding to HER up to date.5,9–11 The system-
atic studies of layered WS2 materials for HER are still not available.1

Herein, we report our preparation of layered WS2 electrocatalysts for
highly efficient hydrogen production reaction.

We have performed the growth of WS2 by the thermolysis of am-
monium tetrathiotungstate (NH4)2WS4 on conducting carbon cloth
(CC) substrates under different gaseous environments. As CC is con-
ducting with a high surface area, it is an ideal substrate for loading
the WS2 materials.1 The influence of environmental gas on the elec-
trochemical activity of the obtained WS2 catalysts were studied. H2S
was found to give the WS2 electrocatalysts with superior performance
for the hydrogen production with a current density of 10 mA cm−2 at
a low overpotential of 184 mV.

Materials and Methods

Materials.—All chemicals including sulfuric acid (H2SO4) and
ammonium tetrathiotungstate (NH4)2WS4 were purchased from com-
mercial sources and used without further purification. Water used was
purified through a Millipore system.

Preparation of WS2.—The precursor, ammonium tetrathio-
tungstate solution ((NH4)2WS4 (Alfa Aesa 99.9%) in 5.0 wt% in
DMF (dimethylformamide)), was casted on CC substrates (W0S1002

∗Electrochemical Society Member.
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from CeTech) with a loading amount of 1 mg/cm2 (Scheme 1). The
drop-casted conducting carbon cloth substrate was then baked on a
hot plate at 160◦C for 20 min. Subsequently, it was fed into the tube
furnace for thermolysis process under atmospheric pressure (AP) at
varied temperatures and in different gaseous environments, including
H2S and Ar (10 and 90 sccm respectively), H2 and Ar (10 and 90
sccm respectively), and pure Ar (100 sccm). In order to exclude oxy-
gen species from the system, tube furnace was pumped and purged
with Ar before switching to different gas.

Characterizations.—The surface morphology of the catalysts was
observed by field-emission scanning electron microscopy (FESEM,
FEI Quanta 600). X-ray diffraction (XRD, Bruker D8 Discover
diffractometer, using Cu Kα radiation, λ = 1.540598 Å) was used
to investigate the crystalline structure. XPS studies were carried out
in a Kratos Axis Ultra DLD spectrometer equipped with a monochro-
matic Al Kα X-ray source (hν = 1486.6 eV) operating at 150 W,
a multi-channel plate and delay line detector under 1.0 × 10−9 torr
vacuum. Measurements were performed in hybrid mode using elec-
trostatic and magnetic lenses, and the take-off angle (angle between
the sample surface normal and the electron optical axis of the spec-
trometer) was 0◦. All spectra were recorded using an aperture slot of
300 μm × 700 μm. The survey and high-resolution spectra were col-
lected at fixed analyzer pass energies of 160 and 20 eV, respectively.
Samples were mounted in floating mode in order to avoid differential
charging.12 Charge neutralization was required for all samples. Bind-
ing energies were referenced to the C 1s peak (set at 284.4 eV) of the
sp2 hybridized (C=C) carbon from the carbon cloth substrate. The
data were analyzed with commercially available software, CasaXPS.
The individual peaks were fitted by a Gaussian (70%)–Lorentzian
(30%) (GL30) function after linear or Shirley type background sub-
traction. Raman spectrometer LabRAMAramis (HoribaJobinYvon)
was used in a range of 100–3500 cm−1. The spectra were detected
by a diode-pumped solid state (DPSS) laser at room temperature with
473 nm wavelength acting as the excitation source. Additionally, a
microscope (Olympus BX 41) with a total of 1006 objective lens was
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Scheme 1. Schematic representation of the growth of WS2 on CC. The (NH4)2WS4 solution was drop-casted on CC, followed by drying on a hot-plate. The
loaded carbon cloth was fed into tube furnace for thermolysis process at various temperatures and gaseous environments.

used to focus incident laser beam to a spot of 1 μm diameter. And for
calibration, Si peak at 521 cm−1 was used.

Electrochemical measurements.—All electrochemical measure-
ments were performed at room temperature in a PGSTAT 302N Au-
tolab potentiostat/galvanostat (Metrohm). The hydrogen evolution re-
action performance of WS2 was assessed by measuring polarization
curves with linear sweep voltammetry (LSV) with a scan rate of 0.5
mV/s. In the 0.5 M H2SO4 (pH = 0.34) solution, Nernst equation
becomes E(RHE) = E(Ag/AgCl) + 0.228. A separate RHE calibra-
tion in a hydrogen saturated electrolyte has been accomplished with
0.225 V offset, which perfectly coincides with 0.228 in the equation.
Instead of Pt anode, which may dissolve during the reaction into the
electrolyte and contaminate our catalytic cathode, graphite rod was
used as a counter electrode, while Ag/AgCl (in 3 M KCl solution)
electrode used as a reference electrode.

Results and Discussion

Spectroscopic characterizations of WS2.—The microstructure of
the electrocatalysts was examined using scanning electron microscopy
(SEM). Figure 1 shows the surface morphology of WS2/CC after
calcination to 400◦C in a H2S/Ar environment. It is clearly shown that
WS2 forms a uniform thin layer on the fibers of carbon cloth.

To gain a better insight into the composition and crystalline struc-
ture of our materials, alongside with confirmation of the identity of
the final product, X-ray diffraction (XRD) analysis was performed.
Figure 2a displays the XRD patterns of the WS2/CC annealed at
400◦C and acquired under different gaseous environments, H2S, H2,

5 µm 100 µm

Figure 1. SEM images of carbon cloth loaded with WS2 at 400◦C–10%
H2S/90%Ar environment.

and Ar. The peaks at 2θ = 26.1◦, 43.3◦ and 53.8◦ from carbon cloth
are marked as “C”. Regardless of various annealing environments,
two obvious reflection peaks at 14.3◦ and 59.4◦, assigned to (002) and
(110) crystalline orientations of WS2, can always be observed.

The Raman spectra in Figure 2e also indicates that there is no
pronounced difference in their vibration modes E1g, E1

2g, and A1g

detected at 294.6 cm−1, 351.2 cm−1, and 416.3 cm−1, respectively.
These results suggest that the crystal structures of WS2 formulated
by thermolysis of (NH4)2WS4 are similar in spite of the different
gas environments. Unexpectedly, and in spite of pumping the furnace
tube to remove the oxygen species, WO3 peak at 2θ was still detected
at 33.5◦. These oxides are formed due to the presence of unavoid-
able trace amount of oxygen in the system, which may react with
(NH4)2WS4 precursor and yield WO3.

Since the catalytic reactions are known to occur on the surface
of the catalysts, it is more informative to probe the surface bonding
structures. In this respect, XPS study is a better methodology. We
first studied the W 4f and S 2p core levels of the WS2 annealed at
different temperatures 200◦C, 400◦C and 800◦C in the presence of
H2S gas (Figures 3a and 3b). The W 4f region was decomposed into
three doublets (W 4f7/2 – W 4f5/2) with a fixed area ratio equal to
4:3 and doublet separation of 2.14 eV and a singlet W 4p5/2. The
binding energies of W 4f7/2 for the three components are 32.7 eV, 33.5
eV, and 36.1 eV. While binding energy of the singlet W 4p5/2 is at
38.5 eV. The W 4f7/2 component at 32.7 eV is attributed to prismatic
2H-WS2, whereas the W 4f7/2 component at 36.1 eV corresponds to
WO3.1,13–18 The W 4f7/2 component at 33.5 eV is attributed to oxy-
sulfide intermediate phase denoted WOxSy.15,16,18 The most probable
oxy-sulfide intermediate phase is WOS2.19 The S 2p level was fitted
with four spin-orbit doublets (S 2p3/2–S 2p1/2) with fixed area ratio
equal to 2:1 and doublet separation at 1.18 eV. The S 2p3/2 components
were located at the binding energy values of 161.1, 162.3, 163.5–
163.7 and 168–169 eV, respectively. The dominant S 2p3/2 component
centered at 162.3 eV corresponds to sulfur S2− in 2H-WS2.1,14–17 The
component at 163.5–163.7 eV is attributed to disulfide pairs S2

2−

in a mixed oxygen-sulfur environment15 and/or to bridging disulfide
ligands S2

2− and apical S2− from WS3 phase.1,20,21 Both WS2 and
WS3 contain W4+ and S2− species; however, only WS3 possess the
S2

2− ligand,19 with a formal charge state of [W4+(S2
2−)(S2−)].22 The

component at 161.1 eV is attributed to sulfur ions of S2− type with
more negative real charge.15 The component located at 168–169 eV
is assigned oxidized sulfur species.23

The precursor, ammonium tetrathiotungstate solution (NH4)2WS4,
is dissolved in solvent and it has to go through a preliminary baking
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Figure 2. (a) XRD patterns and (b-d) the enlarged (110) peaks of WS2 (e) Raman spectra for the samples obtained at different gaseous environments. Peaks
marked in yellow (C) are from the carbon cloth substrate.

at 160◦C to remove the solvent. The baking was performed in air,
and the incorporation of oxygen species is expected. Increasing the
temperature from 200◦C to 800◦C leads to the decrease in the intensity
of the two W 4f7/2 components at 33.5 eV and 36.1 eV corresponding
to WSxOy and WO3, respectively, indicative of the conversion of
tungsten oxy-sulfides and tungsten oxides to tungsten sulfides. The

effect of annealing was confirmed from the S 2p core level spectra
where the intensity of S 2p3/2 component at 163.5–163.7 eV attributed
to the combination of disulfide pairs S2

2− in WSxOy and and/or to
bridging disulfide ligands S2

2− and apical S2− from WS3 decreases as
function of the temperature. However, at 400◦C the W 4f core level
shows the removal of most of WSxOy. In contrast, the intensity of
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Figure 3. XPS analysis of W 4f and S 2p core levels. (a, b) for samples annealed at different temperatures 200◦C, 400◦C and 800◦C in the presence of H2S gas.
(c, d) for samples annealed at 400◦C in the presence of different gases H2S, H2 and Ar.
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Figure 4. Polarization Curves at a scan rate of 5 mV s−1 in 0.5 M H2SO4 electrolyte for WS2 on carbon clothe annealed at different thermolysis temperature. The
current was normalized by the geometrical area of the carbon cloth substrate, and the potential was measured after internal resistance correction. (a) 10% H2S /
90% Ar (c) 10% H2 / 90% Ar (d) 100% Ar (b) Tafel Slopes extracted from the polarization curves in (a).

S 2p3/2 component at 163.5–163.7 eV is still pronounced. We conclude
that the S 2p3/2 component at 163.5–163.7 eV at 400◦C is mainly due
to the bridging disulfide ligands S2

2− and apical S2− from WS3. The
S/W atomic ratio was further estimated from the integrated S 2p
and W 4f core level peak area divided by their appropriate relative
sensitivity factors. The S/W atomic ratio was equal to 2.06, 2.24 and
2.00 at 200◦C, 400◦C, and 800◦C, respectively. Note that the 200◦C-
teated sample does not show consistent trend due to the incomplete
conversion of structural conversion from precursors as well as the
presence of pronounced to WSxOy and WO3.

We notice that at 400◦C, the sample was determined to possess
composition of WS2.24 indicating that the surface of the sample be-
came sulfur rich and confirmed the formation of WS3 phase. The
sample surface structure at 400◦C resembles chain-like assemblies of
W atoms interconnected by S2

2− or S2− ligands with weak van der
Waals interactions between W and S of adjacent chains.21 From 400◦C
to 800◦C, decomposition of WS3 occurred and crystalline WS2 was
formed. This was confirmed by the removal of almost all bridging
disulfide ligands S2

2− and apical S2− observed at 163.5–163.7 eV and
by the S/W atomic ratio which became equal to 2.00.

Moreover, high resolution XPS spectra for the WS2 samples an-
nealed at 400◦C in the presence of different gases Ar, H2 and H2S
were obtained (Figures 3c and 3d). The same deconvolution param-
eters were applied. One can notice that in the Ar environment, the
presence of strong WO3 phase (W 4f7/2 component at 36.1 eV) indi-

cates that the sample was oxidized. In the H2 environment, however,
the sample presents less oxide phase but with the absence of bridg-
ing disulfide ligands S2

2− and apical S2− observed at 163.5–163.7
eV for S 2p3/2. In the H2S environment at 400◦C, the sample is the
least oxidized and shows the strongest signal attributed to the bridg-
ing disulfide ligands S2

2− and apical S2− from WS3. It has been well
documented that the bridging disulfide ligands S2

2− and apical S2−

are the key active sites in MoSx catalysts.1,24,25 Hence, we concluded
that the absence of oxide phase and the presence of bridging disulfide
ligands S2

2− and apical S2− from WS3 with a formal charge state of
[W4+(S2

2−)(S2−)] leads to the best HER performance.

Electrocatalytic Performance for HER

Figures 4a, 4c, and 4d demonstrate the linear sweep voltammetry
(LSV) curves of WS2 on carbon cloth annealed at different thermol-
ysis temperatures and various gas environments with a fixed loading
amount of (NH4)2WS4 precursor (1 mg cm−2). The HER current den-
sity was standardized by the projected area of the carbon cloth, and
the potential was measured after correction of internal resistance. We
observed that starting from 400◦C, the HER performance of annealed
WS2 on carbon cloth is decreasing dramatically as the temperature
increases, suggesting that the crystallinity of WS2 is not playing the
key role for HER efficiency.
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Figure 4a displays the effect of dihydrogen sulfide gas on the an-
nealed WS2/CC samples. It is clearly shown that in a variety of some
selected temperatures ranging between 200◦C–1000◦C, the effective-
ness of hydrogen evolution increases rapidly from 200◦C to 400◦C,
then decreases in a consistent trend as the temperature goes beyond
400◦C. The effect of hydrogen, and argon gases were also examined
in this study (Figures 4c and 4d).

Comparing three different gaseous environments and various ther-
molysis temperatures, annealed sample at 400◦C in the hydrogen
disulfide gas has been determined as the best performing catalyst with
overpotential (vs. RHE) of η10 = 184 mV, because of the sulfur rich
surfaces generated from the bridging disulfide ligands S2

2− and apical
S2− from WS3 as discovered by XPS analysis. As above-mentioned,
the thermolysis process was carried out at the atmospheric pressure
(AP) in a tube furnace, after being pumped and purged with Ar gas
aiming to exclude the oxygen species and to minimize the formation
of tungsten oxide (WO3) nanoparticles on the surface of the electrode.
As has been reported previously, the HER efficiency of WO3 is lower
than WS2 structure and it is not the dominating species for HER.1

Tafel slopes were extracted from the polarization curves of the
catalyst annealed at five different temperatures and saturated with di-
hydrogen sulfide (Figure 4b). Primarily, as the overpotential increases,
a relative small Tafel slope points to a faster hydrogen evolution rate.26

The Tafel slope of pristine carbon cloth substrate is 185 mV dec−1.
When loaded with (NH4)2WS4 precursor and annealed at atmospheric
pressure, lower Tafel slopes can be observed. In the case of hydro-
gen disulfide environment, the Tafel slopes of 114 mV dec−1, 79 mV
dec−1, 94 mV dec−1, 116 mV dec−1, and 85 mV dec−1 were explored
for different calcination temperatures of 200◦C, 400◦C, 600◦C, 800◦C
and 1000◦C, respectively. The Tafel slope of WS2/CC annealed at
400◦C in H2S environment showed the highest performance for the
hydrogen evolution.

Conclusions

In summary, tungsten disulfide (WS2) was successfully prepared
by one-step thermolysis process, and the effect of gaseous environ-
ments at different temperatures was studied in details. It is found that
H2S gas can strongly affect the amorphous structure of WS2 and en-
hance the electrocatalytic performances toward HER behavior. We
believe this is an efficient and simple route to obtain highly efficient
and cheap electrocatalysts for HER.
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