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ABSTRACT: Tungsten sulfides, including WS2 (crystalline) and WS3 (amorphous), were
introduced to silicon nanowires, and both can promote the photoelectrochemical hydrogen
production of silicon nanowires. In addition, more enhancement of energy conversion
efficiency can be achieved by the loading of WS3, in comparison with loading of WS2.
Polarization curves of WS3 and WS2 suggest that WS3 has higher catalytic activity in the
hydrogen evolution reaction than WS2, affording higher energy conversion efficiency in
silicon nanowires decorated with WS3. The higher electrocatalytic activity of WS3 correlates
with the amorphous structure of WS3 and larger surface area of WS3, which result in more
active sites in comparison with crystalline WS2.
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1. INTRODUCTION

Photoelectrochemically splitting water to hydrogen (H2) and
oxygen (O2) accomplishes simultaneously the harvesting of
solar energy and the storage of solar energy into a clean
chemical fuel (H2), and therefore is gaining extensive and
increasing attention with respect to the global energy crisis and
environmental issues.1 In principle, a promising photocathode
with efficient H2 generation capability in a photoelectrochem-
ical water splitting cell should be able to sufficiently utilize the
solar spectrum, and should have fast hydrogen evolution
reaction (HER) kinetics so that photogenerated electrons in
the photocathode can effectively reduce species in electrolyte
into H2 instead of recombining with photogenerated holes.
Silicon (Si) can absorb photons with wavelengths ranging

from UV to near IR, and has been widely applied in the field of
solar energy conversion, including solar cell and photo-
electrochemical water splitting.2,3 It is further demonstrated
that one-dimensional Si nanostructures (Si nanowires, SiNWs)
can improve the absorption capability and therefore power
conversion efficiency, in comparison with their bulk counter-
part.4−6 However, similar to other semiconductors, the intrinsic
HER kinetics of Si is slow. This shortage results in the low
energy conversion efficiency (η) of a photocathode constructed
from native bulk Si or SiNWs.
Introducing a HER electrocatalyst to the Si surface can

improve the HER kinetics of Si-based photocathodes, and this

configuration has been investigated for several decades.2

However, the widely used and high performance HER
electrocatalysts are expensive and rare earth metals (e.g., Pt2).
Consequently, the practical application of such catalysts in
photocathodes is limited. Although various nonprecious HER
electrocatalysts have been reported, only a limited amount of
them have been applied to photocathodes, including Ni−Mo
alloy,7 NiOx,

8 Mo3S4 cluster,9 MoS2 film,10 and MoS3
particles.11

On the other hand, although the application of tungsten
sulfide in HER has been demonstrated, including in electro-
catalysis12,13 and photocatalysis,14,15 the application of tungsten
sulfide in photocathodes has not yet been reported.
Furthermore, the research concerning HER catalytic activity
of tungsten sulfide is focused on the development of various
morphologies of tungsten sulfide.16−18 The influence of
structure and/or chemical composition of tungsten sulfide on
its HER catalytic activity has not been explored.
In this article, the systematic investigation on the photo-

electrochemical hydrogen production capabilities of SiNWs
decorated with tungsten sulfides is introduced. Two kinds of
tungsten sulfides, including WS3 (amorphous) and WS2
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(crystalline) have been deposited onto SiNWs by convenient
drop coating and pyrolysis methods. The two tungsten sulfides
can both improve the η of SiNWs, whereas the η of SiNWs
loaded with WS3 (denoted as SiNWs/WS3) is 11 times that of
SiNWs loaded with WS2 (denoted as SiNWs/WS2), and 24
times that of SiNWs. Electrochemical impedance spectroscopy
(EIS) investigation on SiNWs, SiNWs/WS3, and SiNWs/WS2,
as well as polarization curves of WS3 and WS2 loaded on a glass
carbon electrode (GCE), suggest that the enhanced photo-
electrochemical hydrogen production capability of SiNWs/WS3
and SiNWs/WS2 can be attributed to the electrocatalytic
activity of WS3 and WS2, and that the superior catalytic activity
of WS3 to WS2 affords the superior performance of SiNWs/
WS3 to SiNWs/WS2. The superior catalytic activity of WS3
correlates with its amorphous structure, which can expose more
active sites than the crystalline one. These results demonstrate
the promising application potential of tungsten sulfide in
photoelectrochemical hydrogen production and reveal that the
catalytic activity of tungsten sulfide correlates with its
microstructure.

2. EXPERIMENTAL SECTION
Fabrication of SiNWs. SiNWs were fabricated via metal-assisted

chemical etching (MACE).19,20 The p-type (100) Si wafers (1−10 Ω·
cm) were degreased by ultrasonication in sequence in ethanol and
acetone each for 15 min and then rinsed with a copious amount of
deionized water. Afterward, the degreased Si substrates were subjected
to a boiling solution composed of H2O2 and H2SO4 (1:4, V:V) for 30
min, followed by deionized water rinsing. In a typical MACE process,
the cleaned Si substrates were immersed in an aqueous etchant
(AgNO3, 20 mM; HF, 4.5 M) for 30 min at 30 °C. Afterward, silver
dendrites covering SiNWs samples were removed by immersion in 5%
HNO3 for 30 min. The SiNWs were rinsed with deionized water and
finally dried at 80 °C in air.
Fabrication of WS3 and WS2. To fabricate WS3, (NH4)2WS4

powder was loaded in a quartz tube mounted in a tube furnace. The
quartz tube was pumped to 20 Pa and filled with high purity nitrogen
(99.999%). This procedure was repeated five times prior to pyrolysis.
After that, the pyrolysis was carried out at 300 °C for 2 h with flowing
100 sccm high purity nitrogen. Afterward, the tube furnace was cooled
naturally to room temperature. The fabrication of WS2 is similar to
that of WS3, except that the pyrolysis temperature is 500 °C.
Fabrication of SiNWs/WS3 and SiNWs/WS2. (NH4)2WS4

powder (26 mg, 0.1 mmol) was dispersed in methanol (10 mL)
with the aid of ultrasonication. SiNWs substrates were cut into small
pieces (8 × 8 mm). In a typical experiment, 20 μL of (NH4)2WS4/
methanol dispersion was dropped onto a SiNWs sample, and the
SiNWs sample was spun at a speed of 600 rpm until methanol was
totally evaporated. This speed is sufficiently small to ensure that
(NH4)2WS4/methanol dispersion can be homogeneously distributed
on the surface of SiNWs sample while no dispersion was spun out the
sample. Afterward, the SiNWs/(NH4)2WS4 sample was subjected to
pyrolysis with the same recipe as WS3 or WS2, resulting in SiNWs/
WS3 or SiNWs/WS2, respectively.
Sample Characterization. The morphologies of SiNWs, SiNWs/

WS3, and SiNWs/WS2 were accessed by scanning electron microscopy
(SEM, 7001F, JEOL) equipped with Oxford Instruments’ INCA
system and transmission electron microscopy (TEM, 2100, JEOL)
equipped with GENESIS 2000 XM 30T. For TEM investigation,
isolated SiNWs/WS3 and SiNWs/WS2 were scratched from
corresponding samples, and dispersed in ethanol by ultrasonication.
The dispersion was dropped onto carbon-coated copper grid (300
mesh). The copper grid was then dried at 100 °C for 5 min before the
TEM characterization.
The X-ray photoelectron spectroscopy (XPS) experiments were

carried out on a Physical Electronics PHI 5700 ESCA System
equipped with a monochromatic Al Kα (1486.6 eV) source and a

concentric hemispherical energy analyzer. Powder X-ray diffraction
(XRD) patterns were collected with a D8 ADVANCE instrument with
graphite-monochromatized Cu KR radiation (λ = 1.541 78 Å).

Electrochemical Measurement. The photoelectrochemical
measurements were carried out in an aqueous 0.05 M H2SO4 solution
containing 0.5 M K2SO4 with an electrochemical workstation (CHI
614D, CH Instrument). A three-electrode configuration was adopted
in the measurements, with SiNWs, SiNWs/WS3, or SiNWs/WS2 as the
working electrode, a graphite rod (6 mm diameter, 100 mm length) as
the counter electrode, and a mercury/mercurous sulfate electrode
(MSE) as the reference electrode. The reversible hydrogen evolution
potential (RHE) was determined by the open circuit potential of a
clean Pt electrode in the same solution,1,6 being −0.762 V vs MSE.
Therefore, a potential measured with respect to MSE electrode was
referenced to RHE by adding a value of 0.762 V.

SiNWs, SiNWs/WS3, or SiNWs/WS2 samples were assembled into
a homemade electrochemical cell, with only a defined area (0.07 cm2)
of the front surface of sample exposed to solution during
measurements. Indium−gallium alloy (99.99%, Sigma-Aldrich) was
applied to the back side of SiNWs (or SiNWs/WS3, SiNWs/WS2)
enabling Ohmic contact. For photoelectrochemical measurements, the
illumination was generated by a xenon lamp (350 W), and the incident
light density was adjusted to 100 mW/cm2 prior to each experiment.
Photocurrent density−potential (J−V) relations were measured at a
scan rate of 50 mV/s. The open-circuit potential (Voc) and short-
circuit current density (Jsc) are referenced to RHE, and energy
conversion efficiency (η) of photocathode was calculated as η =
JmpVmp/Pin, where Jmp and Vmp are the current density and applied
potential at the maximum power point, and Pin is the power of incident
illumination.1

EIS measurements were carried out in three electrode configuration
at 0 V vs RHE with applied 5 mV sinusoidal perturbations in the
frequency range of 1−106 Hz with 12 steps per decade.

For the evaluation of HER catalytic activity, 4 mg of WS3 (or WS2)
was dispersed in 1 mL of water/ethanol (4/1, V/V) containing 80 μL
of Nafion solution (5 wt %). Five milliliters of this dispersion was
dropped onto a GCE (diameter 3 mm) and the resulting GCE was
dried at 70 °C prior to measurement. The evaluation of the HER
catalytic activity of WS3 (or WS2) loaded on GCE was carried out by
linear sweep voltammetry (5 mV/s) in the same solution used in
photoelectrochemical measurements.

The volume of H2 during potentiostatic electrolysis measurement
under illumination (V = 0.1 V vs RHE) was monitored by volume
displacement in a configuration shown in Figure S1 (Supporting
Information). In this experiment, the backside of SiNWs/WS3 was
connected to a Cu wire with indium−gallium alloy and Ag paste. A Cu
wire was threaded to a glass tube (6 mm diameter), and the back side
and front side of SiNWs/WS3 electrode were then sealed with epoxy
resin except for an exposed area (∼0.5 cm2). A Freescale
MPXV7002DP differential pressure transducer was employed to
monitor pressure variation in the gas gathering tube, and then the
volume of generated H2 was computed from pressure variation in the
gas gathering tube (see details in the Supporting Information). The
photocurrent was measured with an electrochemical workstation and
the voltage change of the pressure transducer was monitored with a
digital multimeter (4 1/2 digit). Prior to the experiment, the
relationship between volume of generated H2 and pressure variation
in the gas gathering tube was calibrated by injecting known amounts of
air into the gas gathering tube and recording the pressure change.

3. RESULTS AND DISCUSSIONS
SiNWs/WS3 (amorphous) and SiNWs/WS2 (crystalline) were
fabricated by the combination of drop coating of (NH4)2WS4
methanol dispersion onto SiNWs and pyrolysis at desired
temperatures (see details in the Experimental Section). The
pyrolysis temperature resulting in WS3 or WS2 was chosen
according to thermogravimetric analysis/differential scanning
calorimetry (TGA/DSC) measurement of (NH4)2WS4 (Figure
S2, Supporting Information). It is shown that the weight loss

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501940x | ACS Appl. Mater. Interfaces 2014, 6, 10408−1041410409



was 17.6% when the sample was heated up to 300 °C, matching
well that of the reaction (NH4)2WS4 → WS3 + 2NH3 + H2S,
and the weight loss at 500 °C (28.7%) is similar to that of the
reaction (NH4)2WS4 → WS2 + S + 2NH3 + H2S (29%).
Therefore, the pyrolysis temperatures were set to 300 °C for
the fabrication of SiNWs/WS3 and 500 °C for that of SiNWs/
WS2
The morphologies of SiNWs/WS3 and SiNWs/WS2 were

accessed by SEM. The two samples exhibit similar morphol-
ogies. Figure 1a shows a representative bird’s eye view SEM
image of SiNWs/WS3. SiNWs exhibit a typical morphology as
those resulted from MACE, possessing ca. 5 μm length and
20−200 nm diameter. On the top part of the SiNWs, WS3
particles can be found (indicated by circle in Figure 1b). The
distribution of WS3 on SiNWs was revealed by elemental line
profiles recorded in SEM (Figure S3, Supporting Information).
The line profiles suggest that WS3 locates mainly on the top of

SiNWs, and with the distance from the top of SiNWs
increasing, the amount of WS3 decreases. The morphological
feature can be further confirmed by TEM characterization
(Figure 1c). The component with a darker contrast, being
assigned as WS3, can be found on the top part (solid arrow in
Figure 1c), and the side wall (open arrow in Figure 1c) of
SiNWs, respectively. A typical energy dispersive spectroscopy
(EDS) experiment carried out in TEM confirms the presence of
W and S on SiNWs (Figure 1d).
A series of experiments were carried out to further investigate

the structural, compositional, and chemical information on
tungsten sulfides fabricated at 300 and 500 °C. For these
experiments, (NH4)2WS4 was pyrolyzed without being
deposited onto SiNWs. Atomic ratios of W to S in the two
samples were averaged from five EDS spectra recorded from
different regions of corresponding samples from SEM (Figure
S4 and Table S1, Supporting Information), respectively. It is

Figure 1. (a) Low and (b) high magnification bird’s eye view SEM images of SiNWs/WS3 (sample 45° tilted). (c) TEM image of SiNWs/WS3. (d)
EDS spectrum of SiNWs/WS3 recorded in TEM.

Figure 2. (a) W 4f window of XPS spectra and (b) S 2p window of XPS spectra.
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shown that S:W is 3.00 ± 0.13 in the sample pyrolyzed at 300
°C, and is 2.03 ± 0.08 in that at 500 °C. These values suggest
that (NH4)2WS4 decomposes into WS3 at 300 °C, and evolves
to WS2 at 500 °C, in accordance with those suggested by TGA/
DSC experiments.
Detailed chemical states of W and S were obtained from XPS

characterization. Figure 2a shows the W 4f window of XPS
spectra of samples pyrolyzed at 300 and 500 °C. The spectra of
the two samples show two doublets with W 4f7/2 binding
energies at 32.0 and 35.4 eV. The peak with binding energy of
35.4 eV can be assigned to W in WO3, whereas the peak with a
binding energy of 32.0 eV comes from W in WS2 or WS3.

21 On
the other hand, samples pyrolyzed at 300 and 500 °C exhibit
different S 2p windows of XPS spectra. The S 2p window of the
sample pyrolyzed at 300 °C has two doublets, 161.7 and 163.8
eV, whereas only one doublet peaking at 161.7 eV can be found
in S 2p windows of samples pyrolyzed at 500 °C (Figure 2b).
The doublet peaking at 161.7 eV indicates S2− ligands, which
come from WS2 or WS3. The peak with binding energy of 163.8
eV can be attributed to bridging S2

2− or apical S2−. Although it
is difficult to exclusively identify the ratio between these sulfur
species due to their similar binding energies, the presence of
S2

2− bridging or apical S2− suggests the formation of WS3.
21 In

addition, XPS spectra of the O 1s window show two peaks at
533.2 and 531.8 eV (Figure S5, Supporting Information), in
accordance with those of O in partially sulfidized WO3.

22 The
peak at the low energy can be assigned to the oxide, and the
high energy one to hydroxide forms.22 According to XPS
investigation, the sample pyrolyzed at 500 °C contains WS2 and
WO3, and that at 300 °C contains WS3 and WO3. The WO3
might come from surface oxidation of sulfides with the
exposure of samples in air. Hereafter, the sample pyrolyzed at
300 °C will be termed in brief as WS3 and that at 500 °C as
WS2, because WO3 has no electrocatalytic activity.15

The overall structural features of WS3 and WS2 were accessed
via X-ray diffraction (XRD) experiments (Figure 3a). The
experimental patterns of WS2 exhibit distinct peaks, suggesting

the crystalline nature of the products. These peaks match well
those from hexagonal phase WS2 (JCPDS No. 8-237, a = 0.315
nm, c = 1.2362 nm). In contrast, only a broad shoulder at 14.3°
can be found in XRD patterns of WS3, suggesting that WS3 is
amorphous with short-range ordering. In addition, no peaks
from WO3 can be found, suggesting that the amount of WO3 is
relatively small. This is in accordance with the deduction that
WO3 found by XPS experiments were formed only on the
surface of WS2 and WS3.
To assess the detailed microstructures of SiNWs/WS3 and

SiNWs/WS2, high resolution TEM (HRTEM) experiments
were carried out. Figure 3b shows the typical HRTEM image of
SiNWs/WS3, in which SiNWs and WS3 have been indicated by
arrows, respectively. No well-defined lattice fringe can be found
from WS3. A close examination of WS3 reveals the short-range
ordering of atoms on some tiny regions (∼2 nm diameter), as
indicated by white circles in Figure 3b. In these regions, fringes
with 0.62 nm can be found. This value is associated with the
shoulder (14.3°) found in XRD experiments (Figure 3a).
According to XRD and TEM observations, WS3 is amorphous
whereas a short-range layer structure is formed. Figure 3c
shows the morphology of SiNWs/WS2. A well-defined layer
structure suggests the good crystallinity of WS2. The distance
between fringes is 0.62 nm, matching well that of (002) plane
in hexagonal phase WS2 (JCPDS No. 8-237).
The photoelectrochemical hydrogen production capabilities

of SiNWs, SiNWs/WS3, and SiNWs/WS2 were evaluated via
polarization experiments. The corresponding current density
(J)-potential (V) relations measured in the dark and under
illumination are shown in Figure 4. The SiNWs exhibit the

smallest Jsc (1.4 mA/cm2) and the Voc is 0.3 V. The deposition
of WS3 and WS2 on SiNWs can remarkably enhance the
photoresponse of SiNWs. The Jsc of SiNWs/WS2 is increased
to 7.0 mA/cm2, and the Jsc of SiNWs/WS3 is increased to 19.0
mA/cm2. Besides Jsc, Voc of SiNWs/WS3 (0.40 V) is larger than
that of SiNWs/WS2 (0.26 V) and SiNWs. The η of samples
were calculated according to the equation listed in the
Experimental Section, being 0.0845% (Vmp = 0.12 V vs RHE,
Jmp = 0.704 mA/cm2) for SiNWs, 2.02% (Vmp = 0.179 V vs
RHE, Jmp = 11.3 mA/cm2) for SiNWs/WS3, and 0.187% (Vmp =
0.062 V vs RHE, Jmp = 3.02 mA/cm2) for SiNWs/WS2.
Table S2 (Supporting Information) summarizes the key

performances of recently reported Si-based photocathodes. It is
found that the η of SiNWs/WS3 is larger than that of silicon
microwires (SiMWs) decorated with Mo3S4 clusters (1.24%),

9
Figure 3. (a) XRD patterns of WS3 and WS2. TEM images of (b)
SiNWs/WS3 and (c) SiNWs/WS2.

Figure 4. J−V relations of SiNWs, SiNWs/WS3, and SiNWs/WS2
measured under illumination (100 mW/cm2) and in the dark.
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SiNWs decorated with a MoS2 shell (0.03%),
23 and p-SiMWs

decorated with Pt particles (0.21%),6 and is 75% of that of
SiNWs decorated with Pt particles (2.73%).24 The η of SiNWs/
WS3 could be further increased by introduction of an n

+ layer to
the surface of SiNWs.6 These comparisons demonstrate the
promising application of SiNWs/WS3 in photoelectrochemical
hydrogen production.
It is worth noting that the loading amounts of precursor

((NH4)2WS4) on SiNWs in SiNWs/WS3 and SiNWs/WS2 are
identical. Consequently, the prominent difference in photo-
electrochemical performances should not be associated with the
loading amount of WS3 and WS2. To clarify the origin of
performance enhancement in SiNWs/WS3 in comparison with
SiNWs and SiNWs/WS2, systematic experiments were carried
out.
Diffuse UV−vis experiments (Figure S6, Supporting

Information) reveal that the three samples (SiNWs, SiNWs/
WS2, and SiNWs/WS3) exhibit nearly identical reflectance in
the wavelength range of 300−1100 nm, excluding the
possibility that different performances of SiNWs, SiNWs/
WS3, and SiNWs/WS2 origin from the absorption ability of
different samples. It is therefore reasonable to attribute the
different performances between SiNWs/WS3, SiNWs/WS2, and
SiNWs to different HER activities between WS3 and WS2.
The difference in catalytic activities of SiNWs/WS3 and

SiNWs/WS2 was also suggested by EIS measurements. The EIS
spectra of SiNWs, SiNWs/WS3, and SiNWs/WS2 measured at
0 V vs RHE are presented in Nyquist plots (scatters in Figure
5), where the x-axis is the real part of impedance and the y-axis
is the image part. Each spectrum contains two semicircles, in
accordance with two capacitance elements presented in the
working electrode (i.e., depletion layer in SiNWs, and double
layer in electrolyte near photocathode/electrolyte interface).
The semicircle in the high frequency range is assigned to the
capacitance of the depletion layer in SiNWs, and the one in the
low frequency range to the capacitance of the double layer.25

The EIS data are fitted to the equivalent circuit shown in the
inset of Figure 5a, where Rs represents the overall series
resistance of the circuit, CPEdp is the capacitance phase element
for the depletion layer of SiNWs, Rct,dp is the charge transfer
resistance in the depletion layer of semiconductor, CPEdl is the
capacitance phase element for the double layer at the
photocathode/electrolyte interface, and Rct,dl is the charge
transfer resistance of the double layer at the photocathode/
electrolyte interface. The Rct,dl is correlated to the kinetics of
Faradaic reaction across the double layer (i.e., the reduction of

H+ to hydrogen in our experiments), with a smaller value,
corresponding to a faster reaction rate.26 Semicircles in the low
frequency range corresponding to SiNWs/WS3 and SiNWs/
WS2 have smaller diameters (Figure 5b) than that of SiNWs,
implying that the introduction of WS3 and WS2 can reduce the
Rct,dl of the photocathode. In addition, the semicircle in the low
frequency range corresponding to SiNWs/WS3 has a smaller
diameter than that of SiNWs/WS2, qualitatively in accordance
to the performance difference (Figure 4).
The values of elements in the equivalent circuit (inset of

Figure 5a) can be extracted from the experimental EIS spectra
by the data fitting, and the results of data fitting are shown in
Table S3 (Supporting Information). The fitted values of Rct,dl
are 98.12, 136, and 1323 Ω for SiNWs/WS3, SiNWs/WS2 and
SiNWs, respectively. The Rct,dl of SiNWs/WS3 is approximately
12 times smaller than that of the SiNWs sample, and 0.5 time
smaller than that of SiNWs/WS2, showing a good correlation
with the remarkably enhanced photocurrent density in the
SiNWs/WS3 sample (Figure 4).
EIS experiments suggest that the performance enhancement

of SiNWs loaded with WS3 or WS2 could be attributed to the
electrocatalytic activity of WS3 or WS2, and the different
performances between SiNWs/WS3 and SiNWs/WS2 could be
ascribed to different electrocatalytic activities of WS3 and WS2.
The difference between electrocatalytic activities of WS3 and
WS2 was further confirmed by the polarization curves recorded
with the same loading amount of WS3 and WS2 (loading
amount: 0.285 mg/cm2) on GCE, respectively. The corre-
sponding J−V curves can be found in Figure 6, showing
explicitly that the HER catalytic activity of WS3 is higher than

Figure 5. EIS spectra of SiNWs, SiNWs/WS3, and SiNWs/WS2. (a) Nyquist plot of EIS spectra measured from SiNWs, SiNWs/WS3, and SiNWs/
WS2 at V = 0 V vs RHE under illumination (100 mW/cm2). (b) A detail plot of EIS spectra in (a) at small impedance region.

Figure 6. Polarization curves of WS2 and WS3 loading on GCE.
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that of WS2. WS2 has a current density of 10 mA/cm2 at an
overpotential of 750 mV, whereas an overpotential for WS3 of
670 mV is required for the same current density. At −800 mV
vs RHE, the current density of WS3 (48.9 mA/cm2) is 2.6 times
that of WS2 (18.8 mA/cm2). The evaluation of electrocatalytic
activities of WS3 and WS2 confirms solidly that the superior
photoelectrochemical performance of SiNWs/WS3, in compar-
ison with SiNWs/WS2, can be attributed to better electro-
catalytic activity of WS3 than WS2.
The active sites for HER in WS2 and MoS2 are the edges of

the (−1010) plane,13,17,27 except that density functional theory
simulation suggests that the S edge (−1010) and W edge
(−1010) are equally active in WS2 whereas the Mo edge
(−1010) is less active than the S edge (−1010) in MoS2.

13

These edges have coordinatively unsaturated S and/or Mo (or
W) atoms.28,29 Accordingly, the catalytic activity of WS2 and
MoS2 correlates heavily to the number of unsaturated S and/or
W atoms (in other words, edge sites): the more unsaturated S
and/or W atoms, the better HER performance. Several
approaches have been developed to increase the number of
unsaturated S and/or W atoms in MoSx or WSx. For example,
Xie et al. demonstrated that disorder engineering and
simultaneous oxygen incorporation in MoS2 can offer abundant
unsaturated S and dramatically enhance the HER activity.30 Dai
et al. revealed that breaking WS2 nanotubes into nanoflakes by
sonochemical exfoliation can remarkably increase the ratio of
active sites and enhance HER performance.18 Hu et al. showed
that amorphous MoSx exhibit superior HER activity in
comparison with its crystalline counterpart. This superior
performance has been attributed to the much more unsaturated
sites because of amorphous structure.28 It is further revealed
that the better HER efficiency of amorphous MoS2 is related to
the presented of bridging S2

2− or apical S2− in an amorphous
state.29,31

Our experiments have suggested that the larger η in SiNWs/
WS3, in comparison with SiNWs/WS2, can be attributed to the
better HER catalytic activity of WS3 than WS2 (Figures 5 and
6). In our experiment, WS3 is amorphous with short-range
ordering whereas WS2 is crystalline (Figure 3). More
unsaturated S and/or W active sites would exist in amorphous
WS3 or WS3 with short-range ordered in comparison with
crystalline WS2, similar to those found by Hu et al.28 Moreover,
bridging S2

2− or apical S2− has been related to active species in
MoSx,

29,31 and it is reasonable to deduce that these sulfur
species are also active species in tungsten sulfide. It is worth
noting that bridging S2

2− or apical S2− is only detectible in
amorphous WS3, but not in crystalline WS2 (Figure 2b),
suggesting much more active species in WS3 than in WS2. On
the other hand, the specific surface area of WS3 powder is
19.226 m2/g, whereas that of WS2 powder is 5.130 m2/g
(Figure S7, Supporting Information). The larger specific surface
area of WS3 powder in comparison with WS2 powder might
also contribute positively to the better catalytic activity of WS3
powder. Therefore, the different HER performances between
WS3 and WS2 can be attributed to their different structural
features and their different specific surface areas, which result in
different numbers of HER active sites in samples,.
The Faradaic yield of SiNWs/WS3 during H2 production was

also evaluated. The volume of generated gas was monitored via
water displacement method when a potentiostatic electrolysis
measurement was carried out. Figure 7 shows the comparison
of the theoretical volume of hydrogen and the experimentally
measured volume of hydrogen. It is shown that the Faradaic

yield of H2 production is quantitative within the experimental
errors.
The stability of SiNWs/WS3 and SiNWs/WS2 was evaluated

by potentiostatic electrolysis experiments. The results are
shown in Figure S8 (Supporting Information). In the SiNWs/
WS3 sample, the current density decreases at the initial stage
and then is nearly unchanged in the following measurement.
For the SiNWs/WS2 sample, a fast decrease of current density
is found at the initial 10 min, and then the current density
decreases very slowly with time.

4. CONCLUSIONS
SiNWs/WS3 and SiNWs/WS2 have been fabricated by
combining drop coating and pyrolysis. SiNWs/WS3 shows
remarkably enhanced photoelectrochemical performance in
comparison with SiNWs and SiNWs/WS2. WS3 is amorphous
whereas WS2 is crystalline. The enhancement of photo-
electrochemical performance can be attributed to the electro-
catalytic activity of WS3, which reduces remarkably the charge
transfer resistance at the photocathode/electrolyte interface
and increases the HER kinetics. The superior electrocatalytic
activity of WS3 to WS2 is also confirmed by corresponding
polarization curves of WS3 or WS2 loaded on GCE, and can be
attributed to the amorphous nature of WS3, which results in
more active sites than crystalline WS2. A 100% Faradaic H2
production is achieved on SiNWs/WS3, and the photocurrent
of SiNWs/WS3 sample maintains at 90% of the initial value
after 5 min of measurement. The method introduced here
offers a convenient approach for the design and exploitation of
materials exhibiting significantly enhanced photoelectrochem-
ical hydrogen production capabilities.
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