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Electrocatalytic hydrogen production at low overpotential is a promising route towards a clean and

sustainable energy. Layered transition metal dichalcogenides (LTMDs) have attracted copious attention

for their outstanding activities in hydrogen evolution reaction (HER). However, the horizontally laid

nanosheets suffer from a paucity of active edge sites. Herein, we report the successful synthesis of verti-

cal-oriented WS2 nanosheets through a hydrothermal method followed by a facile sulfurization process.

Furthermore, the surface of synthesized WS2 nanosheets was decorated by ultrathin reduced graphene

oxide (rGO) nanoplates. This is achieved for the first time by bringing the rGO on the surface of vertical-

oriented WS2 nanosheets, which is conducive to rapid electron transport during the HER process. Signifi-

cantly, the as-synthesized rGO/WS2 nanosheets exhibit improved HER activity as compared to the un-

decorated ones. It needs a low overpotential of only 229 mV vs. RHE to afford a current density of 10 mA

cm−2. We believe that this hybrid structure demonstrated remarkable HER activity brought about by a

compatible synergism between rGO and WS2.

Introduction

The ever-increasing energy consumption continues to be the

world’s main concern. At some point in the near future, the

global community undoubtedly will depend on the greenest

method of powering our world not only for environmental

remedies, but also for scarcity due to oil crisis.1 Thus, there is

an urgent need for renewable and environmentally sustainable

energy technologies. In this respect, hydrogen economy is a

promising route2 as the combustion of hydrogen fuel gives just

pure water. However, the production of H2 from water is

thermodynamically an uphill process. Specifically, electro-

catalytic production of hydrogen from water requires high

overpotential. To lower the overpotential, thereby improving

the energy efficiency, research studies are taking place to

design a good hydrogen evolution reaction (HER) catalyst. The

platinum metal is the best catalyst under acidic or neutral con-

ditions, being highly active and producing a high current

density at a very low overpotential of ∼0 V vs. RHE. But it is

scarce and expensive, which could be unaffordable for scalable

applications.3–6 Great efforts have, therefore, been devoted to

the exploration of earth-abundant materials. In such a quest,

experiments and theoretical calculations suggest that the

layered transition metal dichalcogenide (LTMD) materials,

such as MoS2, are good prospects to replace Pt for electro-

chemical hydrogen evolution.7–11 It has been proved that their

promising electrocatalytic properties are brought about mainly

by their exposed edge sites.12–14

WS2, as one kind of LTMD, finds numerous applications in

fluorescent emitters,15 field effect transistors16, photo-

voltaics17, photocatalysis18, energy storage19 and electrocata-

lysis.3,4,20,21 To date, the growth techniques for WS2 nanosheets

are focused to maximally expose the active edge sites. In this

regard, exfoliation3,21 is a commonly known technique. It

allows for the preparation of large amounts of monolayers.

However, apart from resulting in polydispersed distribution of

flakes, it also suffers from the difficulty of lack of control over

the size, shape or nature of their edges.21,22 Notably, despite

elimination of the laborious electrode preparation steps, it has

been observed that growth on a suitable substrate creates large

monolayers with high crystallinity and ease of control over

shapes and edges.23 So far the growth of WS2 nanosheets
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reported has been in line with the substrate. Such horizontally

laid nanosheets experience a paucity of active edge sites, as

part of their sides remains unexposed. On the contrary, the

vertical alignment has the benefit of exposing the maximum

active edge sites, availing more surface area for electrocatalytic

activity and most importantly, it will form an intimate hybrid

structure like WS2–rGO. The design of the hybrid heterostruc-

ture has immense application in catalysis for its synergetic

effect.24–28 Particularly, the heterostructures made with rGO

amplify the electrocatalytic activity because of their excellent

properties, such as good conductivity, chemical durability and

large surface area.29,30 As a matter of fact, the vertical align-

ment of WS2 nanosheets will have a more appropriate orien-

tation to form a well-matched hybrid. Moreover, the

computational study has confirmed that graphene can be

adsorbed onto the surface of the WS2 monolayer31 due to the

nearly linear band dispersion relationship of graphene that

can be preserved in the rGO/WS2 hybrid system. It is thus

expected that sensitization of vertically oriented WS2
nanosheets by rGO will enhance the electrocatalytic activity

toward HER.

Herein, we, for the first time, report the successful design

of the synthesis of vertically aligned WS2 nanosheets through

sulfurizing WO3 nanotrees on the W foil. The branches on the

nanotrees led to the in situ formation of vertically oriented

WS2 nanosheets directly. Moreover, we further decorated the

vertically positioned WS2 nanosheets by rGO. The comparison

was also made between rGO decorated and undecorated WS2
nanosheets. Accordingly, the obtained electrodes achieved a

remarkable current density of 10 mA cm−2 at 229 mV and

236 mV vs. RHE in the case of rGO/WS2 and WS2 respectively.

Significantly, a smaller Tafel slope was recorded for rGO/WS2
(73 mV dec−1) as compared to the bare WS2 (97 mV dec−1). We

believe that the well-established synergism between rGO and

WS2 played a significant role which brought about rapid elec-

tron transport leading to the enhanced HER activity.

Experimental
Synthesis of a WO3 nanotree

The hydrothermal method was employed to synthesize the

WO3 nanotree.32 Typically, the W foil was cleaned ultra-

sonically in distilled water, ethanol, and acetone and then dried

by N2 gas. The cleaned W foil was annealed in air at 500 °C for

30 min. The oxidized tungsten metal plate was placed in an

autoclave with an aqueous solution containing H2C2O4

(1.56 g), Rb2SO4 (0.2 g), and concentrated HNO3 (313 μL), and

treated at 150 °C for 72 h. After the hydrothermal reaction, the

foil was washed with deionized water and dried at room temp-

erature. This sample was then annealed in air at 500 °C for

30 min to reduce oxygen defects in WO3.

Synthesis of WS2 nanosheets and sensitization

The as-prepared WO3 nanotree was placed at the back zone of

the quartz tube in the furnace, whereby the S powder was

located at the front zone. With such an arrangement, the tube

was flushed with Ar gas three times and pumped into a

vacuum lower than 1 Pa. The back zone was raised to 800 °C at

a heating rate of 20 °C min−1, the front zone began to increase

in temperature to 150 °C at a rate of 10 °C min−1. The conver-

sion process was maintained for 60 min with 50 sccm Ar gas

flow. After the conversion process, the furnace was allowed to

cool to room temperature. The as-grown WS2 sample was then

soaked in reduced graphene oxide. The rGO was first prepared

by reduction of GO33 by treating it with hydrazine.34

Characterization and electrochemical measurement

A field emission scanning electron microscope (FESEM,

Hitachi S-4800), a transmission electron microscope (TEM,

Tecnai F20), a confocal microscope-based Raman spectrometer

(Renishaw InVia, 532 nm excitation laser), X-ray diffractometer

(Philips X’Pert Pro Super with Cu Kα radiation) and a X-ray

photoelectron spectrometer (ESCALAB250Xi) were used to

characterize the sample. Electrochemical measurements were

carried out with a 3-electrode cell using an electrochemical

station (CHI 660D, 0.5 M H2SO4 electrolyte with Pt as a

counter electrode, SCE as a reference electrode and the

material under investigation as a working electrode, at a scan

rate of 2 mV s−1). The system was continuously de-aerated with

N2. Linear sweep voltammogram was measured; all the

measured potentials were calibrated with respect to RHE. To

determine the electrochemical active surface area, a cyclic vol-

tammeter at various scan rates (20–200 mV s−1) was run in the

potential range of −0.1 V to 0.0 V vs. RHE. Alternating current

impedance measurements were performed in the same con-

figuration in the frequency range from 0.01 Hz to 0.5 MHz

with an AC voltage of −0.1 V vs. RHE.

Results and discussion

Visually, Fig. 1 depicts the schematic representation of our

experimental steps. Following the hydrothermal synthesis of

WO3 nanotrees,32 it was subjected to sulfurization. Sulfur

powder was made to flow through the two zone tube furnace

by Ar gas flow to keep the growth zone saturated by sulfur. At

the growth zone, the WO3 nanotree on the W foil substrate was

Fig. 1 Schematic showing the experimental steps of synthesizing the

WO3 nanotree, WS2 nanosheet and rGO/WS2 nanosheet on the W foil.
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heated at 800 °C, and thereby sulfurized completely. The con-

verted WS2 was sensitized by rGO to be used in HER (see the

Experimental section).The morphology and structure of the as-

synthesized samples were first characterized by scanning elec-

tron microscopy (SEM) and transmission electron microscopy

(TEM). Fig. 2a–c show the SEM images of WO3, WS2 and rGO/

WS2. It can be seen that the tungsten foil is entirely covered by

WO3 nanotrees, growing vertically to the substrate, composed

of a great deal of trunks and branches. The average diameter

and length of the trunks in the nanotree are estimated to be

57 ± 8 nm and 0.78 ± 0.14 μm respectively; whereas those of

the branches are 29 ± 3 nm and 0.19 ± 0.075 μm respectively.

As reported,35 different cations of sulfate play a significant role

in shaping the morphology; and Rb+ leads to the formation of

the nanotree.36 The W foil substrate served as the self-seeded

substrate on which the WO3 layer grew. Pre-annealing of the W

foil led to the adhesion between WO3 and the substrate. Thus,

the dense oxidative layer formed at the beginning of the hydro-

thermal treatment became the nuclei for the subsequent

growth of the WO3 nanotree. The branches of the nanotree

show a tendency to become nanosheets, where on sulfuriza-

tion, the entire morphology changes to nanosheets with

thickness of about 27.8 ± 6 nm (the inset of Fig. S1d†).

Interestingly, the vertical alignment remained unaffected. The

sulfurization takes place under an Ar atmosphere in a horizon-

tal tube furnace at 800 °C. The as-synthesized WO3 nanotree is

converted to WS2 nanosheets by sulphur vapour as:

7Sþ 2WO3 ! 2WS2 þ 3SO2

Sulfur has a considerably larger atomic radius compared to

oxygen, which can induce structural distortion, and hence

changes in morphology when S atoms substitute oxygen in the

WO3 lattice. However, there is no change in morphology of

WS2 after sensitization with rGO can be seen from Fig. 2c (also

in Fig. S1d†). It is obvious that the surface of WS2 nanosheets

is decorated by rGO and the composition of rGO is estimated

to be about 2.83% from thermogravimetric analysis (Fig. S5†).

We further verified the presence of rGO by the characteristic D

and G bands from the Raman spectrum and the elemental

composition from X-ray photoelectron spectroscopy (XPS). To

confirm the presence and ratio of S atoms, elemental compo-

sition analysis was performed by energy dispersive X-ray (EDX).

Fig. 2d reveals the EDX spectrum of the as-prepared WS2
material. A W/S ratio of approximately 1 : 2 is obtained which

is consistent with the expected one. The HRTEM image

(Fig. 2e–f ) shows a stacking morphology of hexagonally

arranged atoms of crystalline WS2 nanosheets. Moreover, the

periodic arrays of (101) planes with a spacing of 0.27 nm can

clearly be observed. This is also in accordance with the peak

obtained at the 2θ value of 32.93° from the X-ray diffraction

(XRD) spectrum. The XRD pattern of rGO/WS2 hybrid

nanosheets is shown in Fig. 3a. The reflections at 14.29, 32.93,

58.18 corresponding to (002), (101), and (110) planes indicate

the presence of the hexagonal phase (PDF# 084-1398). This

indicates successful conversion to the corresponding sulfide

as the characteristic XRD peaks (Fig. S2†) corresponding to

WO3 diminished due to sulfurization. Some slight shift of the

peak position and broadening can also be observed for rGO/

WS2 as compared to pristine WS2 (Fig. S3†). The increased

peak broadening indicates the formation of a thin-layer of

nanosheets.

To further investigate the constituents of the as-synthesized

nanosheets, composition-dependent vibration modes were

obtained from the Raman spectrum. Accordingly, the Raman

spectrum in Fig. 3b illustrates the characteristic peaks of WO3,

WS2 and rGO. The peaks revealing O–W–O vibrations in WO3
37

diminished upon sulfurization, and a new feature was intro-

duced in WS2. The prominent first-order Raman-active modes

for WS2 corresponding to E2g
1 and Ag

1 can be identified at

350 cm−1 and 419 cm−1 respectively; the small peak at

345 cm−1 is attributed to the 2LA mode.38,39 The bands at

1349 cm−1 and 1604 cm−1 are meant for the D and G bands of

rGO. These are not present in the Raman spectra of pristine

WS2 (Fig. S3†), which confirms that the surface of WS2 is

modified by rGO. The rest of the bands (583 cm−1, 705 cm−1)

Fig. 2 SEM image of (a) WO3, (b) WS2, (c) rGO/WS2, (d) EDX result for

elemental WS2, (e) TEM image of rGO/WS2, and (f ) HRTEM image of

rGO/WS2.

Fig. 3 (a) XRD pattern, (b) Raman spectra of rGO/WS2, (c–e) XPS

spectra of W 4f, S 2p and C 1s in rGO/WS2 respectively.
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can be assigned to a combination of the sum and differences

of individual phonon modes of vibrations (Ag
1(M) + LA(M),

4LA(M)).38 X-ray photoelectron spectrometry (XPS) was employed

to identify the elemental states of rGO/WS2. In Fig. 3c, the

characteristic W4+ oxidation state can be associated with the

peaks observed at 33.2 and 35.4 eV which are attributed to

W 4f7/2 and W 4f5/2. The peaks at 162.8 and 164 eV in Fig. 3d are

meant for S 2p3/2 and S 2p1/2, respectively. Furthermore, the

C 1s peak centered at 284.4 eV (Fig. 3e) is ascribed to the pres-

ence of non-oxygenated sp2 C in the basal plane of rGO, and

the fitted peak observed at the higher binding energy reveals

the presence of a trace amount of oxygen-containing func-

tional groups in rGO.40,41 This feature supports the aforemen-

tioned Raman result.

The HER measurement was made using the standard three

electrode configuration in the 0.5 M H2SO4 electrolyte with Pt

as a counter electrode, SCE as a reference electrode and the

material under investigation as the working electrode. Linear

sweep voltammetry was performed at a scan rate of 2 mV s−1.

During the measurement, the system was continuously de-

aerated with N2 (see the Experimental section). In order to

demonstrate the HER activity, the polarization curves were

derived from the respective linear sweep voltammograms. In

line with this, Fig. 4 shows the iR corrected polarization curves

for WS2 nanosheets and rGO/WS2 nanosheets. It is observed

that the overall HER efficiency improved in the case of rGO/

WS2 as compared to the naked WS2. A current density of

10 mA cm−2 is achieved at 229 mV for rGO/WS2 and at 236 mV

for that of WS2. This is still interesting so far as improvement

is concerned as compared to the recently reported3 value

(270 mV) which employed WS2/rGO on the glassy carbon elec-

trode. This can be accounted for by the fact that the rGO on

the surface of the vertically aligned WS2 nanosheet tends to

have more chance to contribute to the electron mobility

than the other way round, i.e. the condition where the WS2

nanosheets on the surface of rGO might limit the effect of gra-

phene. For further insight into the electrocatalytic activity of

the electrodes, the Tafel plots (Fig. 4b), as one of the key para-

meters for the viability of HER, were derived from the polariz-

ation curves. The linear parts of the Tafel plots were fitted to

the Tafel equation (η = b log j + a, where b is the Tafel slope

and j is the current density) and the slopes were calculated to

assess the kinetics of the charge transfer process. In this

respect, the Tafel slope of rGO/WS2 is smaller (73 mV dec−1) as

compared to WS2 (97 mV dec−1). This reveals that rGO/WS2
possesses a faster kinetics of HER with increasing overpoten-

tial. The observed smaller over potential and Tafel slope

exhibited by rGO/WS2 can be attributed to the intimate contact

between rGO and WS2 that results in a conducive environment

for facile electron transport. Another important criterion for a

good electrocatalyst is its electrochemically active surface area.

Estimation of electrochemical double layer capacitance (Cdl) is

indicative of the electrochemically active surface area, and was

made by running the cyclic voltammeter (CV) at various scan

rates in the potential range of −0.1 to 0.0 V vs. RHE (Fig. S4†).

Half the difference of the positive and negative current den-

sities at the middle of the potential vs. the scan rate is plotted

(Fig. 4c) to find out the slope which is Cdl. Accordingly, the

enhanced electrochemical active area in rGO/WS2 is demon-

strated by increased Cdl (5.8 mF cm−2) as compared to that of

WS2 (1.08 mF cm−2). Furthermore, as can be seen from the

Nyquist plot (Fig. 4d), the impedance of rGO/WS2 is signifi-

cantly lower than that of the bare WS2. The charge transfer

resistances (Rct) are 31.6 Ω and 50.29 Ω for rGO/WS2 and WS2
nanosheets respectively. This shows the excellent conductivity

bestowed by rGO to the surface of WS2 nanosheets. Addition-

ally, the small series resistance (0.98 Ω–1.29 Ω) reveals the

importance of the conductive W foil substrate that integrates

with the WS2–rGO system thereby minimizing ohmic losses.

The series resistance of rGO/WS2 is also lower than that of the

naked WS2 nanosheets (the top inset of Fig. 4d). The equi-

valent electrical circuit, in the bottom inset of Fig. 4d, consists

of a series resistance (Rs), a constant phase element (CPE), and

a charge transfer resistance (Rct) related to the HER process,

modelling the EIS data. We attribute these facts to: (i) the

exposed edges of vertically aligned WS2 nanosheets, (ii) decora-

tion by rGO through a remarkable area of contact that

enhanced the electron transport phenomena and (iii) the con-

ductive W foil substrate which plays its own role for facile elec-

trode kinetics.

Conclusions

In summary, we have successfully synthesized vertically

aligned WS2 nanosheets on a W foil substrate through a hydro-

thermal method followed by a sulfidation method. We have

also developed a method through which the surface activity of

WS2 nanosheets can be enhanced by decoration with reduced

graphene oxide. Due to the fact that each nanotree of the WO3

morphology was composed of several branches that tend to

Fig. 4 HER measurements of WS2 and rGO/WS2, (a) polarization curve,

(b) Tafel plots, (c) linear fitting made to estimate the electrochemical

active surface area and (d) Nyquist plot.
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behave like nanosheets, the sulfurization process ends up in

the nanosheet morphology. More importantly, the vertically

positioned frame was maintained. The enhanced electro-

catalytic activity brought about by the synergism of WS2
nanosheets and rGO is demonstrated by the achievement of a

considerable current density at a smaller potential,

accompanied by a smaller Tafel slope in HER measurement.

The self-seeded substrate, onto which the nanosheets grew,

also took part in the betterment of the HER activity. We, there-

fore, believe that our achievement has brought about a tangi-

ble contribution in the area of electrocatalysis. Moreover, it

will also open the door for applications of other optoelectronic

devices.
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