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solve the global energy crisis and associated environmental 

problems. [ 1 ]  Today, vast majority of hydrogen production is 

brought from steam reformation of hydrocarbons. But, this 

process is not only environmentally hazardous, but also suf-

fers from the risk of scarcity due to nonrenewable resource 

consumptions. [ 2,3 ]  The production of hydrogen should be in 

the most spotless way in order to insure the sustainability for 

its intended proposes. [ 4–6 ]  Especially this era urges the scien-

tifi c community to design a means to move away from fossil 

fuel dependence more than ever. [ 7 ]  In response to this, it has 

been found that hydrogen gas can be eco-friendly produced 

by electrocatalytic splitting of water into its constituent ele-

ments—hydrogen and oxygen. [ 5,8 ]  Pt-based electro-catalysts 

exhibit high performance to put in action the hydrogen evolu-

tion reaction (HER) in acidic solution. [ 9–11 ]  However, this does 

not go in accordance with the fact on the ground to tangibly 

solve the existing problem in scalable manner. Exploration 

of earth abundant and inexpensive materials is, therefore, the 

way forward. Presently, owing to their intriguing physical and 

chemical properties [ 11–15 ]  and also inspired by nature, [ 16 ]  edge DOI: 10.1002/smll.201601168

 Transition metal dichalcogenides (TMDs), as one of potential electrocatalysts for 
hydrogen evolution reaction (HER), have been extensively studied. Such TMD-based 
ternary materials are believed to engender optimization of hydrogen adsorption free 
energy to thermoneutral value. Theoretically, cobalt is predicted to actively promote 
the catalytic activity of WS 2 . However, experimentally it requires systematic approach 
to form Co  x  W (1−   x   ) S 2  without any concomitant side phases that are detrimental for 
the intended purpose. This study reports a rational method to synthesize pure ternary 
Co  x  W (1−   x   ) S 2  nanosheets for effi ciently catalyzing HER. Benefi ting from the modifi cation 
in the electronic structure, the resultant material requires overpotential of 121 mV versus 
reversible hydrogen electrode (RHE) to achieve current density of 10 mA cm −2  and 
shows Tafel slope of 67 mV dec −1 . Furthermore, negligible loss of activity is observed 
over continues electrolysis of up to 2 h demonstrating its fair stability. The fi nding 
provides noticeable experimental support for other computational reports and paves 
the way for further works in the area of HER catalysis based on ternary materials. 
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  1.     Introduction 

 Apart from being essential to several key industrial processes, 

hydrogen is proposed as the green energy carrier that would 
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exposed transition metal dichalcogenides (TMDs) are thought 

to be active for catalyzing HER process. Various strategies 

have been followed to develop TMD-based electrocatalysts 

including defect engineering, [ 17–20 ]  edge engineering, [ 21–26 ]  and 

phase engineering [ 27–31 ]  based on MoS 2 , WS 2 , etc. Of the many 

approaches to improve the intrinsic activity of TMD’s catalysis, 

doping of another atom is believed to play a signifi cant role 

in optimizing the free energy of hydrogen adsorption. [ 10,32,33 ]  

As such, experimental and theoretical studies reveal that 

metal [ 34–47 ]  or chalcogen [ 48–53 ]  doped TMDs are more active 

than undoped binary ones. Particularly, Co exhibits most sig-

nifi cant promotional effect in catalyzing HER as evidenced 

in FeS 2 , 
[ 34 ]  MoS 2 , 

[ 47,48,54 ]  WS  x  , 
[ 44 ]  and MoS  x   

[ 45 ]  by lowering the 

free energy barrier for H adsorption. [ 32 ]  Bonde et al. [ 47 ]  put 

forward that cobalt atom in WS 2  leads to the decrement of the 

free energy of hydrogen adsorption on the exposed S-edge 

thereby creation of new sites with higher activity than pris-

tine WS 2  via density functional theory (DFT) simulation and 

calculation. A cathode built from such material will, therefore, 

benefi t the advantage of electronic perturbation induced by 

metal doping which would ultimately boost the HER activity. 

Guided by this, sulfi dation of co-impregnated aqueous solu-

tion of cobalt and tungsten precursors is employed by dif-

ferent groups [ 46,55,56 ]  with an aim of synthesizing co-doped 

WS 2 . However, cobalt is sulfi ded fi rst and results in the forma-

tion of catalytically inactive Co 9 S 8  as a side product. In this 

case, the diffi culty in simultaneous sulfi dation behavior of W 

and Co, which tends to from CoS  x   instead of Co–W–S, [ 47,55 ]  

hinders the improvement of Co-doped WS 2  nanomaterials 

for HER. It has, therefore, remained challenging to synthe-

size pure Co  x  W (1−   x   ) S 2 . Thus, in order to realize the effect of 

Co in WS 2  for HER catalysis, a systematic route that would 

not result in the formation of any side phase is highly essen-

tial. Herein, we devise a rational method to circumvent this 

problem by transferring Co from CoO/carbon fi ber (CF) 

nanowire to already formed WS 2 /W foil nanosheets. This 

route, due to the absence of simultaneous sulfurization, paves 

easy way for cobalt atom to get into WS 2  and forms ternary 

Co  x  W (1−   x   ) S 2  nanosheet. Moreover, it does not only eliminate 

the formation of side products, but also keeps the nanosheets 

morphology of WS 2  in the fi nal product that greatly helps to 

maximize the geometrical exposure of active edges. In fact, 

dopants avail themselves at a very close position to the sur-

face of the material in the case of nanosheets morphology. [ 33 ]  

What’s more, the substrate is also the source of W in the ulti-

mate formation of Co  x  W (1−   x   ) S 2  nanosheet which guarantees 

the uniform fastening of the electrocatalysts on the substrate 

and forms suitable scaffold for the built ternary material. 

As such, the content of Co reveals signifi cant promotional 

effect as evidenced from the observed HER performance of 

Co  x  W (1−   x   ) S 2  with a potential of 121 mV versus RHE at 10 mA 

cm −2   and small Tafel slope of 67 mV dec −1 . To the best of our 

knowledge, this is the fi rst report demonstrating the noticeable 

effect of cobalt in systematically designed ternary Co  x  W (1−   x   ) S 2  

nanosheet which represents the state-of-the-art in so far WS 2 -

based electrocatalysts are concerned.  

  2.     Results and Discussion 

 Vertically aligned triangular WS 2  nanosheets [ 57 ]  on W foil and 

densely populated CoO nanowire arrays [ 58 ]  on carbon fi ber 

were grown in our previous works. In order to realize the 

homogeneous doping of Co atoms into the WS 2  nanosheets, 

systematic Co transfer was made through further sulfuriza-

tion via two zone chemical vapor deposition (CVD) method 

in which S powder was loaded in the front zone whereas the 

as-grown CoO/CF nanowire and WS 2 /W foil nanosheets were 

kept nearby one another at the back zone of Ar saturated 

reactor tube ( Figure    1  ). The heating temperature is crucial 

during this reaction process. Temperature of 800 °C was set 

at the back zone to put in action the formation of ternary 

Co  x  W (1−   x   ) S 2  and we found that lower temperatures are not 

energetic enough to liberate Co from the carbon fi ber to WS 2  
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 Figure 1.    a) Schematic illustrating the transfer of cobalt atom from CoO NW grown on carbon fi ber to WS 2  nanosheet grown on W foil in a typical two 
zone CVD furnace. b) The HER setup when the as-obtained ternary Co  x  W (1−   x   ) S 2  is used as electrocatalysts. WE = working electrode, RE = Reference 
electrode.
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on the W foil (Figure S2, Supporting Information). On the 

one hand, the CoO nanowires completely destroyed leaving 

almost bare carbon fi ber (Figure S3, Supporting Informa-

tion) after such transfer operation. On the other hand, the 

WS 2 /W foil nanosheets were found to be doped with small 

content of cobalt. Had Co–W bimetallic oxide been sulfur-

ized altogether, it would have been impossible to get pure 

Co-doped WS 2  due to the signifi cantly different sulfurization 

temperatures of tungsten and cobalt oxides. The morphology 

and crystal structure of the as-synthesized nanosheets were 

studied by using scanning electron microscope (SEM) and 

high resolution transmission electron microscope (HRTEM), 

both of which are equipped with energy dispersive X-ray 

spectroscopy (EDX). It is apparent from  Figure    2   that the 

nanosheets were grown uniformly on the entire surface of the 

W foil. The composition of the as-grown material is revealed 

as Co, W, and S with atomic ratio close to 1:32:66 corre-

sponding to a value of 0.03 for “ x ” in Co  x  W (1−   x   ) S 2 . TEM–EDX 

elemental mappings of Co, W, and S were taken from the 

marked region of the nanosheets. Conspicuously, uniform dis-

tribution of the constituents can be realized in the as synthe-

sized Co  x  W (1−   x   ) S 2  nanosheet. The HRTEM and corresponding 

selected area electron diffraction pattern reveal a high quality 

hexagonal crystal structure in which the obtained lattice space 

of 0.27 nm can be assigned to the (100) plane in hexagonal 

WS 2 . This plane also appears at 2 θ  value of 32.93° in the X-ray 

diffraction (XRD) pattern. Further crystallographic informa-

tion was obtained from XRD patterns which are presented in 

Figure S1 in the Supporting Information. The diffractograms 

can be mainly indexed to hexagonal WS 2  (PDF # 87-2417).

There is no obvious peak showing the formation of Co 9 S 8  or 

any phase corresponding to CoS  x   suggestive of our successful 

doping strategy. The characterization with Raman spectros-

copy measurement was also performed to see the effect of 

Co doping in the characteristics Raman shifts that are perti-

nent to WS 2 . Accordingly,  Figure    3  a clearly depicts the Raman 

shifts at 350 and 419 cm −1  which are due to A 1g  and E 2g  modes 

of vibrations respectively. It is interesting to note that, there 

exists a shift of ≈2 cm −1  in the observed Raman peaks of 

Co  x  W (1−   x   ) S 2  as compared to pure WS 2  nanosheets. These kinds 

of peak shifts are quite common for small content of dopant 

atoms in the host material as reported elsewhere. [ 59–61 ]  Here, 

the result from XRD diffractogram can be corroborated from 

the fact that Co doping did not change the crystal structure 

of WS 2  aside from inducing modifi cations in the electronic 

structure. The elemental states of Co  x  W (1−   x   ) S 2  nanosheet were 

identifi ed by employing X-ray photoelectron spectroscopy 

(XPS). As depicted in Figure  3 b–d, the clear signals for W 4f, 

S 2p, and Co 2p are evidenced. The peaks observed at binding 

energies of 32.29 and 34.39 are attributable to W 4f 7/2  and W 

4f 5/2  states and those at 161.9 and 163 are implying S 2p 3/2  and 

S 2p 1/2  states. The characteristics of W 4+  species are apparent 

from the XPS observation as it agrees well to the reported 

values of binding energies for W in CoWS  x   type mate-

rials. [ 44 ]  XPS profi le of Co 2p shows a peak at binding 

energy of 778.7 which is suggestive for the presence of Co in 

Co  x  W (1−   x   ) S 2 . This value is very close to the one reported for 

Co 2p in CoWSx, CoMoP, or CoMoS phases. [ 44,62–64 ]  Here 

also, the absence of any cobalt sulfi de phase, like Co 9 S 8 , can 

be substantiated as there is no peak corresponding to Co 
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 Figure 2.    a) SEM and b) HRTEM (inset showing the SEAD pattern) image of the ternary Co  x  W( 1−   x  )S 2 . c) EDX spectrum of the ternary Co  x  W( 1−   x  )S 2 . 
d) TEM–EDX elemental mapping (Scale bar = 100 nm) of Co, W, and S in Co  x  W( 1−   x  )S 2  nanosheet.
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(at 778.1 ± 0.1 eV) for our case. XPS depth profi ling of Co in 

WS 2  was investigated at different etching times (up to 900 s) 

to acquire information about the dopant’s interior distribu-

tion. Successive etching brings complete removal of surface 

contamination that would ultimately expose the subsurface 

of Co 2p region. [ 65,66 ]  Figure S4 in the Supporting Informa-

tion illustrates similar binding energies for various spectra 

obtained at different etching times (and hence different 

depth). It appears conclusive that the uniform distribution of 

cobalt extends to the interior of WS 2  matrix. Thus, our fi nd-

ings from XPS further confi rm the successful doping of Co 

into WS 2  nanosheet.    

 Having characterized and confi rmed the successful doping 

of Co into hexagonal WS 2  nanosheet, we measured the elec-

trocatalytic performance to see how Co improved the catalytic 

activity of WS 2  for hydrogen evolution reaction. Linear sweep 

voltammetry (LSV) was performed at scan rate of 5 mV s −1  

in N 2  saturated 0.5  m  H 2 SO 4  using saturated calomel elec-

trode (SCE) as reference electrode, graphite rod as counter 

electrode and the material under investigation as working 

electrode. The Potentials were referenced to a reversible 

hydrogen electrode (RHE) and the displayed polarization 

curves are iR corrected. The HER performance of Pt foil as 

bench mark catalyst was evaluated under similar condition. As 

expected,  Figure    4  a shows excellent performance for Pt foil. 

The promotional effect of Co is obvious from the polarization 

curve demonstrating signifi cantly enhanced performance as 

compared to pure WS 2 . As such, Co  x  W (1−   x   ) S 2  requires overpo-

tential of 121 mV to reach a current density of 10 mAcm −2 , 

much lower than that of WS 2  (236 mV). For a better representa-

tion of practical water electrocatalysis, we run chronopotentio-

metric measurement at constant current density of 10 mA cm −2  

for 2 h of continuous reaction. Except for some minor decay, 

stable catalytic activity at the selected bench mark current 

density is evident from Figure S6 in the Supporting Informa-

tion. This enhancement clearly conveys the effi cient role of 

Co in increasing the catalytic activity of WS 2  nanosheet. Tafel 

slope, providing information about kinetics of charge transfer 

process, was extracted from the polarization curve by fi tting 

the linear part of the Tafel plots as per the Tafel equation 

(Figure  4 b). Figure  4 b shows the fact that the Tafel slope of 

Co  x  W (1−   x   ) S 2  is calculated to be 67 mV dec −1 , further refl ecting 

the promotional effect of Co as smaller Tafel slope indicates 

a faster increment of HER velocity with increasing poten-

tial. [ 67 ]  Additionally, the measurement with respect to electro-

chemical impedance spectroscopy (EIS) at 0.1 V versus RHE 

was performed to further solidify the reason behind perfor-

mance enhancement after Co-doping from the basis of the 

improved conductivity. To this aim, Nyquist plot was obtained 

as depicted in Figure  4 c and the corresponding equivalent cir-

cuit model (Inset of Figure  4 c) reveals a circuit consisting of 

a series resistance ( R s), constant phase element and charge 
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 Figure 3.    a) Raman spectrum of WS 2  and Co  x  W (1−   x   ) S 2  nanosheets. High resolution XPS spectra of b) W 4f region, c) S 2p region, and d) Co 2p region 
of Co  x  W (1−   x   ) S 2  nanosheets.
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transfer resistance ( R ct). Notably, the smaller values of  R  s  and 

 R  ct  for Co  x  W (1−   x   ) S 2  (0.83 and 5.38 Ω respectively) as compared 

to that of WS 2  (1.29 and 50.3 Ω, respectively) show how effi -

ciently Co promote the electron charge transfer of HER on 

the surface of Co  x  W (1−   x   ) S 2  nanosheets. To compare the elec-

trochemical active surface areas (ECSA) of Co  x  W (1−   x   ) S 2  and 

WS 2  electrodes, the determination of double layer capacitance 

( C  dl ) was made by running cyclic voltammetry at various 

scan rates (20–200 mV s −1 ) in the potential range of 0.1–0.2 V 

versus RHE (Figure S3, Supporting Information).The halves 

of the differences of anodic and cathodic current densities 

were plotted against the scan rates to give the graph as shown 

in Figure  4 d. The slope of such plot corresponds to the value 

of  C  dl  which in turn refl ects the effective surface area. It is evi-

dent in the Figure that the ECSA of Co  x  W (1−   x   ) S 2  is 5.1 m F cm −2  

which is approximately fi ve times that of pristine WS 2  . This 

result conspicuously evidences that Co doping increased the 

number of active sites. As reported, [ 47 ]  the creation of new 

sites on S edges with higher activity is among the phenom-

enon expected after incorporation of Co into WS 2  matrix.  

 Stability is another important aspect to be given due con-

sideration while evaluating electrocatalytic performance of a 

given catalyst.  Figure    5  a shows the generation of H 2  without 

any decay up to 2 h of continuous reaction. The alternate 
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 Figure 4.    Electrochemical measurements of samples for catalyzing HER: a) polarization curves. b) Tafel slopes. c) Electrochemical impedance 
spectroscopy, Nyquist plots, and d) Cdl estimation refl ecting the electrochemical active surface area.

 Figure 5.    a) Durability test of the electrocatalyst obtained from amperometric  I – t  run at −0.15V versus RHE in N 2  saturated 0.5  M  H 2 SO 4 .b) SEM 
image of the ternary Co  x  W (1−   x   ) S 2  nanosheets after stability test.
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process of bubble accumulation and release can be realized 

from the serrate shape of chrono-amperometric  I – t  curve 

(Inset of Figure  5 a). The retentive nature of the ternary 

electro catalyst is also manifested from the preserved mor-

phology in Figure  5 b. Moreover, we also performed acceler-

ated CV scanning for 1000 cycles at scan rate of 100 mV s −1  

and found that only a minor deterioration in the cathodic 

current (Figure  5 S). In general, the observed performance 

is fairly comparable with other recently produced tungsten-

based materials interms of the Tafel slope and the potential 

required to achieve benchmark current density of 10 mA cm −2  

( Figure 6  and Table S1, supporting infromation).    

  3.     Conclusion 

 In summary, We, for the fi rst time, incorporated Co into WS 2  

nanosheet without any concomitant side phases and show 

the effi cient role of ternary Co  x  W (1−   x   ) S 2  in catalyzing HER. 

The new active sites emanated as a result of Co incorporation 

are believed to play signifi cant role for the observed overall 

HER performance of Co  x  W (1−   x   ) S 2  which by far outperformed 

the pristine WS 2 . This work provides further experimental 

support for theoretical speculations reported previously and 

paves the way for future works based on ternary materials.  

  4.     Experimental Section 

  Synthesis of WS 2  Nanosheet on W foil : WS 2  nanosheet with 
mass density of 0.08 g cm −2  was obtained from the sulfurization 
of self-seeded WO 3  nanotree grown hydrothermally (Supporting 
information). In the typical synthesis, a two zone CVD was used, 
wherein the front zone is loaded by S powder and the as-prepared 
WO 3  nanotree was placed at the back zone. The tube was fl ushed 
with Ar gas three times and pumped into a vacuum lower than 
1 Pa in order to create oxygen free environment. The temperature 
of back zone was raised to 800 °C at a heating rate of 20 °C min −1  
while the front zone began to increase in temperature above the 
melting point of S (150 °C) at a rate of 10 °C min −1 . The conver-
sion process was maintained for 60 min with 50 sccm Ar gas fl ow. 
Finally, the furnace was allowed to cool to room temperature. 

  Synthesis of CoO Nanowire on CF : A piece of CF was fi rst orderly 
washed by acetone, ethanol, and ultrapure water in a sonicator 

followed by drying at 60 °C. The cleaned CF was seeded with 
the precursors to grow CoO NWr by soaking in ethanolic solution 
of 1.90 g CoCl 2  and 2.424 g CO(NH 2 ) 2  for 10 min, then calcined 
under a fl ow of Ar gas at 450 °C for 4 h to form a seed layer. The 
seeded CF was then immersed into a 50 mL Tefl on-lined stainless 
steel autoclave containing aqueous solution of 1.90 g CoCl 2  and 
2.424 g CO(NH 2 ) 2  and the whole content was heated in an oven at 
90 °C for 4 h. Finally, the CF was taken out and annealed at 500 °C 
for 4 h under the fl ow of Ar to obtain CoO NW/CF with mass density 
of 1.7 mg cm −2 . 

  Synthesis of Co x W (1−x) S 2  Nanosheet  : A CVD method was 
employed to systematically transfer cobalt from the as-grown CoO 
NWr to WS 2  nanosheet. Typically, S powder was loaded on the 
front zone whereas the as-obtained CoO NWr and WS 2  nanosheet 
were placed at the back zone in an Ar saturated CVD tube. The 
two zones are 25 cm apart. The starting materials placed at either 
zone were kept at the thermal center of fi xed distance from one 
another. And the distance between CoO NWr and WS 2  nanosheet 
in the back zone was kept close enough for ease of Co transfer. 
With such arrangement, the temperature of the front zone was 
raised to 150 °C at a rate of 10 °C min −1  and that of the back zone 
was raised to 800 °C at heating rate of 20 °C. The transfer process 
was maintained for 30 min with 50 sccm Ar gas fl ow. Finally, the 
furnace was allowed to cool to room temperature. 

  Characterizations : The morphologies were visualized by using 
Hitachi S4800 SEM and FEI Tecnai F20 TEM operated at 200 kV. 
STEM–EDX elemental mapping was performed on JEM-2100F 
(200 kV). Confocal microscope-based Raman spectrometer (Ren-
ishaw InVia) was employed in ambient air environment with an 
excitation laser line of 532 nm to acquire the Raman spectra of 
the as-synthesized samples. X-ray diffraction patterns were gath-
ered from XRD (D/MAX-TTRIII (CBO) diffractometer) using Cu Kα 
radiation ( λ  = 1.5418 Å). XPS spectra were recorded on ESCALAB 
250 Xi system of Thermo Scientifi c, where the analysis chamber 
was 1.5 × 10 −9  Mbar and the X-ray spot was 500 µm. 

  Electrochemical Measurements : A typical three-electrode 
set-up was utilized for electrochemical measurement with CHI 
660D potentiostat (CH Instruments, China). All measurements of 
the HER activity were conducted using a 0.5  M  H 2 SO 4  electrolyte 
under continuous purging with 99.999% of N 2  gas. The as-synthe-
sized ternary Co  x  W (1−   x   ) S 2 , SCE and graphite rod served as working 
electrode, reference electrode, and counter electrode respec-
tively. The electrocatalytic activities of these samples were exam-
ined by polarization curves using LSV at a scan rate of 5 mV s −1 . 
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 Figure 6.    Comparison of the fabricated Co  x  W (1−   x   ) S 2  nanosheet with the state-of-the-art HER electrocatalysts in terms of Tafel slope and the 
overpotential required to achieve current density of 10 mA cm −2 . Data from references  [ 31–78 ] 
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The polarization curves demonstrated were corrected for iR losses. 
All potentials were calibrated to a RHE. The data for EIS was gath-
ered in the frequency range from 0.01 Hz to 0.5 MHz with voltage 
of 0.1 V versus RHE. The estimation of electrochemical active surface 
area was done by running cyclic voltammeter at 10 various scan rates 
(20–200 mV s −1 ) in the potential range of 0.1–0.2 V versus RHE.  
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 Supporting Information is available from the Wiley Online Library 
or from the author.  
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