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a
 Zdeněk Sofer,

b
 Adrian C. 

Fisher,
c
 Martin Pumera
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Layered molybdenum disulfide (MoS2) and tungsten disulfide (WS2) received renewed interest in recent years as they are 

catalytic towards hydrogen evolution reaction (HER) and they are touted as future replacements of platinum in 

electrolyzers. There is significant discrepancy in the found onset potentials of MoS2 and WS2 towards hydrogen evolution 

reaction. Here we show that presence of valence sulfide impurities, such as MoS3 and WS3, and their oxide counterparts, 

such as MoO2, MoO3 and WO2, WO3 can contribute to the catalytic activity towards hydronium reduction to hydrogen of 

MoS2 and WS2. Therefore, it is highly possible that the differences in the reported onset potentials and thus catalytic 

activities of the MoS2 and WS2 are due to presence of catalytic impurities. 

Introduction 

With global warming, climate change and depleting supply of 

limited fossil fuels, there is an urgent need for us to develop 

on clean (low CO2 emissions), sustainable and renewable 

sources of energy. However, the intermittent and uncontrolled 

nature of renewable sources of energy prompts energy 

storage systems to play a greater role in our lives. One 

attractive solution is the conversion of excess electrons to 

hydrogen gas, a high energy density carrier gas, in a process 

known as hydrogen evolution reaction (HER). However, this 

method typically requires expensive and scarce platinum-

based electrocatalysts to drive the reaction efficiently, thereby 

imposing economic constraints for its wide spread practical 

implementation. As such, there is intensive research for 

alternative materials to replace platinum as HER 

electrocatalysts.
1-3

  

In this quest, layered molybdenum disulfide (MoS2), 

tungsten disulfide (WS2) and their related materials have 

demonstrated promising HER activities close to Pt.
2,4-8

 Through 

a variety of synthetic routes and strategies, a wide range of 

performances for MoS2 and WS2 has been reported in terms of 

overpotential at -10 mA/cm
2
 current density and Tafel slope 

results.
2,8

 Recently, there were reports that amorphous 

molybdenum sulfides (MoSx), with compositions typically 

closer to MoS3 compared to MoS2, display excellent HER 

activities.
9-13

 The same is true about WS2 and corresponding 

WSx compounds.
14

 MoS3 and corresponding Mo(IV) and Mo(VI) 

oxides are typical impurities in MoS2 materials; similar to the 

case of WS2.
2,14-18

 Such findings triggered us to explore the 

possible effects of MoS3, MoO2/MoO3 impurities (and their 

tungsten counterparts), which may be formed during synthesis 

or storage, in affecting HER performances of MoS2 and WS2 

materials.
17

 Here, we investigate the effects of different 

possible valence and oxide impurities in MoS2 and WS2 on 

their HER catalysis, in terms of affecting their overpotentials, 

Tafel slope values as well as the shape of the polarization 

curves. Following that, we identify the Mo- and W-based 

impurities which show highly catalytic effect towards hydrogen 

evolution reaction and therefore may be responsible for the 

large disparity of reported potentials of catalytic hydrogen 

evolution on MoS2 (and WS2) surfaces.  

To achieve this aim, we first characterized MoS2, WS2 and 

their possible synthetic impurities using scanning electron 

microscopy (SEM), energy-dispersive spectroscopy (EDS) and 

X-ray photoelectron spectroscopy (XPS). We have identified 

the possible synthetic impurities of MoS2 and WS2 to be their 

oxidized moieties (i.e. MoS3, MoO2, MoO3, WS3, WO2, WO3) 

due to the use of oxides as starting precursors, or possible 

oxidation during reaction conditions or prolonged exposure.
18-

22
 After material characterization, their HER performances 

were compared. Subsequently, we prepared physical mixtures 

of various impurities with MoS2 and WS2 to study the effect of 

different impurities on the overpotential, Tafel slope and 

shape of HER polarization curves.  
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Results and discussion 

To verify the materials used for study, we first conducted 

material characterization using several techniques. SEM 

images of MoS2, WS2 and their possible synthetic impurities 

are shown in Fig. 1 and Fig. 2.  Their SEM images display the 

typical layered structures as expected. The remaining materials 

(i.e. MoS3, MoO2, MoO3, WS3, WO2, WO3) show amorphous 

structures, with MoS3, WS3 and WO3 displaying distinctly non-

crystalline structures amongst them. 

We used MoS2 and WS2 in their bulk forms in order to 

minimize the variation in properties seen upon exfoliation.
23-24

 

For example, in the case of bulk MoS2 exfoliation via Li 

intercalation, a phase change from semiconducting to metallic 

MoS2 has been reported.
25

 This would also allow a better 

comparison between the different materials as their valence 

and oxide forms were not exposed to exfoliation conditions. 

EDS analysis (S1-S2) is further used to verify the 

composition of the materials. In addition, XPS (Fig. 3) was 

performed to probe into their detailed bonding information. 

For Mo 3d deconvolution
26

, Mo
4+

 and Mo
6+

 doublet peaks 

were observed to be around 229.5 eV, 232.6 eV and 232.3 eV, 

235.4 eV respectively whereas for W 4f deconvolution
26

, W
4+

 

and W
6+

 doublet peaks were found at approximately 32.9 eV, 

35.0 eV and 35.8 eV, 37.9 eV respectively. The deconvolution 

analysis for the high resolution S 2p spectra
27-28

 shows the 

presence of S
2-

 terminal doublet peaks to be at 162.3 eV, 163.4 

eV to be dominant in compounds with metal 6+ oxidation 

state (i.e. MoS3, WS3) while those with metal 4+ oxidation 

state  (i.e. MoS2 and WS2) have prevalent S
2-

 bridging double 

peaks at 163.0 eV, 164.2 eV. The XPS characterization shows 

that whilst MoS2 is pure, WS2 contains slight W(VI) impurities.  

The as-prepared MoS2, WS2 and their mixtures were also 

characterized to probe into the morphology and composition 

of prepared samples. SEM images of the as-prepared mixtures 

reveal presence of amorphous structures of MoS3 and WS3 

dispersed randomly over surfaces of bulk layered MoS2 and 

WS2 sheets (S3), while their EDS mapping confirms the 

presence of transition metal and chalcogen elements in the 

prepared samples (S4-S5).  

After material characterization, the hydrogen evolution 

activity of the materials was evaluated using linear sweep 

voltammetry (LSV) in 0.5 M H2SO4 (aq). Fig. 4 presents the 

result obtained from the electrochemical analysis. From this 

figure, MoS3 and WS3 show better catalytic performances 

compared to metal oxides, with 370 mV and 704 mV 

overpotentials achieved at -10 mA/cm
2
 current density 

respectively. It appears that compounds with higher metal 

oxidation state (6+) and higher S content (i.e. MoS3 and WS3) 

offers better HER catalytic performance compared to those of 

lower metal oxidation state and lower S content. This 

observation is in line with other previous reports which found 

that MoS3 and WS3 give better HER activities compared to 

MoS2 and WS2.
11,17

 With reference to the XPS results gathered, 

comparison between XS3 and XS2 compounds (where X  

 

Fig. 1 SEM images of MoS2 and their possible impurities during synthesis (MoS3, MoO2, 

MoO3) at 2000× (left) and 15000× (right) magnifications. Scale bars representing 10 μm 

and 1 μm are shown at the bottom images.  

 

 

Fig. 2 SEM images of WS2 and their possible impurities during synthesis (WS3, WO2, 

WO3) at 2000× (left) and 15000× (right) magnifications. Scale bars representing 10 μm 

and 1 μm are shown at the bottom images.  
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Fig. 3 X-ray photoelectron spectroscopy (XPS) spectra for the materials under study: (A) High-resolution Mo 3d spectra for Mo compounds (MoS2, MoS3, MoO2 and 
MoO3), (B) high-resolution W 4f spectra for W compounds (WS2, WS3, WO2 and WO3), and (C) high-resolution S 2p spectra for S-containing compounds (MoS2, MoS3, 
WS2 and WS3). 

represents the metal Mo or W) suggests that higher HER 

performances could be linked to the presence of S
2-

 terminal 

bonds (see high resolution XPS S 2p spectra in Fig. 3).  

In order to elucidate the HER mechanisms for the various 

materials tested, we calculated the Tafel slope values from 

their corresponding HER polarization curves. Tafel slope values 

can allow us to discern the mechanism and rate-determining 

step (RDS) for the reaction as different range of values would 

indicate different RDS steps. For bulk MoS2 and WS2, their 

Tafel slope values were determined to be 179 and 174 mV/dec 

respectively, similar to those reported in literatures.
23-24

 These 

results show that in their bulk states, the HER process for MoS2 

and WS2 is limited by the Volmer step (electrochemical 

adsoprtion step). In contrast, MoS3 and WS3 have lower Tafel 

slope values of 75 mV/dec and 109 mV/dec respectively, 

suggesting a different HER mechanism involved. The lower 

Tafel slopes achieved by the metal trisulfides could be 

attributed to their lower crystallinity as reported by a study by 

Li et. al.
29

 This is also observed in this work by WO3 that yields 

a remarkably low Tafel slope value of 38 mV/dec which also 

shows an amorphous structure. This Tafel slope value is 

interesting as it is close to that reported for the best well 

known performing HER electrocatalyst (Pt); 30 mV/dec
30

. This 

could be the reason for its increasing exploration for HER 

applications
31-35

 However, its overpotential at -10 mA/cm
2
 

current density is relatively high at 561 mV in comparison with 

Pt which has almost zero overpotential.
8
   

After identifying MoS3 and WS3 to be catalytically active 

towards HER, we proceeded to systematically study the 

potential effect of heterogeneous valence impurities. We 

created physical mixtures of MoS2 and WS2 with a wide variety 

of metal (VI) sulfide impurities (i.e. 1, 2.5, 5, 7.5, 10, 12.5, 15, 

20, 25, 50, and 75%) to investigate their electrocatalytic effect 

on hydrogen evolution. The data gathered in Fig. 5 show that 

increasing amounts of MoS3 and WS3 impurities can decrease 

the overpotential at -10 mA/cm
2
 current density. In other 

words, different amounts of MoS3 and WS3 can cause variation 

in the HER performance of MoS2 and WS2 materials in the 

positive direction, that is towards lower overpotentials. This 

provides an explanation for the wide range of overpotentials 

reported for molybdenum and tungsten disulfides across 

different synthesis methods. From the wide range of 

concentrations tested, we are able to identify 12.5% MoS3 and 

25% WS3 as the optimal proportions of impurities in the 

transition metal disulfides, where the effect of additional 

impurities in lowering the overpotential of the overall catalyst 

becomes less significant beyond these concentrations (Fig. 5B). 

In terms of Tafel slope, we observe an interesting decrease 

in value with a mere 1% of MoS3 introduced (Fig. 5D). With 

further increase in the metal trisulfide content, however, the 

Tafel slope values remain relatively constant. This can also be 

seen for its tungsten counterpart. This suggests that 

composition does not influence Tafel slope values as much as a 

low degree of crystallinity, in agreement with another study.
29

 

Most importantly, our findings show that small traces of 

amorphous MoS3/WS3 is sufficient to significantly alter the 

HER mechanism of MoS2 and WS2.  

Besides studying the effects of MoS3 and WS3 impurities on 

overpotential and Tafel slope values, the effect of these 
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Fig. 4 Hydrogen evolution for MoS2, WS2 and their possible impurities during synthesis (MoS3, MoO2, MoO3, WS3, WO2, WO3) tested in 0.5 M H2SO4 at a scan rate of 2 mV/s: (A) 

HER polarization curves of the various compounds tested, (B) bar charts comparing their overpotentials at -10 mA/cm
2
 current density, (C) their corresponding Tafel plots, and (D) 

bar charts comparing their calculated Tafel slope values.   
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Fig. 5 Linear scan voltammetery (LSV) measurements for MoS2 with different amounts of MoS3 impurities (left), and WS2 with different amounts of WS3 impurities (right): (A) HER 

polarization curves of the various compounds tested, (B) bar charts comparing their overpotentials at -10 mA/cm
2
 current density, (C) their corresponding Tafel plots, and (D) bar 

charts comparing their calculated Tafel slope values. For better clarity, only five concentrations of mixtures are presented for comparison of LSVs in graph (A).  
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impurities on the shape of HER polarization curves was also 

explored. Fig. 5 shows that small amounts of MoS3 in MoS2 can 

give rise to pre-waves in their LSV curves. Interestingly for 

WS2, the unmixed sample itself showed a slight dip in LSV 

which significantly lowers the onset potential (defined as 

overpotential recorded at -0.1 mA/cm
2
) to be close to that 

measured for WS3 (WS2 onset: 322 mV, WS3 onset: 305mV). 

This early dip in LSV could be attributed to the slight W(VI) 

impurities as detected in WS2 by XPS analysis (Fig. 3). Similarly, 

mixtures of WS3 in WS2 also showed pre-waves in their LSVs. 

This observation provides evidence that physical mixtures of 

catalytic impurities can alter the shape of HER polarization 

curves. In addition, different amounts of catalytic impurities 

are required to produce alteration in the shape of LSVs for 

MoS2 and WS2 materials. For MoS2, the pre-waves are 

observed with the presence of 1 to 10% MoS3 whereas for its 

W counterpart, the concentration range was found to be 

between 0 to 25% WS3.  

Pre-waves observed in LSVs in published works had 

previously been attributed to the inherent electrochemistry or 

different catalytic sites of a material
23

 as well as a reduction of 

structural defects such as oxidized metal clusters
36

. In this 

study, we provide evidence that these pre-waves may arise 

due to the presence of valence impurities. Apart from valence 

impurities, we had also tested mixtures with the oxide 

impurities. For WO2 and WO3, which have intermediate HER 

activities between that of WS3 and bulk WS2, slight pre-waves 

were observed from their LSVs (S6). However, for MoO2 and 

MoO3 which were found to be less catalytic than its metal 

disulfide, no pre-waves in the LSVs were seen (S7). This 

suggests that pre-waves in the LSVs could be due to the 

presence of more catalytic impurities instead of less active 

ones.    

In order to understand the origin behind the better HER 

performances seen for MoS3 and WS3, as well as their mixtures 

with the metal disulfides, we performed electrochemical 

impedance spectroscopy (EIS) to compare their charge transfer 

resistances (RCT). Nyquist plots (Fig. 6) revealed that the metal 

trisulfides show marked improvements in conductivities as 

seen from their significantly lower RCT values (MoS3: 0.2 kΩ, 

WS3: 0.2 kΩ) as compared to the metal disulfides (MoS2: 48.8 

kΩ, WS2: 8.4 kΩ). Since the electrocatalytic reaction involves 

charge transfer processes between electrons from the glassy 

carbon surface to the surface of the catalyst, and subsequently 

from the catalyst surface to protons in the electrolyte solution, 

an enhancement in electron conductivity would greatly 

improve the HER catalysis. Similarly, small amounts of 

MoS3/WS3 present in their metal disulfides results in low RCT 

values (10% MoS3: 1.1 kΩ, 10% WS3: 1.3 kΩ). This suggests that 

the presence of small traces of such metal trisulfides 

(MoS3/WS3) can noticeably lower charge transfer resistance of 

molybdenum and tungsten disulfides, thereby dominating 

their electrochemistry. This noticeable lowering RCT thus 

means facile electron transfer for proton reduction at 

MoS2/MoS3 and WS2/WS3 mixtures and influences rate 

determining step of the reaction. Consequently, this is 

translated to a decrease in Tafel slope values as observed in 

Fig. 5D. The Tafel slope values seen in Fig. 5D could also be 

explained by these EIS data. With similar RCT values between 
 

 

 
Fig. 6 Electrochemical impedance spectroscopy (EIS) measurements conducted for (A) MoS2, 1% MoS3 in MoS2, MoS3 as well as their (B) W counterparts. Bar charts 
(C) and (D) compares the resistances (Rct values) for the various samples tested. Rct represents charge transfer resistance, Rb is short for bulk resistance while CPE 
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stands for constant phase element. The Nyquist plots were measured at frequencies between 10000 kHz to 0.1 Hz and at an overpotential of 500 mV for MoS2/MoS3 
and 750 mV for WS2/WS3.  

mixtures containing small traces of metal trisulfides and the 

pure metal trisulfides, they are all likely to have similar RDS 

and therefore similar Tafel slope values as observed.  

For the charge transfer between catalyst surface and 

protons in the electrolyte solution, it is facilitated by catalyst 

active sites.  For layered transition metal dichalcogenides 

(TMDs) MoS2 and WS2, it has been well reported that the 

unsaturated S and/or metal (Mo, W) edge sites are the 

catalytic sites for their HER activity, while the basal planes are 

inert.
17

 On the contrary, for amorphous transition trisulfides, 

their structures and HER active sites have not been well 

understood yet. Previously, several groups have suggested 

that the active sites for amorphous molybdenum sulfides 

(MoSx, MoS3) to be similar to that for amorphous molybdenum 

sulfide clusters; that is the S edge sites (in this case the 

bridging S2
2-

 and terminal S
2-

).
29

 In a more recent study, Tran 

et. al. reported amorphous molybdenum sulfides as molecular-

based coordination polymers build up from discrete [Mo3S13]
2-

 

units that are linked together by two terminal disulfide (S2
2-

) 

ligands with a third free terminal disulfide ligand available to 

generate HER active molybdenum hydride moieties.
36

 

Meanwhile, its tungsten counterpart is even less studied but 

similar inferences have been made due to their 

resemblances.
17

 In any case, the amorphous nature of the 

metal trisulfides is likely to expose more of these catalytic 

edge sites, to facilitate for better HER activities.
17

 From the 

numerous successful catalyst design strategies seen in 

literature, it has been well established that exposing more 

active sites for reaction is an effective concept to improve the 

HER performance of MoS2 and WS2 materials. This includes 

disorder engineering
37-38

, vertically aligned TMDs
39-40

, and 

synthesis of nanoflowers
41

, nanoflakes
42

, nanoparticles
5,43

 as 

well as mesoporous structures
44

. Therefore, it is reasonable to 

deduce that the amorphous structures of MoS3 and WS3 which 

give rise to larger specific areas of the metal trisulfides can 

expose more catalytically edge sites thereby resulting in 

enhanced HER activities. These evidences highlight the 

importance of structure and conductivity in the design of HER 

electrocatalysts.  

Previously, Xie et. al. had successfully modulated these two 

factors in molybdenum disulfide nanosheets through varying 

different synthesis temperatures.
37

 The authors achieved an 

optimum balance between degree of structural defects and 

conductivity through incorporation of conductive Mo
(IV)

-O 

species at different synthesis temperatures. In comparison 

with their work, our results may seem contradictory as we 

found that physical mixtures of MoO2 in bulk MoS2 did not 

improve the HER performance of the molybdenum disulfide 

(Figure S7). However, this could be due to different effects 

arising from the bulk nature of TMDs in our study. 

Nevertheless, both our findings agree that structural and 

electronic effects play important roles for efficient HER 

electrocatalysts. While this was achieved through finding a 

balance between degree of structural defects and 

incorporation of conductive Mo
(IV)

-O species in their work, 

here we showed that physical mixtures of amorphous and 

conductive MoS3 can also enhance the HER activity of the 

molybdenum disulfides. 

Conclusions 

In summary, we have demonstrated that even small 

amounts of catalytic impurities of Mo or W trisulfides can 

cause pre-waves in the voltammogram and that only 10% of 

such trisulfides can completely dominate the electrochemistry 

of corresponding transition metal dichalcogenides. These 

findings highlight the effects of impurities during material 

synthesis of MoS2 and WS2 materials for hydrogen evolution 

application and aid our understanding to the observed HER 

behaviour of the material. In addition, these findings can serve 

as a platform for us to further develop on the catalytic 

activities of these materials. 

 

Experimental section 

Materials  

Bulk molybdenum (IV) sulfide powder (<2 μm, 99 %), 

molybdenum (IV) oxide powder (99 %), molybdenum (VI) oxide 

powder (99.97 %), tungsten (IV) oxide powder (-100 mesh, 

99.99 %), and tungsten (VI) oxide powder (99.9 %) were 

purchased from Sigma-Aldrich, Singapore while bulk tungsten 

(IV) sulfide (99.8 %) and molybdenum (VI) sulfide dehydrate 

were obtained from Alfa Aesar (Germany). Ammonium 

heptamolybdate tetrahydrate (99.5%), sodium tungstate 

dihydrate (99.5%), hydrochloric acid (35%), acetone (99.9%) 

and carbon disulfide (99.99%) was obtained from Penta, Czech 

Republic. Selenium (99.5%) and aluminium (99.7%) were 

obtained from STREM, Germany. H2S (99.5%) and argon 

(99.999%) were obtained from SIAD, Czech Republic.  

 

Synthesis of WS3 

Synthesis was performed by acidic decomposition of 

ammonium tetrathiotungstate. 25 g of sodium tungstate 

dihydrate was dissolved in 250 mL of water. Subsequently, 100 

mL of 1 M hydrochloric acid was slowly added to the solution. 

Tungstic acid that was formed was purified by repeated 

decantation and centrifugation. Thereafter, tungstic acid was 

separated by suction filtration, washed with water and dried in 

a vacuum oven at 50 °C for 48 hours. Following that, 10 g of 

tungstic acid was dissolved in 100 mL of concentrated 

ammonia and filtered using 450 nm nylon membrane. The 

solution was then bubbled with H2S gas for 10 hours (about 

200 mL/min). After which, red crystals of ammonium 

tetrathiotungstate formed were separated by suction filtration 

and washed with cold water. To 5 g of (NH4)2WS4 in 5 wt.% of 

ammonia solution, 1 M solution of hydrochloric acid was 
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slowly added to the mixture with vigorous stirring and under 

argon atmosphere. WS3 formed was then separated by suction 

filtration and washed with water followed by acetone. WS3 

was subsequently dried under vacuum at 50 °C for 24 hours. 

Later, WS3 was dispersed in carbon disulfide and repeatedly 

decanted to remove excess of sulphur. Finally, WS3 was 

separated by suction filtration, washed with carbon disulfide 

and dried in vacuum oven at 50 °C for 48 hours. 

 

Material characterization 

Scanning electron microscopy (SEM) was performed using a 

field-emission scanning electron microscope (JOEL, Japan) in 

gentle-beam high mode at 2 kV (for MoS2, MoO2, WS2) and 1 

kV (for the remaining materials: MoS3, MoO3, WS3, WO2, WO3). 

For the SEM of the as-prepared samples, SEM mode was used 

at 2 kV. Energy dispersive X-ray spectroscopy (EDS) data were 

obtained at an accelerating voltage of 15 kV. X-ray 

photoelectron spectroscopy (XPS) analyses were performed 

using a Phoibos 100 spectrometer and a monochromatic Mg X-

ray radiation source (SPECS, Germany). Samples were 

prepared by coating carbon tapes with a uniform layer of the 

graphene materials under study. 

 

Electrochemical measurement 

All electrochemical hydrogen evolution reaction (HER) 

measurements were performed using Linear Sweep 

Voltammetry (LSV) with an Autolab PGSTAT101 

electrochemical analyzer (Eco Chemie, The Netherlands). A 

three-electrode configuration electrode system at room 

temperature was used to measure the HER activity of the 

materials in aq. H2SO4 (0.5M) using a 5 mL electrochemical cell 

at a scan rate of 2 mV/s. A glassy carbon (GC) electrode was 

used as the working electrode, a platinum electrode served as 

the auxiliary electrode and an Ag/AgCl served as the reference 

electrode. All electrochemical potentials herein were reported 

versus the Ag/AgCl reference electrode. Prior to 

immobilization of the graphene samples onto the working 

electrode, suspensions of the materials were prepared in N,N–

dimethylformamide to achieve a 5 mg mL
-1

 concentration, 

followed by a 20 min sonication. For mixtures, the prepared 

suspensions of various materials were physically mixed and 

sonicated for another 20 min to obtain a homogenous 

solution. Subsequently, 1 μL aliquot of the appropriate 

suspension (5 μg) was deposited onto the GC electrode 

surface. Upon evaporation of the solvent at room 

temperature, the LSV measurement was conducted. The GC 

electrode surfaces were renewed by polishing with alumina 

particles (0.05 mm) on a polishing pad and washed with 

distilled water of 18.2 MΩ cm resistivity. The Nyquist plots 

were measured at frequencies between 10000 kHz to 0.1 Hz 

and at an overpotential of 500 mV for MoS2/MoS3 and 750 mV 

for WS2/WS3. The impedance data was fitted to a simplified 

Randles circuit to obtain the series and charge-transfer 

resistances. 
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