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Few layer transition metal dichalcogenide alloys based on 

molybdenum sulphoselenides   [MoS2(1-x)Se2x] possess higher 

hydrogen evolution (HER) activity as against pristine few 

layer MoS2 and MoSe2. Variation of sulphur or selenium 

content in the parent dichalcogenides reveals a systematic 10 

structure-activity relationship for different compositions of 

alloys and it is found that the composition, MoS1.0Se1.0, 

possesses the highest HER activity amongst the catalysts 

studied. Tunable electronic structure of MoS2/MoSe2 upon 

Se/S incorporation probably assists in the realization of high 15 

HER activity. 

 Two-dimensional (2D) layered materials have been very 

fascinating in terms of electronic and electrochemical 

properties.1,2 They possess weak van der Waals forces between 

molecular layers and strong chemical bonding within the layers. 20 

The exfoliation of 2D materials into thin sheets has led to 

interesting properties that have attracted enormous attention.3-7 

Various strategies have been proposed to realize the inorganic 

analogues of graphene based on layered dichalcogenides.3-7 It has 

been shown that the physical and chemical properties of 2D 25 

materials such as MoS2, WS2, MoSe2 and WSe2 can be tuned by 

thinning the material into their ultimate dimension of a single 

layer.8-10 For instance, bulk MoS2 which is an indirect band gap 

semiconductor becomes a direct band gap semiconductor when it 

is exfoliated to a single layer.9,10 The versatility of these materials 30 

can be further enhanced by engineering the layered materials, by 

several ways such as constructing heterostructures or by chemical 

doping.11-20 Recently, various experimental and theoretical efforts 

have been dedicated to study properties of transition metal 

dichalcogenide alloys such as Mo1-xWxS2 and MoS2(1-x)Se2x.
14-

35 

18,21,22 A change in electronic structure has been noticed upon 

incorporation of species like W in MoS2, Se in MoS2 etc.14-18 It 

has been reported that a systematic variation of properties can be 

realized by tuning the composition of the dichalcogenide alloys. 

For example, the band gap photoluminescence of MoS2(1-x)Se2x 40 

systems,  can be continuously varied between 1.87 eV (single-

layer MoS2) and 1.55 eV (single layerMoSe2) by tuning the 

composition.18 

 The development of 2D materials towards various applications 

in photodetectors, batteries, field effect transistors, 45 

photocatalysis, electrocatalysis etc. has been a very active area of 

research in recent years.2 In particular, the electrocatalytic 

activity of few layer MoS2 and other transition metal 

dichalcogenides (TMD) has received considerable attention.21-23 

Various TMDs have been proposed as efficient non-Pt catalysts 50 

for HER, including a recent report on layered-like PdPS from our 

group.21-29 The free energy of hydrogen adsorption (ΔGH
o) is 

found to be close to thermo-neutrality for MoS2 and makes it an 

efficient HER catalyst.21,22 The electroactivity of TMDs can be 

tuned by altering their electronic structure23 and there have been 55 

recent efforts to enhance the HER activity on TMD.28-33 For 

example,  high HER activities are achieved for 1T polytype phase 

of MoS2/WS2
29,30 as compared to that on 2H phase. Cui et al. 

have reported a methodology based on electrochemical 

intercalation to tune the activity of MoS2, wherein insight into 60 

multiple properties such as oxidation state tunability of Mo, the 

transition of semiconducting 2H to metallic 1T phase, and their 

effect on HER have been studied.5 The HER activity of MoS2 has 

been shown to be improved by the presence of Se, Co, Fe or 

Ni.34,35 The present study aims at the use of alloys of the type 65 

MoS2(1-x)Se2x for efficient electrocatalysis of HER. Tunable HER 

activities have been observed and a notable dependence of S/Se 

ratio on HER activity has been identified. The alloys are found to 

be better than the parent compounds and the highest catalytic 

activity is achieved for the MoS1.0Se1.0 phase. 70 

 Molybdenum sulphoselenides are prepared using high 

temperature solid state reaction technique. Typically, MoS2(1-

x)Se2x crystals are obtained by heating the mixture of constituent 

elements in the required atomic ratio in evacuated quartz tube at 

800oC for 3 days. The as-obtained crystals are characterized for 75 

phase and purity using various techniques. X-ray diffraction 

(XRD) patterns and the variation of lattice parameter of MoS2(1-

x)Se2x are shown in figures S1 & S2 and the data indicate that the 

samples are highly crystalline and the reflections for MoS1.0Se1.0 

match well with reported patterns (JCPDF No 36-1408). The 80 

details are given in supporting information. The crystals are 

further examined using Raman spectroscopy. As shown in figure 

S3, (†ESI) the Raman spectrum of MoS2(1-x)Se2x consists of bands 

in low wave number region (100-500 cm-1) and can be divided 

into two parts, one part is MoS2-like and another is MoSe2-like 85 

bands. The bands around 371 cm-1 and 400 cm-1 are due to MoS2-

like and are attributed to E2g (in-plane) and A1g (out-of-plane) 

modes respectively.4 Similarly, the second part “MoSe2-like” 

consists of bands around 224 and 264 cm-1, slightly shifted to 

lower wave number values than that of pure MoSe2.
25

 These 90 

bands are attributed to A1g and E2g modes. Apart from these two  
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Figure 1. FESEM images of few layer (a) MoS1.0Se1.0, (b) MoS2 and (c) MoSe2 nanosheets and (d) to (f) corresponding EDS data. 

      

groups of bands, the spectra reveal the presence of new bands 5 

around 355 and 260 cm-1, whose positions are also sensitive to 

the composition. It is believed that the bands are due to the so-

called two-mode behaviour as reported earlier for similar 

systems, for example CdSxSe(1-x).
36,37 It is quite reasonable to 

assign these bands to two-mode behaviour as the frequencies of 10 

phonon modes corresponding to pure MoS2 and MoSe2 are 

sufficiently well separated from each other. In the case of the 

alloy composition, Mo1-xWxS2, the difference between phonon 

frequencies is ~ 50 cm-1. The origin of these bands is still unclear 

and requires further investigation. As shown in figure S3, the 15 

intensities of MoS2-like bands for MoS2(1-x)Se2x decrease with 

increase in Se composition along with shifts towards lower 

frequencies.  In other words, MoS2/MoSe2 - like bands soften 

upon Se/S incorporation [figure S3 (b)]. It is also possible that the 

shift and split of Raman bands are due to the residual strain 20 

offered by selenium incorporation in MoS2 or vice versa. 

Extensive Raman spectroscopic analysis on these aspects will be 

reported elsewhere. 

 Field emission scanning electron microscopic (FESEM) 

images of bulk MoS1.0Se1.0 crystals consist of platelet-like 25 

morphology [Figure S4(a)] and the energy dispersive X-ray 

analysis (EDS) data indicate the presence of ~1:1 atomic 

percentage of S and Se (Figure S4, † ESI). Other compositions of 

selenium- or sulphur- rich sulphoselenides show similar 

behaviour.  30 

 The bulk crystals are exfoliated into few layer sulphoselenide 

nanosheets by adopting a procedure reported earlier for various 

TMDs such as MoS2 and WS2.
6 A mixed solvent methodology is 

used to prepare few layer MoS1.0Se1.0 nanosheets and the details 

are given in supporting information. Figure 1(a) shows the 35 

FESEM image of few layer MoS1.0Se1.0 nanosheets which reveals 

the presence of ultrathin sheet-like morphology with lateral 

dimensions of around 100 - 300 nm. The presence of ripples and 

corrugations are found to be similar to other 2D nanostructures 

such as graphene and MoS2.
7 As evident from figure 1, no 40 

detectable difference in terms of morphology has been noted for 

the MoS2 and MoSe2 nanosheets. Further, EDS data indicate the 

presence of S along with Se in the case of few layers of 

MoS1.0Se1.0 with ~1:1 atomic percentage of S and Se, as that 

observed for bulk crystals. It is noteworthy that the material 45 

retains its composition after exfoliation, without any appreciable 

change in the composition.   

 The thickness of the nanosheets as measured using atomic 

force microscopy (AFM) in the tapping mode is shown in figure 

2. The thickness of MoS1.0Se1.0 nanosheets fall in the range of 50 

1.4-1.9 nm, suggesting that the sample consists of few layers. It is 

worth noting that single layers of MoS1.0Se1.0 are also observed in 

certain places where the thickness is found to be 0.6-0.8 nm. 

Also, the thickness of pristine MoS2 and MoSe2 are comparable 

to that of MoS1.0Se1.0, MoSe2 being slightly higher than others. 55 

The 3D version of figure is shown in supporting information 

(figure S5). The dispersions are further examined using dynamic 

light scattering technique. The data (Table S1, †ESI) indicate 

hydrodynamic sizes in the range 125 ± 20 nm for all the 

compositions. All these observations suggest that the alloys and 60 

pristine materials possess similar dimensions, especially the 

thickness. The aqueous dispersions of the nanostructures are 

highly stable and typical photograph of the colloids show Tyndall 

light scattering effect (Figure S6, †ESI), which is an indication of 

(a) (b) (c) 

(d) (e) (f) 
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Figure 2. AFM images of few layer (a) MoS1.0Se1.0, (b) MoS2 and (c) MoSe2 nanosheets and (d) to (f) corresponding height profiles from 
the regions marked in the figure. Figures a,b and c are scanned in the range 0-2.2 µm; 0-1.3 µm and 0-1.6 µm respectively.

the presence of exfoliated layers in aqueous dispersions. Optical 5 

properties of few layer MoS2(1-x)Se2x colloidal dispersions are 

determined using various spectroscopic tools. Figure 3a and 3b 

shows UV-Vis absorbance data corresponding to few layer 

MoS2(1-x)Se2x with varying values of x. The data represents the 

presence of two prominent peaks. The peak located at high 10 

wavelength is generally termed as exciton A and the one at lower 

wavelength is exciton B.38 The origin of these peaks is from the 

direct excitonic electronic transition at K point of the first 

Brillouin zone.38,10 The origin of energy difference between 

excitons A and B is due to spin-orbit coupling of valence band. 15 

Figure 3(b) shows the energy difference between excitons A and 

B along with their absolute values as a function of Se content. As 

shown in the figure, the peaks shift monotonically towards lower 

energies with Se content. The energy difference between peaks A 

and B vary linearly with Se content. This infers that the bowing 20 

parameters of exciton A and exciton B are close to each other. 

The valence band spin-orbit coupling changes from 0.18 to 0.25 

with increase in Se content. The spectra shown in the present 

study correlates well with the theoretical studies.39  

 X-ray photoelectron spectroscopy (XPS) analysis [Figures 3(c) 25 

and 3(d)] of few layer MoS2(1-x)Se2x shows the presence of all the 

constituents. As shown in figure 3(c), two peaks corresponding to 

Mo-3d5/2 and Mo-3d3/2 levels are observed. Similar peak positions 

for MoS2 and MoSe2–based systems have been reported 

earlier.5,21 It is noteworthy that the peaks corresponding to alloys 30 

shift to low binding energy (B.E) values (Mo-3d, 228.9 eV and 

232.1 eV) as compared to MoS2 (229.4 eV and 232.6 eV). 

Further, as shown in figure 3(c), the Mo-3d spectra corresponding 

to MoS2 and MoS1.0Se1.0 exhibit a peak around 226.7 eV and is 

due to S-2s, which is absent in the case of MoSe2. Also, as shown 35 

in figure 3(d), it is observed that with increasing value of x, the 

intensity of peaks due to S-2p (located at 162.4 eV for 2p3/2 and at 

163.6 eV for 2p1/2) decreases while the peaks due to Se-3p3/2 (at 

160.4 eV) and Se-3d  (at 54.5 eV) (Figure S7, †ESI) become 

prominent. Quantitative analysis has been performed for S and Se 40 

present in the composites (†ESI). The sulphur to selenium ratios 

of 1:0 (S:Se); 1.49:0.50;  0.98:1;  0.81:1.20;  0.53:1.5 and 0:1 are 

obtained for MoS2(1-x)Se2x where x=0, 0.25, 0.5, 0.6, 0.75 and 1 

respectively (Table S2, †ESI). A good correlation with the 

experimental compositions is observed, which makes the 45 

methodology very efficient to realize wide range of well-defined 

compositions.  

 Figure 4 shows the typical TEM bright field image of few 

layer MoS1.0Se1.0 nanosheets confirming ultra thin morphology 

and the EDS data  shows the presence of Mo, S and Se. Figure 50 

4(c) represents the high resolution TEM (HRTEM) image of 

(a) (b) (c) 

(d) (e) (f) 
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Figure 3. (a) Absorbance spectra of MoS2(1-x)Se2x with varying x and (b) shows energies of exciton A, B and energy difference of exciton A and B as a 

function of Se content.  (c&d) show XPS of Mo-3d and S-2p regions corresponding to MoS2(1-x)Se2x with different x values.  5 

MoS1.0Se1.0. Typical few layer, lamellar morphology with layer 

spacing of 0.65 nm is observed. The image also shows the 

presence of 3-4 layers of the MoS1.0Se1.0 with high crystallinity. 

An interplanar distance of 0.282 nm is observed (Figure 4d) and 

is consistent with the (100) plane of hexagonal MoS1.0Se1.0 10 

(JCPDF No. 36-1408). Using Z-contrast TEM imaging, it has 

earlier been reported that Se is distributed in a random fashion in 

MoS2 when Se is incorporated in MoS2.
17 Similar observations 

have been put forth for Mo1-xWxS2, wherein randomly distributed 

dopant has been observed using TEM imaging in Z-contrast 15 

mode.40 Based on these observations, we presume that the 

sulphoselenide compositions of MoS2(1-x)Se2x prepared in the 

current study also have S and Se present in random fashion. 

Figure 4(f)-4(g) represents EDS mapping of Mo, S and Se from 

the region shown in 4(e). The data suggests uniform and 20 

homogeneous distribution of constituents across the nanosheets.

 The electrochemical activities of various compositions  of few 

layer MoS2(1-x)Se2x are evaluated for HER keeping the parameters 

such as loading of the catalyst, size of the exfoliated material and 

electrode area, the same.  Figure 5(a) represents the iR-corrected 25 

linear sweep voltammograms recorded in N2-saturated 0.5 M 

H2SO4 solution. The data clearly indicates the positive role of Se 

in MoS2 lattice or S in MoSe2 lattice towards HER. The onset 

potential for HER in the case of few layer MoS1.0Se1.0 is more 

positively shifted as compared to that of the few layer pristine 30 

MoS2 and MoSe2 nanosheets. Similar observations are made for 

all the other compositions of sulphoselenides. The remarkable 

observation is that the alloys (sulphoselenides) are always found 

to be better than the pure sulphides and selenides individually 

(Figure S8, †ESI). Among all compositions, MoS1.0Se1.0 possess 35 

high efficacy when compared to other compositions. Further, 

Tafel slope, a typical parameter that is used to evaluate the 

electroactivity and mechanism of HER, is determined from the 

linear region of the data shown in figure 5(c). The measurements 

are performed by polarizing the electrode at very slow scan rate, 40 

to eliminate mass transport effects. Typical Tafel slope obtained 

for MoS2 is 96 mV dec-1 and for MoSe2, it is 95 mV dec- 1 while 

the value is around 56 mV dec-1 for MoS1.0Se1.0. Other alloy 

compositions show Tafel slopes of ~ 85 mV dec-1 (Table S3†, 

ESI). Similar Tafel slopes have been reported earlier for MoS2-45 

based systems.31,32,35 The exchange current obtained from the 

polarization curves are 320, 45 and 36 μA cm-2 for MoS1.0Se1.0, 

MoSe2 and MoS2 respectively for a constant loading of 180 

µg/cm2. High exchange current density values portray facile HER 

kinetics and hence high activity. It is found that the MoS1.0Se1.0 50 

phase possesses the highest HER activity. Further, AC impedance 

(a) 

(b) 

(c) (d) 
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Figure 4. (a&b) TEM images of MoS1.0Se1.0 nanosheets. (c) and (d) correspond to HRTEM images of MoS1.0Se1.0. (e) STEM-BF image of MoSSe 

nanosheets. (f) Mo, (g) S and (h) Se mappings corresponding to the regions shown in figure (e). 

measurements show charge transfer resistance (RCT, obtained 5 

from the diameter of the semi- circle of Z’ versus Z” plot, figure 

S9†, ESI) being low for MoS1.0Se1.0 as compared to MoS2 and 

MoSe2. This indicates that the kinetics of HER is more facile on 

MoS1.0Se1.0 than that of its pristine counterparts.  The RCT values 

obtained are 0.45, 16, 18 and 0.048 kΩ at -0.13 V vs. RHE for 10 

MoS1.0Se1.0, MoS2, MoSe2 and Pt-C respectively. 

 As reported for MoS2,
19,20,26

 few layer MoS2(1-x)Se2x composites 

are better than the corresponding bulk samples (Figure 5b and 

Figure S10†, ESI). It is also observed that the bulk alloys reveal 

better activity than the bulk pristine sulphide or selenide crystals 15 

(Figure S11†, ESI). This observation indicates that alloys possess 

possibly higher content of active (edge) sites, than that of MoS2 

and MoSe2. Further, the obtained Tafel slopes for bulk crystals 

are around 120 mV dec-1 (Figure S12†, ESI) and are comparable 

with the values reported earlier.5,28 This suggests the involvement 20 

of different HER mechanism on bulk surfaces as against few-

layer samples. It has been reported earlier that HER in acidic 

media involves three possible reactions as given in equations (1)-

(3).  

H3O
+ + e− → Hads + H2O    (1) 25 

Hads + H3O
+ + e− → H2 + H2O   (2) 

Hads + Hads → H2      (3)       

where Hads indicates adsorbed hydrogen on catalytic site. 

Equation (1) is termed as Volmer equation and the Tafel slope for 

this step is found out to be 120 mV (b=2.3RT/αF), assuming the α 30 

to be 0.5. Equation (2) and (3) are known as Heyrovsky and Tafel 

reactions respectively. The slopes associated with each of these 

two processes are 40 mV [equation (2)] and 30 mV [equation 

(3)], respectively.  It has also been reported that there can be 

another process after the first step [equation (1)] called ‘spill-over 35 

process’, wherein Hads
* formed during electrochemical discharge 

step migrates to a site wherein Hads gets stabilized on the 

electrode surface [equation (4)],34 followed by the formation of 

H2 either by Heyrovsky or by Tafel reaction steps. The Tafel 

slope for this process is reported to be around 60 mV.  40 

Hads* → Hads      (4)   

Accordingly based on above considerations, in the present case, 

Tafel slopes of around 120 mV/dec for bulk samples (Figure S12) 

indicates that Volmer equation is the rate determining step (RDS) 

whereas for few-layer samples, the RDS may involve the 45 

spillover step as the experimental Tafel slopes fall in the range of 

50 - 60 mV/dec. Similar observations have been reported earlier 

for other systems.34 The plausible explanation for the low Tafel 

slope values and high HER activity of MoS1.0Se1.0 phases may be 

due to improved electronic conductivity (Figure S13†, Table S4 50 

ESI) upon Se incorporation into MoS2 lattice as the former 

modifies the electronic band gap of MoS2. Secondly, it is well-

known that the free energy of hydrogen adsorption (ΔGH
o) 

dictates the electroactivity of HER for a particular catalyst. 

Norskov et al. have suggested that the ΔGH
o on MoS2 surface is 55 

0.08 eV for Mo-edge sites and 0.18 eV for S-edge sites21,26
 and -

0.14 eV for MoSe2
25 (for a hydrogen coverage of 75%). 

Additionally, a recent report shows the incorporation of Co leads 

to positive effect for MoS2 towards HER.26,35 

60 

(a) (b) (c) 

(e) (f) (g) (h) 

(d) 
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Figure 5. (a) iR-corrected linear sweep voltammograms of MoS2(1-x)Se2x with x=0 (red), x=1 (blue), x=0.5 (black) and Pt-C (green) (b) represents 

voltammograms recorded on bulk and few layer MoS1.0Se1.0 nanosheets. (c) shows Tafel plots of corresponding to MoS2(1-x)Se2x and Pt-C. (d)  depicts 5 

electrochemical stability of few layer MoS1.0Se1.0 nanosheets. Electrolyte used is N2-saturated 0.5 M H2SO4 and scan rate used is 1 mV/sec. 

 Accordingly, in the present study, it is envisaged that the 

presence of Se in MoS2 lattice or S in MoSe2 lattice modifies the 

electronic structure and thereby the ΔGH
o as it is clearly observed 

that MoSSe - type phases possess higher activity than MoS2 or 10 

MoSe2. The presence of S/Se in MoS2/MoSe2 lattice may 

introduce defects and residual strain which can also help in 

improving HER activity of alloys. The presence of Se in MoS2 

lattice may induce notable strain (curvature) due to larger size of 

Se than sulphur. Hu et al. observed similar curvature in (002) 15 

basal planes upon Se substitution in MoSx and claimed that the 

significant curvatures of (002) planes is due to the presence of 

selenium.41 It is likely that similar curvature is present in the case 

of alloys as compared to MoS2 where the layers are moderately 

straight (figure S14) and the layer-bending might induce some 20 

strain in the hexagonal lattice of alloy phases. Strain induced by 

local lattice distortions along with the presence of metallic phase 

has been shown to have positive influence on HER in the case of 

WS2
29. Similar arguments may hold for the sulphoselenides, 

though it is speculative at this stage. The splitting and shift in 25 

Raman bands corresponding to out of plane and in-plane 

vibrations of bands (MoS2-like) points on to symmetry breaking 

due to strain. However, we should quickly point out that the 

lattice parameter varies as a function of composition (Figure S2†, 

ESI). This aspect requires further investigation. The surface 30 

oxidation state of Mo has also been shown to influence the HER 

activity.5 As shown in figure 3(c), there is a slight shift of Mo-3d 

peaks to lower BE values as observed in reference 5 for MoS2-

based systems. The sulphoselenides possibly possess high active 

edge sites as compared to individual MoS2 and MoSe2 since the S 35 

/ Se substitution is known to be random in the alloy phases. 

Among the alloys studied, MoS1.0Se1.0 is better than the selenium-

rich or sulphur-rich compositions (Figure 6). The kinetic 

parameters obtained for all compositions are given in the 

supporting information [Figure 6(b) and Table S3†, ESI].  40 

  
Figure 6. (a) Linear sweep voltammograms of MoS2(1-x)Se2x with varying 

amounts of x. Electrolyte used is N2-saturated 0.5 M H2SO4 and scan rate 

used is 1 mV/sec. (b) Exchange current density and Tafel slopes of the 

catalysts (MoS2(1-x)Se2x) studied.  45 

(a) (b) 

(c) (d) 

(a) 

(b) 
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 High HER activity of alloys is further confirmed using 

Faradaic efficiency measurements with the setup shown in figure 

S15†, ESI. In this study, the quantity of gas evolved at the 

electrode surface is monitored as a function of time at constant 5 

DC bias. As shown in figure 7, the MoS1.0Se1.0 can generate 

higher amount of H2 as compared to MoS2 and MoSe2 recorded 

under identical conditions, complementing voltammetric data as 

discussed earlier.  

 10 

Figure 7. Quantity of H2 evolved as a function of time at constant 
potential of -0.475 V vs. RHE. Electrolyte used is 0.5 M H2SO4.  

 A good correlation between experimental and theoretical 

efficiency indicates nearly 100% faradaic efficiency (figure S16†, 

ESI). The hydrogen production efficiency of MoS2(1-x)Se2x (for 15 

example, x=0.5) is found to be superior to several reported 

catalysts such as MoS3 particles, amorphous MoSx prepared by 

electro-poymerization and MoS2/reduced graphene oxide.35,42 

 Stability is one of the concerns in HER as good catalysts such 

as nanosized Ni-Mo43 suffer from long term operation stability. 20 

Electrochemical cycling is performed for 1000 cycles, to 

understand the long term stability of sulphoselenides. As shown 

in figure 3(d), the voltammograms show no detectable difference 

between initial voltammogram and the one after 1000 cycles, 

indicating excellent electrochemical stability of MoS1.0Se1.0 25 

nanosheets. 

   

Conclusions 

Thus, the present study demonstrates that the HER activity can be 

improved by Se substitution into MoS2 lattice or vice versa. It 30 

opens up a way to alter the electroactivity of layered 

chalcogenides by fine tuning of the composition. The activity of 

these sulphoselenides could be further enhanced by placing them 

on proper supports such reduced graphene oxide, carbon paper 

etc. This may also have positive effects in the photocatalytic 35 

evolution of hydrogen on layered chalcogenides. These studies 

are being pursued. 
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