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Abstract: Molybdenum sulfide MoSx is considered as attractive hydrogen evolution catalyst since it is free of noble metals 
and shows a low overvoltage. Especially, amorphous molybdenum sulfide has attracted attention because of its high cata-
lytic activity. However, the catalytic mechanism of the hydrogen evolution reaction is not yet fully understood. Therefore 
in our study, layers of MoSx were deposited by reactive magnetron sputtering varying the substrate temperature in the 
range from room temperature (RT) to 500°C. The morphology and structure of the films change significantly as a function 
of temperature, from an amorphous to a highly textured 2H-MoS2 phase. The highest catalytic activity was found for 
amorphous layers deposited at RT showing an overvoltage of 180 mV at a current density of -10 mAcm-2 in a 0.5 M sulfuric 
acid electrolyte (pH 0.3) after electrochemical activation. As detected by Raman spectroscopy the RT deposited catalyst 
consists of [Mo3S13]

2- and [Mo3S12]
2- entities which are interconnected via [S2]

2- and S2- ligands. When sweeping the poten-
tial from 0.2 to -0.3 V vs RHE a massive release of sulfur in form of gaseous H2S was observed in the first minutes as de-
tected by differential electrochemical mass spectroscopy (DEMS). After electrochemical cycling for 10 min, the chains of 
these clusters transform into a layer-type MoS2-x phase. In this transformation process, H2S formation gradually vanishes 
and H2 evolution becomes dominant. The new phase is considered as a sulfur deficient molybdenum sulfide characterized 
by a high number of molybdenum atoms located at the edges of nano-sized MoSx islands, which act as catalytically active 
centers. 

1 Introduction 

Large scale solar energy conversion is a sustainable and 
environmentally friendly approach to meet the high ener-
gy demand of mankind using renewable energies.1 Since 
the pioneering work of Boddy in 1968 2 and later by Hon-
da and Fujishima,3 who investigated photoelectrochemi-
cal water splitting by using TiO2 single crystal electrodes, 
chemical energy conversion at the semiconductor-
electrolyte interface has attracted increasing interest as a 
promising route to convert solar energy into fuels.4 Hy-
drogen as a fuel obtained by solar driven water splitting is 
of significance, not only because of its high energy densi-
ty, but also by avoiding further release of CO2 into the 
atmosphere. 

To electrolyze water most efficiently into hydrogen and 
oxygen at the cathode and anode side, respectively, suita-

ble catalysts are necessary to minimize the overpotentials 
to drive the reaction.5 In case of the hydrogen evolution 
reaction (HER), platinum is known as a highly effective 
catalyst exhibiting an overpotential of less than 100 mV at 
a current density of -10 mAcm-2.6 However, as an expen-
sive and rare element its use in mass production and 
large-scale applications should be avoided if possible.7 
Thus, there is a strong incentive to develop cheap, non-
toxic and earth-abundant as well as highly active catalysts 
as alternatives to platinum in order to produce hydrogen 
in large quantities. Potential candidate materials include 
transition metal alloys,5  phosphides,8 sulfides,9 and car-
bides.10 Molybdenum disulfide (MoS2) that preferentially 
crystallizes in a hexagonal layer structure11 was originally 
investigated as a catalyst for the hydrodesulfurization of 
crude oil.12 It was first identified by Tributsch et al. as a 
hydrogen evolving catalyst in 1977.13, 14 Later, other re-
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searchers confirmed its promising electrocatalytic and/or 
photoelectrocatalytic activity for hydrogen evolution and 
its excellent stability.15 Highly active MoS2 can be pre-
pared by different synthesis routes. For instance, MoS2 
nanoparticles, deposited on a graphite support, were 
prepared and used as catalyst for electrochemical hydro-
gen evolution by Hinnemann et al. in 2005.16 Ager et al. 
demonstrated in 2016 a thermal treatment that converts 
inert bulk MoS2 to an active HER catalyst.17 In 2017, Choi 
et al. produced MoS2 on carbon fiber paper and investi-
gated the electrocatalytic activity of MoS2 studying the 
phase transition from amorphous to a crystalline materi-
al.18 

Despite these efforts, the catalytic performance of MoS2 
in terms of overpotential, turnover frequency (TOF) and 
stability is still inferior to platinum. One reason for this is 
that the adsorption of protons (H+) on molybdenum sul-
fide is an energetic uphill reaction. Furthermore, the 
(00.1) surfaces of hexagonal MoS2 particles cannot provide 
suitable reaction centers to reduce protons; only the edge 
sites of MoS2 are active in catalyzing the HER.19 To im-
prove the catalytic ability of molybdenum sulfides, efforts 
have been made to bring more edge sites in contact with 
the electrolyte by e.g. structural engineering20 and by 
activating non-active basal planes through generation of 
sulfur vacancies.21 In addition, amorphous molybdenum 
sulfide22 has been studied because the lack of long range 
order gives the material unique catalytic properties.23 For 
instance, Merki et al.24 prepared amorphous MoSx thin 
film catalyst layers electrochemically, which resulted in a 
significant increase of current density for proton reduc-
tion. They reported a current density of -15 mAcm-2 at an 
overpotential of η = 200 mV, which is lower than that of 
the crystalline material. An amorphous MoS2 HER cata-
lyst was also prepared by Shin et al. using atomic layer 
deposition.25 However, the catalyzing mechanism of the 
amorphous material and the reason for its high catalytic 
activity remain unclear. Therefore, further studies are 
required to investigate this catalyst in more detail and to 
identify the catalytically active center(s) in order to fur-
ther improve its catalytic activity and stability. 

In this study, reactive magnetron sputtering in an ar-
gon / hydrogen disulfide (Ar/H2S) atmosphere is used to 
directly deposit molybdenum sulfides on fluorine-doped 
tin oxide (FTO) substrates in a fast and homogeneous 
way. This technique allows molybdenum sulfides with 
different degrees of crystallinity to be produced by simply 
varying the substrate temperature. The relationship be-
tween the catalytic properties of molybdenum sulfide 
films and its crystallinity was studied by electrochemical 
measurements combined with Raman and X-ray photoe-
lectron spectroscopy (XPS). The highest catalytic activi-
ties have been achieved after electrochemical activation 
of amorphous MoSx films, which were sputtered at room 
temperature (RT). Different sulfur species, such as bridg-
ing and terminal [S2]

2- units typically known from crystal-
line cluster compounds like (NH4)2Mo3S13, were found to 
exist in the as-prepared material. 26 We find that the RT 
sputtered amorphous MoSx films experience a structural 
transformation during electrochemical cycling, changing 

from an amorphous material consisting of Mo3S13 or 
Mo3S12 entities to MoS2-like nano-islands. After this struc-
tural transformation, the MoSx electrode acquires a good 
catalytic performance as HER catalyst with strongly re-
duced overpotential of 180 mV at a current density 
of -10 mAcm-2 (η10) and good stability over 10 h during 
electrochemical cycling in a 0.5 M sulfuric acid electro-
lyte. 

 

2 Experimental 

2.1 Preparation of molybdenum sulfide electrodes 

Molybdenum sulfide electrodes were prepared by reac-
tive magnetron sputtering (see scheme shown in SI Figure 
S1). A molybdenum target (99.99%, Freiberger NE-Metall 
GmbH) was used during the sputtering process with an 
output power of 100 W DC in H2S/Ar atmosphere (H2S : 
Ar ratio = 3:1, flow rate H2S : Ar = 5.1 sccm : 1.7 sccm, total 
pressure P ≈ 1.3 Pa) to produce the sputtering plasma. The 
substrate temperatures varied from room temperature to 
500 °C. Before each deposition the metal target was pre-
sputtered for 5 min. The FTO substrates were 2.2 cm * 2.2 
cm in size. All the substrates were cleaned in acetone, 
ethanol, and deionized water for 20 min in an ultrasonic 
bath and dried in N2 gas flow before sputtering.  

(NH4)2Mo3S13 was synthesized according to a synthesis 
described by Müller et al.27 In a round flask (250 mL) 

(NH4)6Mo7O244H2O (4 g) was dissolved in deionized 
water (20 mL). A solution of ammonium polysulfide 
(120 mL, 8%, Fisher Scientific) was added and heated 
under reflux overnight (90 °C). A dark-red precipitate 
((NH4)2Mo3S13) was formed which was filtered and washed 
with ethanol and water afterwards. Subsequently, the 
powder was annealed at 80 °C in toluene (50 mL) for 
about 2 h. After filtering and drying, the dark red thio-
molybdate powder was obtained. To prepare thin films of 
the material, the prepared powder was dissolved in dime-
thyl sulfoxide (DMSO) and deposited by spin-coating on 
FTO glass substrates. 

2.2 Structural Characterization  

The morphology of the films was measured by field 
emission scanning electron microscopy (FESEM) using a 
LEO GEMINI 1530 instrument from ZEISS, operated with 
an acceleration voltage of 5 kV. X-ray photoelectron spec-
troscopy (XPS analyzer from SPECS, PHOIBOS 100) with 
a monochromatic X-ray source (SPECS FOCUS 500 mon-
ochromator, Al Kα radiation, 1486.74eV) was used to 
study the composition and the valence state of the ele-
ments. The data were calibrated using the carbon peak at 
284.5 eV. Raman spectra of the samples were measured by 
two systems: an XploRA system from Horiba (λ = 532 nm, 
light intensity 0.112 mW) and a DILOR LabRAM micro 
Raman system for in-situ measurements (λ = 632.8 nm, 
light intensity 4.3 mW/mm2 (D2) or 47.1 mW/mm2 (D1)). 
The set-up of the in-situ Raman cell is shown in the Sup-
plementary Information, Figure S2. A Bruker AXS D8 
Advance X-ray diffractometer with Cu Kα radiation (λ = 
0.15406 nm) was used to obtain glancing incidence X-ray 
diffractograms (GIXRD). The angle of incidence was 0.5° 
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and the measured detection angle (2θ) was varied from 5° 
to 70°. 

2.3 Electrochemical measurements 

The electrochemical measurements were performed 
with a VersaSTAT potentiostat in a three-electrode con-
figuration. MoSx films deposited on FTO were used as 
working electrodes (WE) while an Ag/AgCl electrode in 
saturated KCl solution (-0.197 V vs. reversible hydrogen 
electrode (RHE)) was used as reference electrode (RE), 
and a platinum wire served as counter electrode (CE). The 
electrolyte used was aqueous solution of 0.5 M H2SO4 (pH 
0.3). The contacting area of the sample with the electro-
lyte was fixed using an O-ring with a diameter of 0.55cm. 
The iR drop in the electrolyte was calculated by measur-
ing the resistance of the sample in the electrolyte at 100 
kHz using electrochemical impedance spectroscopy (EIS) 
with a modulation frequency of 10 mV. The current densi-
ty was evaluated from cyclic voltammetry (CV) measure-
ments. The CV measurements were performed within the 
potential range from 0.2 V to -0.3 V vs RHE with a scan 
rate of 10 mV/s. The capacitance measurements were 
performed by sweeping the potential from 0.1 V to 0.31 V 
vs RHE using different scan rates (10 mV/s to 160 mV/s). 

Differential electrochemical mass spectroscopy (DEMS) 
was employed to measure gases released during the elec-
trochemical measurements. The DEMS system consists of 
a three-electrode electrochemical cell and a differentially 
pumped vacuum system attached to a mass spectrometer 
(QMG 220 M1, PrismaPlus 1-100 amu). A porous hydro-
phobic membrane was put in between the pumping sys-
tem and the working electrode in the cell. The scheme of 
the DEMS cell is shown in the Supplementary Infor-
mation, Figure S3. Using this geometry, the gases pro-
duced at the working electrode need to diffuse through 

only 200 m of electrolyte in front of the working elec-
trode and the membrane and then be sucked into the 
vacuum system to be measured by the mass spectrometer. 
Further details can be found in a previous paper.28  

 

3 Results and discussions 

3.1 Preparation of MoSx films  

The morphology of the molybdenum sulfide films de-
posited on FTO substrates for 5 min. using reactive mag-
netron sputtering at different substrate temperatures was 
investigated by SEM (see Fig. 1). When sputtered at room 
temperature, uniform films of molybdenum sulfide with 
350 nm thickness were formed (see Figs. 1A and 1B). Films 
sputtered at room temperature are dense and homogene-
ous with a specular and grey optical appearance. As the 
sputtering temperature increases to 100 °C, leaf-like flakes 
begin to grow on a dense amorphous bottom layer as 
shown in Figs. 1C and 1D. The film becomes darker and 
opaque when sputtered at temperatures higher than 
150 °C. In addition, a double-layer structure of molyb-
denum sulfide film forms, the morphology of which is 
shown in Figs. 1E and 1F. The top layer of the molyb-
denum sulfide is black and porous characterized by up-
right standing dendritic leaf-like crystallites. When care-
fully removing the top layer of these films, a silver shining 

molybdenum sulfide bottom layer appears with metallic 
luster as known from the mineral molybdenite (see also 
Fig. S4). The “thickness” of the porous film is about 450 
nm according to the cross section SEM. 

 

Figure 1. Left column shows top views, the right column side 
views of molybdenum sulfide films deposited on FTO glass 
by reactive magnetron sputtering for 5 min at room tempera-
ture (A and B), at 100 °C (C and D), and at 500 °C (E and F). 

X-ray diffractograms of MoSx films sputtered at differ-
ent substrate temperatures are shown in Fig. 2A. When 
sputtered at room temperature, only one broad molyb-
denum sulfide peak at 13.8° can be observed suggesting a 
mostly amorphous film. As the sputtering temperature 
increases to a temperature higher than 150 °C, the peak at 
13.8° increases in intensity, indicating improved crystallin-
ity in the material. Additional diffraction features appear 

at 2 = 33°, 58°, which indicate a (01.0) orientation and 
(11.0) lattice planes parallel to the substrate. Their appear-
ance is associated with the presence of upright standing 
MoSx nanoflakes, which can be explained by (hk.0) tex-
ture of 2H-MoS2 nanocrystals. Below the porous black 
film a silver shining MoS2 bottom layer is located which 
becomes visible after removal of the top porous layer (SI 
Fig. S4). The bottom layer has a (00.1) texture as shown in 
SI Fig. S5 since the sample deposited at 500°C without top 
porous layer only shows one peak at 13.8 ° with higher 
intensity other than peaks from FTO. The thickness of the 
bottom layers were determined from the FWHM values of 

the 00.2 peak at 2 = 13.8° (see Fig. 2A and Fig. S6A). Ac-
cordingly, the length of the particles of the porous layer 
was determined from the 01.0 reflections (SI Fig. S6B) 

To elucidate different Mo-S and S-S vibrations in the 
films, Raman spectra were measured to characterize dif-
ferent molybdenum sulfide samples (Fig. 2B). Films sput-
tered at 500°C show vibrational modes (E1

2g mode at 376 
cm-1 (in-plane Mo-S mode) and an A1g mode at 401 cm-1 
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(out of plane S-S mode) which are characteristic for layer 
compounds.29 However, the characteristic vibration sig-
nals for 2H-MoS2 are relatively small in the room temper-
ature sputtered molybdenum sulfide film. As we can see 
from the pink curve of RT sputtered MoSx, vibrations of 
terminal [S2]

2- (ν(S-S)te) at about 510 cm-1) and bridging 
[S2]

2- (ν(S-S)br) at 542 cm-1) are present which are typical 
for [Mo3S13]

2- cluster units.30  

 

 

 

Figure 2. (A) XRD patterns of molybdenum sulfide films 
deposited by reactive magnetron sputtering at different 
substrate temperatures as well as the MoS2 standard pattern 
shown by red bars on the bottom, (B) Raman spectra of dif-
ferent molybdenum sulfide films, (C) characteristic structure 
of a [Mo3S13]

2-
 cluster unit (purple balls – molybdenum, yel-

low balls – sulfur atoms) showing different sulfur bonds. 

The high activity of [Mo3S13]
2- as a hydrogen evolving 

catalyst was first described by Kibsgaard et al. in their 

2014 study on (NH4)2Mo3S13.
26 It is suggested that the 

presence of terminal and bridging [S2]
2- in (NH4)2Mo3S13 

leads to its high HER catalytic activity.26 The two peaks of 
terminal disulfide units (ν(S-S)te) and bridging counter-
parts (ν(S-S)br) in our RT sputtered MoSx are less pro-
nounced than in the (NH4)2Mo3S13 spectrum (red curve in 
Fig. 2B) because of a high degree of amorphicity of MoSx 
films sputtered at room temperature: the surrounding 
environment and the bondings between molybdenum 
and sulfur are less defined than in (NH4)2Mo3S13. The 
structure of the [Mo3S13]

2- cluster in (NH4)2Mo3S13 is de-
picted in Fig. 2C. From the resemblance of the Raman 
spectra it can be concluded that films deposited by reac-
tive magnetron sputtering at RT have structural similari-
ties with films prepared from a (NH4)2Mo3S13 solution. 

3.2 Electrocatalytic performance 

The catalytic activity of each MoSx electrode deposited 
at different substrate temperatures is electrochemically 
investigated using cyclic voltammetry. Polarization and 
Tafel curves as shown in Fig. 3 were measured in the volt-
age range starting from 0.2 V to -0.3 V vs. RHE. Figure 3A 
shows the result of the voltammetric measurements. 
Interestingly, an improvement of the current density was 
noticed during first 10 min of cycling with electrodes 
deposited at RT and 100 °C. No further improvement was 
observed after longer electrochemical treatment. This 
behavior is interpreted as an activation step of the HER 
electrodes. In addition, the electrochemical behavior of 
un-activated MoSx electrodes is displayed in Fig. 3A as 
dashed lines characterized by higher overpotentials com-
pared to the activated electrodes (black and red curves in 
Fig. 3A). Tafel slopes were determined from E (V) vs. log(-
j) Tafel curves (Fig. 3B). The overpotentials (η) of the 
electrodes at current densities of -5 mAcm-2 
and -10 mAcm-2 were taken from these curves and are 
summarized in Figure 4 along with calculated values of 
the Tafel slopes after curve fitting. 

The polarization curves reveal that the overpotentials 
increase with increasing deposition temperatures. In the 
crystalline MoS2, the catalytic activity is attributed to 
atoms located at the edge of the S-Mo-S layer units. The 
activity (i.e., current density at fixed potential) is there-
fore expected to increase proportional with the number of 
active sites at these edges assuming that they are all ac-
cessible by the electrolyte. This effect can be explained 
assuming a decreasing number of sulfur defects (i.e. co-
ordinatively unsaturated bonds of Mo atoms at the edges 
of S-Mo-S slabs) with increasing substrate temperature 
during sputtering. These defects are thought to be located 
at the (hk.0) facets of the crystallites acting as catalytical-
ly active centers (see discussion below), which appear as 
white lines of the upright standing crystallites in Fig. 1E. A 
rough estimation of the edge length was done for samples 
prepared at 150 °C and 500 °C for comparison (see SI Fig-
ure S7). The total edge lengths of the samples sputtered at 
150 °C and 500 °C are 22.1 µm and 14.8 µm, respectively, in 
an area of 1.41 µm2. This means that a sample prepared at 
500°c has much fewer active sites than the sample pre-
pared at 150 °C. Meantime, from Figures S6 A and B the 
particles in films grown at temperatures above 300°C 
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exhibit enlarged basal planes as evident from the increas-
ing length l which varies from 10 nm to 23 nm for upright 
standing crystallites in the films grown at temperature in 
the range 300°C to 500°C. However, the platelet thickness 
only varies from 6 nm to 6.7 nm in this temperature 
range. This leads to an overall lowering of the total (01.0) 
facet area where the catalytic centers are located.  

 

 

 

 

 

Figure 3. (A) Polarization curves of molybdenum sulfide 
electrodes sputtered at different temperatures; (B) Tafel plots 
of the same electrodes. 

 

Figure 4. Overpotentials and Tafel slopes of MoSx sputtered 
at different substrate temperatures.  

Another reason for the increase in overpotential with 
increasing growth temperature could be the decreasing 

number of crystal imperfections and sulfur defects that 
could give rise to coordinatively unsaturated atoms (i.e. 
active centers).The best catalytic performance has been 
achieved for MoSx electrodes deposited at room tempera-
ture. The overpotential of 180 mV at a current density 
of -10 mA/cm2 for these electrodes is amongst the lowest 
ever reported for this material17, 21, 31. 

To explain the changes of the Tafel slopes, the reaction 
mechanism of the hydrogen evolution reaction has to be 
taken into account 32. The elementary surface reactions 
are: 

proton reduction according to the Volmer step: 

H
+
 + e

-
 +* → H*  eq. (1) 

with a Tafel slope b = 2.3RT/αF ≈ 120 mV, 

 

hydrogen desorption according to the Heyrovsky step: 

H
+
 + e

-
 + H* → H2 + * eq.(2) 

with b = 2.3RT/(1+α)F ≈ 40 mV, 

 

or according to the Tafel step: 

2H* → H2 + 2*   eq. (3) 

with b= 2.3RT/2F ≈ 30 mV. 

 

In these equations (1) (2) and (3), the asterisk * repre-
sents a reactive surface site ready to react with hydrogen, 
R is the ideal gas constant (8.314 JK-1mol-1), T the absolute 
temperature (in Kelvin) and α is related to the barrier 
symmetry factor, which is about 0.5 for metals.33 

Although the correlation between the Tafel slope and 
the HER mechanism was developed for metal surfaces, 
Tafel analysis can still be used to determine the rate-
limiting step during the hydrogen producing process.34 
For instance, Pt has a Tafel slope of 30 mV/decade which 
means that hydrogen evolution can be explained by the 
Volmer-Tafel mechanism in which the Tafel reaction is 
the rate-limiting step 35. In our study, MoSx samples pre-
pared at temperatures ranging from room temperature to 
300 °C have similar Tafel slopes ranging from 40 to 
60 mV/decade. It shows that electrodes prepared in this 
temperature range show similar reaction mechanisms and 
the rate limiting step cannot be the Volmer step. Howev-
er, when the sputtering temperature increases to 500 °C, 
the Tafel slope increases to 179 mV/decade, which indi-
cates, that the rate limiting step is now likely to be the 
Volmer step. As discussed above, a possible reason for 
this change could be that sulfur-dominated basal planes 
(van der Waals planes) of the hexagonal crystallites con-
tain less edge sites. More experiments are needed to find 
out the reason for the change of rate-limiting step. 

Since platinum was used as counter electrode, we con-
sidered the possibility that some Pt could have been dis-
solved in the electrolyte and was re-deposited on the 
surface of the MoSx electrode. To check this, a Pt 4f XPS 
spectrum was measured for MoSx sample after 2h of elec-
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trochemical cycling in the same potential range from 
0.2 V to -0.3 V. No traces of platinum could be found (see 
SI Fig. S8). In addition, a current-voltage curve of a bare 
FTO substrate was measured after cycling the electrode 
for half an hour under the same conditions. Also here, no 
additional signs for hydrogen evolution could be found 
(see SI Fig. S9). If Pt had been dissolved in electrolyte and 
deposited on the cathode surface, a significant increase in 
hydrogen evolution should have been observed. There-
fore, these two measurements prove that FTO itself is not 
catalytically active and that no Pt has been deposited on 
the MoSx electrodes during cycling. 

The concentration and the intrinsic activity of the ac-
tive surface sites are two crucial parameters that deter-
mine the overall performance of an electrode. In our 
study, capacitance measurements through cyclic voltam-
metry were used to measure the electrochemically active 
surface area (ECSA) and to further estimate and compare 
the number of active surface sites. First, the non-faradaic 
capacitive current of each sample prepared at a specified 
temperature was measured in the potential range from 
0.1  V to 0.31 V vs. RHE. In this potential region, no elec-
trochemical reactions are observed. Under these condi-
tions, the capacitive current is given by the total double 
layer capacitance, Cdl (in F), and the scan rate (ν):36 

 

i ∝  Cdl . ν    eq. (4). 

Since the ECSA is proportional to the double layer ca-
pacitance, its value can be estimated from Cdl measure-
ments obtained by cyclic voltammetry.37 These measure-
ments were done at different scan rates ranging from 10 
mV/s to 160 mV/s for electrodes prepared at different 
temperatures. The cyclic voltammogram of a room tem-
perature sputtered MoSx electrode is shown in Figure 5A. 
An example of the difference between anodic and cathod-
ic current density (Δj) at 0.225 V vs. RHE as a function of 
scan rate is displayed in Figure 5B for a sample deposited 
at RT. The slope of Δj vs. scan rate is equal to 2Cdl.

37 

Figure 5C shows the 2Cdl capacitance as a function of 
sputtering temperature. The ECSA is proportional to this 
value and is found to decrease with increasing sputtering 
temperature. The activated RT sputtered MoSx has a 
much higher ECSA, but the ECSA value decreases dramat-
ically as the deposition temperature increases and be-
comes relatively constant when the temperature reaches 
180 °C.  

The intrinsic catalytic activity (ICA) of an electrode is 
proportional to the current density divided by the specific 
surface area. Here, we define the ICA as the current den-
sity at -0.2 V vs. RHE divided by 2Cdl (since Cdl is propor-
tional to the ECSA). Fig. 5D shows the ICA of our MoSx 
electrodes as a function of deposition temperature. Its 
value increases sharply with deposition temperature until 
a temperature of 300°C, after which the ICA dramatically 
decreases to the smallest of all values at 500°C. We inter-
pret these results by an increasing activity of the catalytic 
centers while their concentration decreases with increas-
ing deposition temperature. At temperatures above 

300 °C the facets, where these active centers are located, 
obviously disappear leading to a sharp drop of the catalyt-
ic activity. 

 

 

Figure 5. (A) Cyclic voltammograms of amorphous MoSx 
measured at different scan rates after activation; (B) Δj plot-
ted as a function of scan rate; (C) 2Cdl plotted as function of 
sputtering temperature; (D) current density of the electrodes 
at -200 mV vs. RHE divided by 2Cdl and plotted as a function 
of sputtering temperature. 

In addition to a high activity, long term stability is an 
essential requirement for all catalysts. We tested the sta-
bility of MoSx electrodes sputtered at RT performing CV 
measurements in the potential range from 0.2 V to -0.3 V 
vs. RHE at a scan rate of 10 mV/s for ten hours while 
monitoring the overvoltage needed to produce a current 
density of -10 mAcm-2. Fig. 6 shows the result of the sta-
bility test, which is not iR corrected. In the first few 
minutes, the overpotential decreases from -0.219 V 
to -0.209 V (see Fig. 6). This improvement corresponds to 
an activation of the electrode as mentioned above. After-
wards, the overpotential increases steadily, but slowly 
with time. At the end of the test, the overpotential 
amounts to -0.255 V, which corresponds to an increase in 
overpotential of 4.6 mV/h. 

One reason for the loss in catalytic activity with time 
could be a delamination of parts of the electrode layer 
caused by H2 bubble formation which evokes a decrease 
of the catalytic activity. SI Figure S10 indeed shows thin-
ning of the MoSx layer after electrochemical cycling. Fur-
thermore, exposure of the FTO substrate to the electro-
lyte due to crack formation also can cause loss of catalytic 
performance (SI Fig. S11). 

The catalytic properties of the RT sputtered MoSx films 
are far superior to those of films prepared at higher sub-
strate temperatures. The remainder of this paper will, 
therefore, focus on the amorphous electrode, especially 
on its activation step. Its properties are further studied in 
detail by DEMS, in-situ and in-line Raman as well as by 
XPS. 
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3.3 Electrochemical activation of RT sputtered MoSx 

DEMS measurements 

Figure 7A shows the first three CV scans of a typical RT 
sputtered MoSx electrode without iR correction. The cur-
rent density of the electrode at – 0.3 V increases from 
13 mAcm-2 to 22 mAcm-2, which means that the catalytic 
activity of the electrode significantly improves during the 
first three cycles. No significant increase of the current is 
observed in subsequent cycles. 

 

Figure 6. Overpotential of an amorphous MoSx electrode, 
deposited at RT, at a current density of -10 mAcm

-2
 continu-

ously sweeping the potential between 0.2 V and -0.3 V vs. 
RHE for a period of 10 hours. 

 

 

Figure 7. (A) First three CV scans of an amorphous MoSx 
electrode deposited at RT; (B) DEMS result of amorphous 
layer. 

To further study this electrode activation, gas evolution 
at the electrode was investigated by DEMS. The result is 
shown in Figure 7B. The signals of H2

+ (mass/charge 
(m/q) = 2) and H2S

+ (m/q = 34) were monitored as a func-
tion of time while cycling the electrode between 0.2 V and 
-0.2 V vs. RHE. During the first 30 minutes, the scan rate 
was kept constant at 2 mV/s, afterwards it was changed to 
1 mV/s. The two spikes in the red curve after 1400 s and 
6500 s appear after refreshing the electrolyte. We tenta-
tively attribute their presence to a small fraction of oxy-
gen 18O (natural abundance: 0.2%) in the form of 16O-18O 
molecules (m = 34 g/mol) that are dissolved in the re-
freshed electrolyte. The electrolyte is degassed within a 
minute or so, after which the spikes disappear. In the first 
hour of measurement, the H2S

+ signal is relatively high, 
after which it gradually decreases. During the decline of 
the H2S

+ signal, the peak value of H2
+ starts to increase 

and saturates after ~4800 s at a level that is ten times 
higher than in the beginning of the measurement. The 
H2S

+ peak almost completely disappears. These results 
indicate that ´activation´ of the electrode is accompanied 
by loss of sulfur in form of H2S. The activation process 
takes longer than in the CV scans of Fig. 3 due to the ~10 
times lower current densities during the DEMS measure-
ments, which is due to the high ohmic losses in the DEMS 
cell. 

X-ray photoelectron spectroscopy XPS 

To investigate the amorphous MoSx electrode deposited 
at RT and to study in detail its chemical changes during 
electrochemical cycling X-ray photoelectron spectroscopy 
XPS was employed. The cycling consisted of repeated 
sweeps between 0.2 V and -0.3 V vs. RHE at 10 mV/s. 

Figs. 8 A and B show the XPS spectra of Mo 3d and S 2s 
of the as-prepared MoSx film before electrochemical treat-
ment. The Mo : S ratio calculated from the spectra equals 
1 : 3.97, which is in concordance with the structure of 
Mo3S13 and/or Mo3S12. The difference between these clus-
ters is a missing apical sulfur atom in the latter cluster 
(see Fig. 2C and ref. [1]). The peak positions of the Mo 
3d5/2 and 3d3/2 at 229.1 eV and 232.2 eV, respectively, are 
indicative of Mo4+. The S 2p spectrum of the as-prepared 
MoSx reveals the presence of different sulfur ligands 
bonded to molybdenum, as is known from the Mo3S13 
cluster. According to Weber et al., 38, 39 the sulfur ligands 
with a S 2p3/2 peak at 161.8 eV can be assigned to terminal 
S2

2- units and the sulfur peak at 162.9 eV to bridging sul-
fur. This result agrees well with the above discussed Ra-
man spectra (Fig. 2B, pink curve) of amorphous MoSx. In 
our measurements, a small but clear third sulfur peak was 
found at 163.1 eV. This species indicates the presence of a 
further sulfur species in amorphous MoSx layers. 

Fig. 8 C and D show the XPS spectra after 10 min of 
electrochemical cycling. The Mo : S ratio now amounts to 
1 : 1.89, indicating that a significant fraction of the sulfur 
atoms near the surface were lost during the electrochemi-
cal cycling. This is consistent with the release of sulfur in 
the form of H2S that we observed with DEMS (see Fig. 
7B). 
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Figure 8. XPS spectra of Mo 3d and S 2s: spectra (A) and (B) 
belonging to an as-prepared MoSx film; spectra (C) and (D) 
to a MoSx film after electrochemical cycling for 10 min; spec-
tra (E) and (F) related to a MoSx film after electrochemical 
cycling for 2 h. 

From the fit of S 2p signal in Figure 8D we see a signifi-
cant decrease of bridging S2

2- species and of the third 
sulfur species in the cluster units. In addition, the peak 
position of Mo4+ 3d5/2 shifts from 229.1 eV to 229.3 eV. On 
the other hand, the cyan curve with 3d5/2 peak at about 
232.5 eV in Fig. 8C indicates the presence of Mo6+ in the 
layer after electrochemical treatment. The appearance of 
Mo6+ can be explained by the oxidation of the electrode 
surface to MoO3 while being exposed to air during the 
transport from electrochemical cell to the XPS chamber. 

After two hours electrochemical cycling the Mo : S ratio 
further increases to 1 : 1.35 (Figs. 8 E and F). The Mo 3d5/2 

peak shifts to 229.5 eV, and most of the remaining sulfur 
is addressed to sulfur ligands with a binding energy of 
161.9 eV. Similar XPS results were obtained by Benck et 
al.23 and Catalongue et al. 40 using in-line XPS.  

From these results one explanation could be that the 
impression that the terminal S2

2- ligand is the most stable 
ligand in the amorphous material after two hours of 
measurement. However, the dramatic loss of exclusively 
bridging sulfur in our explanation should lead to a total 
disintegration of the [Mo3S12]

2- clusters at the catalyst-
electrolyte interface. Studying amorphous MoS3, crystal-
line MoS2 and (NH4)2Mo3S13 (ATM) by XPS, Weber et al.38 
found that the S2- atoms in hexagonal MoS2 have the same 
binding energy as terminal [S2]

2- ligands in [Mo3S13]
2- clus-

ter. Thus, we interpret our XPS results as a transfor-
mation from an amorphous polymer chain structure con-
sisting of Mo3S13 and Mo3S12 clusters to one that is com-
posed of MoS2 nano-islands. 

In-situ / in-line Raman measurements 

As proposed by Tran et al.30, the [S2]
2- ligands of the 

Mo3S13 cluster are reduced and partly lost under potential 
bias in accordance with the H2S evolution observed in our 
DEMS experiment (see Fig. 7B). Loss of terminal [S2]

2- 
groups under H2S formation also agrees with our in-situ 
/in-line Raman measurements (see Fig. 9 and Fig. S12) 
and DFT calculations (see SI Supplementary Note 1), 
where a strong affinity of protons to react with terminal 
sulfur was found. 

Figure 9. In-line Raman backscattering spectra of amorphous 
MoSx electrode before and after electrochemical cycling: as 
prepared MoSx electrode (blue curve) and MoSx after electro-
chemical cycling from -0.6 V to -2.1 V vs Pt (red curve). 

The structural transformation of amorphous MoSx to a 
MoS2 layer-type structure could be verified by Raman 
measurements in an in-situ cell. In this experiment, the 
spectrum of the sample was first measured through a 
quartz window without electrolyte (blue curve in Fig. 9). 
A different potential region (-0.6 V to -2.1V vs. Pt in a 
two-electrode system) was then chosen to accomplish a 
similar current density as obtained in CV results (see Fig. 
3A). After filling the cell with electrolyte and electro-
chemical cycling, the in-situ chamber was flushed with 
deionized water and then dried by nitrogen gas to pre-
vent oxidation. The Raman spectrum of the dried elec-
trode after electrochemical treatment (red curve in Fig. 9) 
reveals that the vibrational modes of terminal and bridg-
ing [S2]

2- have almost completely disappeared. At the 
same time, a new vibrational mode emerges at 404 cm-1 
which can be assigned to the A1g mode of the layer struc-
ture of MoS2. This result suggests a structural transfor-
mation of interlinked Mo3S12 - Mo3S13 moieties to MoS2.  

As shown above, the transformation leads to an im-
provement of the catalytic activity after 10 minutes cy-
cling of the electrode (see the improvement of current 
density in Fig. 3A and the H2

+ signal in Fig. 7). The Raman 
spectrum of the sample after being exposed to air is 
shown in Fig. S13. The broad feature with a peak position 
at ~955 cm-1 can be interpreted as a hydrogenated MoO3.

41 
This interpretation is consistent with the occurrence of 
the Mo6+ peak in Figs. 8C and E. 

In literature, Li et al. 42 also studied the activation of 
MoS3 HER catalyst after electrochemical cycling. The 
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authors came to the conclusion using high resolution 
transmission electron microscopy (HRTEM) and electron 
energy loss spectroscopy (EELS) that the material partial-
ly crystalized but their results suggest the amorphous 
MoS2 is the catalytic active phase while the crystalline 
phase rather contributes to catalyst deactivation.  

Electrochemical processes and layer transformation 

It is assumed that under electrochemical conditions the 
[S2]

2- units present in polymerized Mo3S12 and Mo3S13 clus-
ters are reduced to S2- when reacting with electrons under 
cathodic polarization. The reaction of electrons with 
protons and [S2]

2- entities will lead to the formation of 
H2S molecules. This transformation can be formulated by 
the equations: 

 

Mo3([S2])6 +12H
+
 +12e

-
  Mo3(S)6 +6H2 eq. (5) 

Mo3(S)6+4H
+
+4e

-
(Mo3([S]4[]2)+ 2H2S eq. (6) 

Symbol  stands for an empty position where the origi-
nal sulfur atom sited which has been released as H2S. A 
possible mechanism to explain the reaction of protons at 
the edges of polymerized chains of Mo3S12 and Mo3S13 
clusters under formation of H2S gas molecules is shown in 
Figure 10. The formation of MoS2 islands after sulfur loss 
is illustrated in Figure 11. Here, the MoS2 fragments that 
are formed likely include sulfur defects at the edges of 
nano-size S-Mo-S islands (see Fig. S15). The presence of 
these unsaturated Mo atoms leads to the formation of 

molybdenum hydride moieties under cathodic potential 
also proposed by Tran et al.30 

In our model, the catalytic centers in nano-sized sulfur-
defective MoS2-x islands are similar to those in larger MoS2 
particles where dangling bonds, i.e. coordinatively un-
saturated bonds, are thought to be the catalytically active 
centers. In-situ Raman spectra show that the terminal 
sulfur species are the first ones to be removed under elec-
trochemical cycling (SI Fig. S10). From this we conclude 
that [S2]

2- ligands are reduced to S2- and/or eliminated as 
H2S under turnover conditions. 

The disappearance of terminal [S2]
2- and the reduction 

of bridging [S2]
2- to two S2- is leading to coordinatively 

unsaturated Mo4+ atoms, i.e., dangling bonds at molyb-
denum atoms at the edges of S-Mo-S layers. The loss of 
sulfur at the edges under H2S release can be expressed by 
the eqs. (7) and (8): 

MoS2 + 2e
-
 + 2H

+
   →   Mo[HS]2        eq. (7), 

MoS2+ 2e
-
 + 2H

+
   →   Mo-(S-) + H2S    eq. (8).  

In Fig. 10 these reactions are displayed in three steps: in 
the first step terminal [S2]2- units (see top of Fig. 10) are 
reduced to two S2- ligands (middle part of Fig. 10). One of 
these reduced terminal sulfur atoms then immediately 
reacts with two H+ ions under formation of H2S (eq. (8)). 
It is also possible that a [HS-HS]2- unit is formed which 
reacts under reduced conditions to H2 and [S2]2-. 

 

Table 1. Peak positions of Mo 3d and S 2p XPS features and Mo - S as well as Mo6+ – Mo4+ ratios deviated from the 
measurements. 

MoSx  
electrode 

Mo
1
 

3d5/2 

(eV) 

Mo
2
 

3d5/2 

(eV) 

S 

2s 

(eV) 

Sterminal 

2p3/2 

(eV) 

Sbridging 

2p3/2 

(eV) 

Sother 

2p3/2 

(eV) 

Mo/S 

ratio 

Mo
6+

/Mo
4+

 

ratio 

As-
prepared 

229.1 232.3 227.2 161.9 163.0 163.5 1 : 3.97 

 

---------- 

after CV 
for 10min 

229.3 232.5 226.8 161.9 163.0 163.5 1 : 1.84 

 

1 : 4.56 

After CV 
for 2h 

229.5 232.7 226.1 161.9 163.0 163.5 1 : 1.37 

 

1 : 3.14 

As MoS2 fragments have been formed, the release of 
H2S stops. A possible mechanism is described in eqs. (9)-
(11): 

Mo-(S-) + e
-
 + H

+
    Mo-(S-H

*
)    eq. (9), 

Mo-(S-H
*
) + e

-
 + H

+
    Mo-(S-) + H2  eq.(10) 

2Mo-(S-H
*
)   Mo-(S-)+H2  eq.(11) 

An unsaturated molybdenum bond at the edge of a nano-
island reacts with a proton from the electrolyte and an 
electron from the cathode at the electrode/electrolyte 
interface to a Mo-H* unit (eq. (9)). In a next step, Mo-H* 

reacts with a second proton and a second electron under 
formation of an H2 gas molecule (see eq. (10)). Another 
possible path is assuming two Mo-H* units close to each  

other which can form one hydrogen molecule and leave 
two empty bonds on the surface (eq. (11)). 

This reaction mechanism is illustrated in Fig. 11 in three 
steps (a): reaction of a negatively charged unsaturated 
bond of Mo, (b) reaction with a proton und formation of 
Mo-H* and (c) reaction of Mo-H* with a further proton 
and as second electron under H2 formation or two Mo-H* 
units react together forming one H2 molecule which is 
not shown in this figure. The transformation of amor-
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phous MoSx to MoS2 is supported by results described by 
Casalongue et al.40 presenting DFT calculations which 
model the edge structure of MoS2-x. They propose that the 
edges are terminated by S monomers, which are depicted 
in our model as S2- entities adjacent to a sulfur vacancy 
(see Fig. 11). 

To summarize, during electrochemical cycling in the 
voltage range of 0.2 V to -0.3 V, the chain (Fig. 10) contin-
uously transforms under release of H2S into a MoS2 layer-
type structure (see Fig. 11). Gray areas in Fig. 10 are repre-
senting polymerized chains of Mo3S12 and Mo3S13 units, 
yellow areas the acidic electrolyte in contact with MoSx. 
At the interphase [S2]

2- units will be reduced and react 
under cathodic conditions with protons. Finally, H2S and 
H2 gas molecules will be released from the MoSx chains as 
shown in the lower part. 

 
Figure 10. Structure of a chain consisting of polymerized 
Mo3S12 and Mo3S13 moieties that are present in MoSx films 
prepared by sputtering at RT. 

Figure 11. MoS2 nano-island developed by reaction of polymer 
chains under release of H2S. At the edges of the islands H2 is 
formed in steps (see a), b) and c)) as expressed in eqs. (9) 
and (10). Also the reaction of [SO4]

2-
 ions with Mo is shown. 

The presented model is supported by the fact that the 
cathode layer reacts with oxygen quickly under formation 
of Mo6+ after exposure to an ambient atmosphere since 

the edge Mo atoms with dangling bonds would be easily 
oxidized in air rather than Mo atoms bonded to sulfur 
atoms. The Mo4+: Mo6+ ratio is given in Table 1. Assuming 
that all oxidized Mo atoms are located at the edges of S-
Mo-S units, the size of the nano-islands can be approxi-

mately estimated from the ratio of Mo
6+

/Mo
4+

. After 10-
20 minutes cycling, a cluster size of about 931 atoms (331 
Mo atoms and 600 S atoms) can be assumed. After 2h 
exposure time, catalyst with cluster sizes of 363 atoms 
(169 Mo atoms and 294 S atoms) could be present. The 
details of the calculation are given in the Supporting In-
formation, Supplementary Note 2. These considerations 
support the idea that the cluster size of the MoS2-x de-
creases during the electrochemical measurement. The 
size of the MoS2 cluster after structural transformation 
can also explain the high ECSA and the low overpotential 
of the activated MoSx. 

Conclusion 

Molybdenum sulfide layers have been deposited on 
FTO substrates by reactive magnetron sputtering using 
an Ar/H2S gas atmosphere. The sputtered layers exhibit 
an increasing degree of crystallinity with increasing sub-
strate temperature. Best performance is achieved by elec-
trodes sputtered at room temperature which are original-
ly amorphous. After electrochemical activation, they 
exhibit an overpotential of 180 mV at a current density of 
-10 mAcm-2, which is amongst the highest hydrogen evo-
lution activities ever reported for MoSx. The stability of 
the electrodes was tested for 10 h and showed an increase 
in overpotential of 4.6 mV/h. 

The structure of amorphous MoSx contains in the be-
ginning of polymerized [Mo3S12]

2- and [Mo3S13]
2- entities as 

known from crystalline (NH4)2Mo3S13. DEMS result reveals 
that the activation is accompanied by the evolution of 
H2S. Combining results from Raman and X-ray photoelec-
tron spectroscopy show that the loss of sulfur is accom-
panied by a structural transformation from the amor-
phous material to a layer-type MoS2-x structure. Thus, the 
catalytic activity is no longer exclusively determined by 
the presence of [Mo3S13]

2- clusters, but is due to the for-
mation of MoS2 nano-island exhibiting a high number of 
sulfur defects leading to coordinatively unsaturated Mo 
atoms found at the edges of S-Mo-S layers. A reaction 
mechanism is proposed in which Mo atoms with dangling 
bonds located at the edges act as the catalytically active 
sites. The proposed mechanism offers new insights that 
may help to further improve the activity and stability of 
this promising earth-abundant hydrogen evolution cata-
lyst. 
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