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Amorphous MoSxCly Electrocatalyst Supported by 
Vertical Graphene for Efficient Electrochemical and 
Photoelectrochemical Hydrogen Generation  

Xingwang Zhang a,b, Fei Meng a, Shun Mao c, Qi Ding a, Melinda J. Shearer a, 
Matthew S. Faber a, Junhong Chen c, Robert J. Hamers a, Song Jin a * 

We report amorphous MoSxCly as a high-performance 
electrocatalyst for both electrochemical and 
photoelectrochemical hydrogen generation. This novel 
ternary electrocatalyst is synthesized via chemical vapour 
deposition at temperatures lower than those typically used to 
grow crystalline MoS2 nanostructures and structurally 
characterized. The MoSxCly electrocatalysts exhibit stable 
and high catalytic activity toward the hydrogen evolution 
reaction, as evidenced by large cathodic current densities at 
low overpotentials and low Tafel slopes (ca. 50 mV decade−1). 
The electrocatalytic performance can be further enhanced 
through depositing MoSxCly on conducting vertical 
graphenes. Furthermore, MoSxCly can be directly deposited 
on p-type silicon photocathodes to enable efficient 
photoelectrochemical hydrogen evolution. 

Hydrogen generation through electrochemical or solar-driven 
photoelectrochemical (PEC) water electrolysis is a promising 
method to provide a clean and carbon-neutral next-generation energy 
carrier.1, 2  Platinum and other noble metals are the most active 
electrocatalysts for the hydrogen evolution reaction (HER), but their 
large scale utilization is limited by their relative scarcity and high 
cost.3 Consequently, alternative HER electrocatalysts composed of 
inexpensive, earth-abundant elements have recently been intensely          
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pursued.4-13 Among the various earth-abundant HER electrocatalysts 
that have been identified, the group VI layered transition metal 
dichalcogenides (LTMDs), best represented by MoS2, show 
promising performance and, consequently, have been intensely 
studied.14-18 However, the electrocatalytic HER performance of 
MoS2 has been limited by its low density of exposed active sites, 
poor electrical transport, and inefficient integration with its 
conductive support.15, 17 Because the catalytic activity of MoS2 
derives from its sulfur-terminated edge sites,19, 20 much effort has 
been devoted to the preparation of MoS2 nanostructures with a high 
fraction of exposed edges using various engineering strategies to 
boost its HER catalytic performance.15, 21-23 Moreover, by depositing 
MoS2 on conductive supports such as carbonaceous nanomaterials, 
its overall electrocatalytic performance can be enhanced.16, 24-30 
However, such engineering approaches are not expected to enhance 
the intrinsic catalytic activity.  Chemically or electrochemically 

Broader context 
Hydrogen generation through electrochemical or solar-driven 
photoelectrochemical (PEC) water electrolysis is a promising method 
to provide a clean and carbon-neutral energy carrier. Among the 
inexpensive, earth-abundant catalysts for hydrogen evolution reaction 
intensely pursued, the group VI layered transition metal 
dichalcogenides, best represented by MoS2, show promising 
performance.  Here we developed a new high-performance amorphous 
MoSxCly HER electrocatalyst using a low temperature chemical vapour 
deposition synthesis. Directly depositing the MoSxCly electrocatalyst 
on conducting vertical graphene further enhanced the highly 
competitive HER performance as compared to other state-of-the-art 
amorphous MoSx or exfoliated metallic MoS2 electrocatalysts, due to 
the synergistic effects of high intrinsic activity and large 
electrochemically active surface area. This MoSxCly electrocalyst can 
be simply deposited on to p-Si directly to construct an integrated 
photocathode for highly efficient solar-driven hydrogen production. 
Not only does the reported amorphous MoSxCly provide a competitive 
electrocatalyst for efficient electrocatalytic and photoelectrochemical 
hydrogen production, but also the findings open up new ideas to 
enhance existing families of electrocatalysts for renewable energy 
applications. 
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exfoliating MoS2 nanosheets and simultaneously converting the 
semiconducting 2H-MoS2 to its metallic 1T polymorph, on the other 
hand, has been shown to dramatically enhance its intrinsic activity 
toward the HER.17, 31, 32 The introduction of defects and oxygen 
dopants into crystalline MoS2 has also been shown to enhance its 
intrinsic catalytic activity, possibly due to an increased availability 
of unsaturated sulfur atoms, which serve as the active sites for 
HER.33, 34 Furthermore, various forms of amorphous MoSx 
containing domains with rough nanomorphology and high surface 
area have been synthesized to provide a high density of active sites 
for improved electrocatalytic activity.35-41 Collectively, these 
advances strongly suggest that introducing defects and dopants in 
amorphous or highly disordered electrocatalysts to modify their 
chemical and electronic structures serves as an effective strategy for 
improving HER activity. Moreover, it is still challenging to integrate 
high performance electrocatalysts with semiconductors into PEC 
systems due to materials compatibility issues and interfacial defects; 
and materials that perform well as standalone electrocatalysts might 
not necessarily lead to high performance solar-driven HER.42 In this 
regard, crystalline or amorphous MoS2 catalysts are still very 
interesting among the newly reported earth-abundant 
electrocatalysts,4-13  because they have be successfully integrated 
into PEC systems to demonstrate high performance solar-driven 
HER.43-46 

In this communication, we report amorphous MoSxCly 
synthesized through a facile low-temperature chemical vapour 
deposition (CVD) reaction as a new highly efficient HER 
electrocatalyst. CVD has traditionally been used to grow crystalline 
monolayers, multilayers, and nanoflowers of LTMDs,17, 47-49 and 
often high temperature synthesis is desired to achieve high 
crystallinity. Here, we show that by decreasing the CVD temperature 
the products transition from crystalline MoS2 nanoflakes to 
amorphous MoSxCly thin films50, 51 on graphite or MoSxCly 
heterostructures supported on vertical graphene (VG).52-54 
Comprehensive structural characterization of the products using 
scanning and transmission electron microscopy (SEM and TEM, 
respectively), Raman spectroscopy, X-ray photoelectron 
spectroscopy (XPS), and electron microprobe analysis confirmed the 
amorphous structure and chemical composition of the MoSxCly and 
MoSxCly-VG products. More importantly, the amorphous MoSxCly 
exhibits greatly improved HER electrocatalytic performance as 
compared to crystalline 2H-MoS2; moreover, coating MoSxCly on 
VG, which serves as a three-dimensional (3D) conductive scaffold 
with high surface area, further enhances the catalytic performance. 
The advantage of this simple CVD process is further demonstrated 
by a direct integration of the amorphous MoSxCly on a p-type silicon 
photocathode to enable efficient PEC hydrogen generation driven by 
solar light.  

In our facile CVD synthesis, solid molybdenum chloride (MoCl5) 
and elemental sulfur powder precursors are evaporated at 120–
150 °C and carried downstream by inert Ar gas into the hot zone of a 
horizontal tube furnace in a homebuilt CVD setup. After 12 min, 
MoS2 or MoSxCly products are deposited onto the graphite (GT) disk 

substrates or vertical graphene (VG)52 pre-grown on graphite 
substrates located downstream (see experimental details in ESI). As 
expected, the deposited products on GT or VG are compositionally 
identical; however, the VG support permits convenient structural 
characterization by serving as a microscopy substrate and providing 
spectroscopic contrast. We will focus our structural characterization 
discussions on the samples grown on VG. 

The general morphology and composition of the CVD products 
change significantly when the deposition temperature is varied. 
Samples grown at 275 °C and 435 °C, which serve as representative 
examples of low and high temperature CVD products, respectively, 
effectively illustrate this point. SEM examination of the CVD 
products grown on VG at 275 °C (Fig. 1A) or 435 °C (Fig. S2B) 
does not show significant differences from the original VG samples 
(Fig. S1), due to the hierarchical surface features of the VG itself. To 
distinguish these products, we harvested individual graphene sheets 
(as described in ESI) for TEM and scanning transmission electron 
microscopy (STEM) characterization (Fig. 1B and Fig. S2A). 
Careful examination reveals three major differences between these 
two samples. First, both STEM energy dispersive X-ray 
spectroscopy (EDS) mapping (Fig. 1C) and TEM-EDS (Fig. S3) 
clearly show that, surprisingly, the 275 °C sample contains Cl in 
addition to the expected Mo and S, while the 435 °C sample contains 
only Mo and S (Fig. S2A). Second, the fast Fourier transform (FFT) 
of the high-resolution TEM (HRTEM) image of a piece of 
crystalline graphene sheet partially covered by the deposited 
MoSxCly clearly shows that the product grown at low temperature is 
amorphous (Fig. 1D). The regions that are covered by MoSxCly 
appear to be darker in contrast in the TEM image (red dashed box in 
Fig. 1D), whereas the uncovered graphene regions are brighter in 
contrast (blue dashed box in Fig. 1D). The FFT of the uncovered 
graphene region shows diffraction spots from graphitic carbon, 
whereas the FFT of the region covered with MoSxCly displays an 
intense diffusive ring feature in addition to the graphene diffraction 
spots, which is characteristic of amorphous materials. In contrast, the 
selected-area electron diffraction (SAED) pattern of MoS2-VG 
sample (435 °C) confirms that the polycrystalline 2H-MoS2 phase is 
deposited on VG (Fig. S2A inset), which is consistent with our 
previously reported synthesis at similar conditions.17, 47 Third, the 
morphologies of low temperature and high temperature samples are 
different. Although this difference is difficult to discern using SEM 
(Fig. 1A and Fig. S2B) due to the complex texture of VG, TEM 
images show that the amorphous MoSxCly forms a thin film partially 
covering the graphene sheet  (Fig. 1B), while images of the high 
temperature sample show flower-like MoS2 with exposed edges (Fig. 
S2A). 
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Fig. 1. Electron microscopy characterization of an amorphous MoSxCly-VG 
sample grown at 275 °C. (A) A typical SEM image of the product. (B) 
STEM-EDS mapping of a piece of graphene sheet partially covered by 
MoSxCly. The orange box indicates the region where EDS elemental mapping 
(C) was performed for C, Cl, S, and Mo. (D) A high-resolution TEM image 
of a MoSxCly-VG sheet and the corresponding FFT on regions covered with 
(red box) or without (blue box) MoSxCly. 

Raman spectra of a series of samples grown at different CVD 
deposition temperatures further highlight the evolution of the 
products from crystalline to amorphous in nature (Fig. 2A). When 
the deposition temperature was above 375 °C, the products are 
clearly crystalline 2H-MoS2, which was confirmed by the Raman 
peaks observed at 386 cm−1 (in-plane E1

2g mode) and 410 cm−1 (out-
of-plane A1g mode).17, 47 When the synthesis temperature was 
decreased to or below 325 °C, the characteristic Raman peaks 
associated with 2H-MoS2 disappeared, further confirming that the 
products became amorphous, in agreement with our TEM 
characterizations. Note that for all of these samples, the 
characteristic Raman peaks for graphene (D, G and 2D bands) were 
always observed, as indicated in Fig. 2A.  

XPS further confirmed the differences in chemical composition 
between the crystalline MoS2 and amorphous MoSxCly products 
deposited at high and low temperatures, respectively. Fig. 2B shows 
the Cl 2p XPS peaks and clearly confirms that there was no Cl 
present in the 435 °C sample, while there was a significant amount 
of Cl in the 275 °C sample. The three split peaks of the Cl 2p profile 
suggest that there are two chemical states of Cl present in the sample. 
Oxygen was not observed in any of the samples. In contrast to the Cl 
region, the S 2p and Mo 3d XPS peaks from the two samples are 
relatively similar; however, the peaks from the 275 °C sample are 
shifted relative to those from the 435 °C sample, which shows S 
2p1/2 and 2p3/2 (Fig. 2C) and Mo 3d3/2 and 3d5/2 peaks (Fig. 2D) 
typical of crystalline 2H-MoS2.43 The S 2p region is split into three 
peaks, indicating that the 2p1/2 and 2p3/2 of at least two chemical 
states of S overlap. The different chemical states of S and Cl present 
in MoSxCly may indicate complex bonding environments or a 

difference in the chemical environment between the bulk and the 
surface. The S peaks for the 435 °C sample are consistent with other 
reports,21, 43 while for the 275 °C sample the peaks have shifted to 
slightly higher binding energies and the 2p1/2 and 2p3/2 peaks at 
higher binding energy are more dominant. These differences 
between the two samples can likely be attributed to differences in 
their electronic structures, as will be discussed further.  

 

Fig. 2. (A) Raman and (B−D) XPS spectra of a series of MoSxCly and MoS2 
samples synthesized on vertical graphene at different temperatures. 

In order to accurately determine the stoichiometry of the 
amorphous MoSxCly sample, we performed electron probe 
microanalysis by X-ray wavelength dispersive spectroscopy (EPMA-
WDS). Table S1 in ESI shows that, regardless of the substrate used 
during CVD synthesis, the molar Mo:S:Cl ratio of the amorphous 
MoSxCly grown at 275 °C was quite close to 1:2:1, yielding an 
approximate formula of MoS2Cl. We can preliminarily rationalize 
the different compositions of the products deposited at different 
temperatures, as the only reasonable source of Cl is the MoCl5 
precursor, as discussed in previous reports of CVD synthesis of 
amorphous MoSx.50, 51 At a higher CVD growth temperature, the Cl 
in the precursor can be completely displaced by S and the reaction 
proceeds to form crystalline MoS2 (Equation (1)): 

( ) ( ) ( ) ( )5 2 22 MoCl 9 S 2 MoS 5 SClg g s g+ = +     (1) 

At a low growth temperature (i.e., at or below 325 °C), the reaction 
kinetics slow down and the Cl atoms in MoCl5 are only partially 
replaced by S to yield amorphous MoSxCly. Specifically, at 275 °C, 
the reaction could proceed as following (Equation (2)):  

( ) ( ) ( ) ( )5 2 2MoCl 4 S MoS Cl 2 SClg g s g+ = +       (2) 

The electrocatalytic activities of various samples grown at 
different temperatures on both GT and VG toward the HER were 
evaluated using a standard rotating disk electrode (RDE) apparatus 
in a three-electrode electrochemical measurement in 0.5 M H2SO4 
continually purged with H2(g) (experimental details in ESI). The 
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polarization curves after iR correction showing the geometric current 
density (J) plotted against the applied potential vs. the reversible 
hydrogen electrode (RHE) for selected samples are displayed in Fig. 
3A (larger voltage range) and 3B (smaller voltage range). The full 
electrochemical data for all samples examined are displayed in Fig. 
S5−S9. Here, we will again use the 435 °C and 275 °C samples as 
representative examples for high temperature and low temperature 
synthesis. The crystalline 2H-MoS2-VG sample grown at 435 °C 
exhibited an onset of HER activity at approximately ‒220 mV vs. 
RHE and significant H2 evolution (Jcathodic = ‒10 mA cm−2) at about 
‒350 mV vs. RHE, consistent with a previous report.17  When the 
synthesis temperature was decreased below 325 °C, inducing a 
transition to the amorphous MoSxCly product, either on VG or GT, 
the electrocatalytic performance dramatically improved, as 
evidenced by their lower onset overpotentials (η) and better catalytic 
current densities. For example, the amorphous MoS2Cl sample 
grown at 275 °C exhibited a low onset overpotential of ‒125 mV for 
that on VG and ‒130 mV for that on graphite; moreover, it only 

required an applied overpotential of ‒160 mV for MoS2Cl-VG (and 
‒175 mV for MoS2Cl-GT) to achieve Jcathodic = ‒ 10 mA cm−2.  

The high intrinsic HER electrocatalytic activity of amorphous 
MoSxCly is further shown by its low Tafel slope. For example, the 
Tafel slope of the amorphous MoS2Cl-VG synthesized at 275 °C 
was 46 mV decade–1, in contrast to the 122 mV decade−1 for 
crystalline MoS2-VG produced at 435 °C (Fig. 3C). The Tafel slopes 
for all samples are summarized in Table S2 and plotted in Fig. 3D 
(red diamonds) against the temperature of the CVD synthesis, which 
clearly shows a crossover from high Tafel slope to low Tafel slope 
as the synthesis temperature decreases below 325 °C. We also used 
electrochemical impedance spectroscopy (EIS) to investigate the 
electrode kinetics under catalytic HER operating conditions (Fig. S8). 
The charge transfer resistance (Rct) values at the 
electrocatalyst−electrolyte interface, which were obtained by fitting 
Nyquist plots to a simplified Randles circuit (Fig. 3D inset), are 
summarized in Table S2 and also plotted against the temperature of 
the CVD synthesis in Fig. 3D (blue circles). The Rct indicates

Fig. 3. Electrochemical characterization of selected MoSxCly and MoS2 HER electrocatalysts synthesized at different temperatures. Polarization curves at (A) 
higher and (B) lower applied potentials for samples synthesized at 435, 375, 300, 275, and 250 oC on graphite (GT) or vertical graphene (VG) supports, in 
comparison with a Pt wire sample. (C) Tafel analysis of the data presented in A and B. (D) Rct (blue circles) and Tafel slopes (red diamonds) as a function of 
the CVD growth temperature of various samples grown on VG (filled symbols) and graphite (open symbols). Inset shows the Randles circuit model used to fit 
the EIS data. (E) Plots showing the extraction of the double layer capacitance (Cdl) for various MoSxCly and MoS2 samples on VG and GT. (F) Long-term 
stability measurement for a representative MoS2Cl-VG sample synthesized at 275 °C demonstrating the small change in the overpotential required to maintain 
a constant catalytic current density of 10 mA cm−2 for 48 h. 500 CV cycles were conducted before the long-term stability measurement. Inset shows the EIS 
Nyquist plots before and after test.

how facile is the kinetics of HER catalysis. It is clear that as the 
synthesis temperature decreases, the Rct dramatically decreases (for 
example, from 623 Ω cm2 for MoS2-VG synthesized at 435 °C to 2.3 
Ω cm2 for the amorphous MoS2Cl-VG synthesized at 275 °C). This 
trend is consistent with those of the Tafel slopes and the polarization 
curves. These electrochemical data, together with the structural 

characterization results, consistently show a dramatic increase in 
intrinsic electrocatalytic activity for the HER as the products 
transition from crystalline MoS2 to amorphous MoSxCly around the 
CVD synthesis temperature of 325 °C. The Rct and Tafel slopes 
observed for these samples show that the CVD growth conditions 
around 275 °C yield the optimal HER catalytic activity. At higher 
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temperatures, the samples become more crystalline with little Cl 
incorporation, as shown in Fig. 2 and S3, and are less catalytically 
active. At even lower temperatures, the vapour pressure of the 
MoCl5 and S precursors are too low, thus the CVD process becomes 
much less reliable and the catalyst loading is poorly controlled. Both 
scenarios will lead to inferior catalytic activity and/or performance. 

Moreover, the use of 3D VG as a conductive scaffold for the 
amorphous MoSxCly electrocatalyst improves its overall performance 
as compared to products on graphite. For example, Fig. 3A shows 
the cathodic current density at ‒200 mV is 75 mA cm2 for MoS2Cl-
VG (275 °C), which is much larger than the current density (28 mA 
cm2) achieved for MoS2Cl-GT (275 °C). It should be noted that 
these two samples showed similar intrinsic activity, as illustrated by 
the comparable Tafel slopes and Rct values (Fig. 3D and Table S2). 
To rationalize this enhanced electrocatalytic performance, we 
measured the double layer capacitances (Cdl) of these two electrodes 
to be 24.2 (MoS2Cl-VG) and 12.8 (MoS2Cl-GT) mF cm-2 (Fig. 3E, 
full data shown in Fig. S9 and value summarized in Table S2). Since 
Cdl is proportional to the effective electrochemically active surface 
area of the electrode−electrolyte interface,7 this significant difference 
of Cdl suggests that the excellent HER performance of the MoSxCly-
VG samples is caused by the increased effective electrochemically 
active surface area enabled by the high surface area 3D VG support. 
The conductive graphene could also enhance the charge transport 
from electrocatalysts to electrodes. Importantly, the amount of Mo in 
a MoS2Cl-VG (275 °C) sample was estimated to be ~13 μg/cm2, 
indicating the high HER performance shown here was achieved 
based on a low but effective electrocatalyst loading. This is perhaps 
consistent with the very thin MoSxCly films on graphene sheets 
observed under TEM (Fig. 1B).  

Notably, the electrocatalytic activity and overall HER 
performance of the new ternary amorphous MoSxCly electrocatalysts 
are comparable to or better than other high performance MoS2

14-18 
and amorphous MoSx HER catalysts35-40 recently reported, likely due 
to the amorphous nature and the doping of the non-metal elements in 
the electrocatalysts. The onset potential for HER activity and 
overpotential for significant H2 evolution (Jcathodic = ‒10 mA cm−2) 
for amorphous MoSx doped with metal ions were ‒150 mV and ‒175 
mV, respectively;40 and for the oxygen-doped MoS2 catalyst with a 
Tafel slope of 55 mV decade-1 were ‒120 mV and ‒180 mV, 
respectively;34 and for the chemically exfoliated 1T-MoS2 
nanosheets with a Tafel slope of 43 mV decade-1 were ‒170 mV and 
‒195 mV, respectively.17 By the criterion of the overpotential 
required to achieve Jcathodic = ‒10 mA cm−2, the MoSxCly–VG 
electrocatalyst grown at 275 °C (at an overpotential of ‒160 mV 
with a Tafel slope of 46 mV decade–1) surpasses most other MoS2 
and MoS2-related HER electrocatalysts, but is still a little inferior to 
recently reported chemically exfoliated 1T-WS2 nanosheets;55 
however, this performance is achieved with a facile CVD 
synthesized catalyst without any further treatment and/or conversion 
into a metastable phase. The amorphous MoSxCly electrocatalyst, 
which, unlike 1T-MoS2, is not a metastable phase, is very stable 
under electrochemical operating conditions. The stability of the 

MoS2Cl-VG sample grown at 275 °C was assessed by a constant 
current measurement (Fig. 3F). Over the duration of 48 h, the 
cathodic overpotential required to maintain a Jcathodic = ‒10 mA cm−2 
increased by only about 22 mV. Moreover, the XPS spectra of the 
catalysts after the HER experiments (Fig. S12) showed little change 
from the fresh sample (Fig. 2B), specifically the Cl species remained 
after the electrocatalysis tests.  

To understand why the amorphous MoSxCly electrocatalyst have 
better catalytic properties, we have further carried out ultraviolet 
photoelectron spectroscopy (UPS) experiments on the amorphous 
MoS2Cl sample (grown at 275 °C), the crystalline MoS2 nanoflakes 
(grown at 435 °C), and a MoS2 single crystal (commercial product). 
As shown in Table 1 and Figure S13, the valence band edge 
positions relative to the Fermi level (set to 0 eV) as well as the work 
functions of the new ternary MoSxCly electrocatalyst are quite 
different from those of the crystalline MoS2. Clearly, the addition of 
Cl modifies the electronic structure of molybdenum sulfide, possibly 
due to the alloying of the non-metal element Cl into the new ternary 
MoSxCly and/or the introduction of defect states within the band gap. 
It is generally understood that the electronic structure of catalysts 
can affect HER catalytic activity, as it will affect the Gibbs free 
energy for hydrogen adsorption on the catalyst and the reaction 
mechanism of the catalytic cycles. In fact, based on the very small 
Tafel slope of 46 mV decade–1, the HER mechanism for amorphous 
MoSxCly should be much closer to the Tafel reaction,4 in contrast to 
the Volmer reaction for crystalline MoS2 suggested by its Tafel slope 
of 122 mV decade−1. These have been generally observed in the 
enhanced HER catalytic activity of MoS2 with modified electronic 
structures,17 or in MoS2 doped and modified with oxygen atoms,34 
and discussed in a recent review.4 Chlorine atoms might also affect 
the local coordination environment, as shown by the XPS spectra 
(Fig. 2C), and thus the interaction between sulfur and hydrogen 
during HER. Moreover, the amorphous structures generally present 
more disorder and active sites for catalysis.35-41 The addition of Cl to 
amorphous MoSx would make it more disordered to form more 
active sites for HER, as confirmed by the observed larger double 
layer capacitance (Cdl) as shown in Fig. 3E, i.e. the effective 
electrochemically active surface area, as compared with crystalline 
MoS2. The exact structural details of such atomic environments are 
quite complex, as implied by the XPS spectra (Fig. 2), and would be 
very difficult to elucidate due to the amorphous nature, but it can be 
intriguing scientific question for future work.  

Table 1. Comparison of electronic structures of different 
molybdenum sulphide samples determined by UPS.  

Sample valence band 
edge relative to 
Fermi level 

work function 

amorphous MoS2Cl 1.1 eV 5.2 eV 
crystalline MoS2 nanoflakes 1.2 eV 4.4 eV 
single crystal MoS2 1.3 eV 4.8 eV 
 

An important advantage of this new MoSxCly electrocatalyst is 
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that it can be directly and conveniently integrated with a 
semiconducting light absorber to enable PEC hydrogen generation. 
The development of an integrated photocathode for PEC HER is 
partially limited by the sub-optimal interface between the 
electrocatalyst and the light absorber, as well as synthetic difficulties 
in controlling the morphology and coverage of the catalyst.42 We can 
use the same low temperature CVD to deposit an amorphous 
MoSxCly thin film directly onto a semiconductor surface to form a 
high-quality interface with low interfacial strain. As a proof of 
concept, we directly grew MoS2Cl on semiconducting p-Si (B doped, 
1−2.5 Ω cm resistivity, (100) orientation) using the same CVD 
conditions at 275 °C. A three-electrode configuration was then used 
to measure the photocurrent density-potential (J−E) data in 0.5 M 
H2SO4 under simulated 1 sun irradiation (100 mW/cm2) (see 
experimental details in ESI). Fig. 4A schematically illustrates the 
basic structure and operation mechanism of amorphous MoSxCly on 
p-Si for solar-driven HER. The cross-sectional SEM image (Fig. 4B) 
shows a 15−20 nm thick thin film of MoS2Cl coating the Si surface 
(compositions confirmed in Fig. S11 and Table S1). As shown in the 
J−E curves in Fig. 4C, the onset of photocurrent shifted dramatically 
from −0.14 V vs. RHE for the bare Si photocathode to +0.27 V vs. 
RHE for the amorphous MoS2Cl/Si heterostructure, and the cathodic 
current density achieved at 0 V vs. RHE increased from 0 to as high 
as 20.6 mA/cm2, which is comparable to Pt on a p-Si photocathode 
measured under similar conditions.56 Fig. 4C also shows that the 
amorphous MoS2Cl/p-Si heterostructure grown at 275 °C not only 
displayed significantly enhanced PEC performance compared to the 
crystalline 2H-MoS2/p-Si heterostructure grown at a higher 
temperature (475 °C),43 but also showed a higher current density at 0 
V vs. RHE than the chemically-exfoliated 1T-MoS2/p-Si 
photocathode previously reported,43 demonstrating excellent PEC 
HER performance without the need for chemical exfoliation of the 
MoS2 electrocatalyst. Compared with other examples of amorphous 
MoSx deposited on n+p-Si45 and Cu2O,46 the amorphous MoS2Cl 
utilized here could be directly grown on Si via CVD to form a high-
quality interface, which in combination with the high catalytic 
activity of MoS2Cl, leads to better PEC performance.  

 

Fig. 4. (A) Illustration of the basic structure and mechanism of amorphous 
MoSxCly on p-Si for solar-driven HER. (B) Cross-sectional SEM image of 
amorphous MoSxCly on p-Si substrate. (C) J−E curve of amorphous 
MoSxCly/p-Si photocathode measured under simulated 1 sun irradiation in 0.5 
M H2SO4 in comparison with 1T-MoS2/p-Si, 2H-MoS2/p-Si and bare Si 
photocathodes. The green and blue curves are reproduced from ref. 43. 

In conclusion, we have developed a new high-performance 
amorphous MoSxCly HER electrocatalyst that can be readily 
synthesized using a low temperature CVD process. Directly 
depositing the MoSxCly electrocatalyst on graphite or vertical 
graphene enabled highly competitive HER performance as compared 
to other state-of-the-art amorphous MoSx or exfoliated metallic 
MoS2 electrocatalysts, due to the synergistic effects of a high 
intrinsic activity of this new catalyst and a large electrochemically 
active surface area. This MoSxCly electrocalyst can be simply 
deposited on to p-Si directly to construct an integrated photocathode 
for highly efficient solar-driven H2 production. Similarly, the simple 
and mild synthesis conditions used here could enable the facile 
integration of amorphous MoSxCly electrocalyst with other 
semiconductor photoelectrodes.42 The reported amorphous ternary 
MoSxCly compound can serve as a competitive electrocatalyst for 
efficient electrocatalytic and PEC hydrogen production and open up 
new ideas for enhancing existing families of electrocatalysts by 
alloying non-metal elements to modify their properties for renewable 
energy applications.   
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I. Experimental Section  
1. Chemicals and Materials 

Sulfur powder (99.5%), MoCl5 (95%), and other chemicals were purchased from 

Sigma-Aldrich and used without further purification. Graphite rods (6.0 mm diameter) were 

purchased from Ultra Carbon Corp. with Ultra “F” Purity.  

2. Preparation of Graphite Disk Electrode Supports 

The graphite rods were cut into thin disks (6 mm diameter; ~0.4 mm thick) with a 

geometric area of 0.2826 cm2, which were polished to a near-mirror finish using abrasive 

cloths. They were sonicated subsequently in 18 MΩ deionized water for 10 min and dried in 

an oven at 120 °C for 20 min before usage.  

3. Synthesis of Vertical Graphene 

The vertical graphene on graphite disks was synthesized following a procedure previously 

reported[S1] using a dc plasma-enhanced chemical vapor deposition system (PECVD). In a 

typical procedure, Ar and CH4 flows were introduced into the reactor with two separate flows: 

a dry Ar flow (0.9 lpm) and a wet Ar/CH4 flow through a water bubbler flask (Ar: 0.1 lpm, 

CH4: 0.1 lpm).  The plasma reactor was designed with a tungsten pin cathode (-3.5 kV) 

pointing toward the graphite disc (grounded) with a distance of 0.8-1.0 cm. Prior to the 

growth, the graphite disc was brought to 700 °C and held at that temperature for 10 minutes 

in an Ar/H2 flow (0.5 lpm, 10% H2). Throughout the deposition process, the reactor pressure 

was maintained at one atmosphere (101,325 Pa) and the reactor temperature was at 700 ºC. 

The discharge duration (i.e., growth time) was 10 minutes.  

4. Synthesis of Crystalline MoS2 and Amorphous MoSxCly on VG or GT 

The MoS2 and MoSxCly grown on VG or GT were synthesized using a chemical vapor 

deposition (CVD) method modified from the synthesis we previously developed.[S2,3] In a 
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typical reaction, a quartz tube (1 inch I.D.) was first treated with a Zerostat gun for 2 min to 

remove the electrostatically absorbed water on the wall. It was then connected to Ar gas inlets 

and a vacuum pump, and placed in a tube furnace (Thermal Fisher, Linderberg Blue). 

Graphite disks or graphite disks covered with VG were placed inside parallel to the tube at 

the center of the furnace. Two alumina boats containing 25 mg MoCl5 and 0.5 g sulfur 

powder, respectively, were placed side by side near the entrance of the tube furnace with the 

MoCl5 boat sitting at more upstream position just outside the heating zone and the boat of 

sulfur sitting just inside the furnace. The MoCl5 must be weighed in a glove box and rapidly 

sealed into the tube reactor to avoid hydrolysis in the air. The tube was first evacuated to a 

base pressure of 10 mTorr and flushed three times with Ar. Then the reaction zone was heated 

to 175–435 °C under an Ar flow of 125 sccm at 780 Torr, then both boats were moved into 

the heating zone to initiate the reaction, where the MoCl5 boat was at about 120 °C and sulfur 

at about 150 °C. After reaction for 12 minutes, the temperature was brought down to 100 °C 

while maintaining the Ar flow at 125 sccm for another 10 min to remove the possible residual 

sulfur on the growth substrates. Finally the tube was cooled naturally to room temperature.  

MoSxCly on p-Si was also synthesized under the same conditions as above. Si wafers with 

resistivity of 1-2.5 Ω-cm (p-type, B doped, (100) orientation, prime grade, 525 µm thickness, 

100 mm diameter, native silicon oxide) were obtained from Silicon Inc. The Si wafers were 

cut into 7×7 mm pieces for photocathode fabrication and MoSxCly growth. Si substrates were 

first etched with aqueous buffered HF solution (Buffer HF Improved, Transene Inc.) for 30 s 

to remove the native oxide layer and subsequently rinsed with deionized water and dried with 

a stream of N2, and then placed at the center of the tube furnace before the reactor was 

immediately evacuated. 

5. Structural Characterization 

Scanning electron microscopy (SEM) was performed using a LEO SUPRA 55 VP 
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field-emission scanning electron microscope operated at 5 kV. To prepare the specimen for 

transmission electron microscope (TEM) and scanning transmission electron microscopy 

(STEM) imaging, the as-grown substrates were immersed in 2 mL of ethanol and sonicated 

for 1 min. The resulting suspension was drop casted onto a piece of TEM grid (Ted Pella, 

lacey carbon type-A support film, 300-mesh, copper, #01890-F). TEM and STEM-EDS 

mapping were carried out on a FEI Titan scanning transmission electron microscope at an 

accelerating voltage of 200 kV. The Raman spectra of the samples were collected with an 

Aramis Confocal Raman Microscope using a 532 nm laser source and CCD detector with a 

1800 l/mm grating and a 100 μm aperture. The spatial resolution was about 1 μm. Inductively 

coupled plasma atomic emission spectroscopy (ICP-AES) was measured on Optima 2000 DV 

(PerkinElmer Inc.) to estimate the loading density of MoSxCly on VG. X-ray photoelectron 

spectroscopy (XPS) was taken on a custom-built XPS system (Phi Electronics, Eden Prairie, 

MN) that included a model 10-610 Al Kα x-ray source (1486.6 eV photon energy) and a 

model 10-420 toroidal monochromator. A model 10-360 hemispherical analyzer with a 

16-channel detector array was used, which under effective operating conditions had an 

analyzer resolution of 0.4 eV. Electrons were collected at an emission angle of 45° from the 

surface normal of the sample. High resolution data was collected for Mo3d, S2p, and Cl2p. 

All X-ray photoelectron spectra are shifted so that the adventitious carbon C1s peak is at 

284.8 eV to make sure the data across samples are aligned and that the samples are not 

experiencing differential charging effects that may convolute the data. Because the Mo and S 

peaks are overlapped in the EDS spectra, the stoichiometry of the MoSxCly sample grown at 

275 °C was determined with Electron Probe Micro-Analysis by X-ray Wavelength Dispersive 

Spectroscopy (EPMA-WDS) using Cameca SX51 with Probe for Windows software, 

operated at 15 kV.  Ultraviolet photoelectron spectroscopy (UPS) was conducted with a 

custom-built system (Phi Electronics Inc., Eden Prairie, MN), complete with a model 10-360 
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hemispherical analyzer and a UV light source of a He I discharge lamp (21.2 eV photon 

energy).  Electrons were collected at a 0° take-off angle from the surface normal with 

analyzer resolution of 0.09 eV.  The location of the Fermi level was determined using 

platinum by setting the valence band maximum of platinum to zero.  All data reported 

contains a Fermi level that has been set to 0 eV. 

6. Electrochemical Characterization 

Electrochemical measurements were performed using a rotating disk electrode (BASi, 

RDE-2) in a three-electrode electrochemical cell using a Bio-Logic SP-200 potentiostat. All 

measurements were performed in 25 mL of 0.5 M H2SO4(aq) electrolyte (pH = 0.16) 

prepared using 18 MΩ deionized water and constantly purged with H2 gas (99.999%), with 

graphite disks covered with MoS2, MoSxCly, MoS2-VG, or MoSxCly-VG as the working 

electrode, a graphite rod as a counter electrode, and a saturated calomel (SCE) reference 

electrode.   

To allow potentials to be referenced against the reversible hydrogen electrode (RHE), the 

SCE was calibrated against the reversible hydrogen potential using platinum wire (Kurt J. 

Lesker, 99.99%; 0.50 mm diameter) as both the working and counter electrodes after each 

measurement. Linear sweep or cyclic voltammograms of samples were measured from +0.25 

V to −0.45 V vs. RHE at a scan rate of 3 mV s−1 in both the forward and reverse directions 

while rotating the working electrode at 2000 RPM. Electrochemical impedance spectroscopy 

(EIS) was performed in potentiostatic mode at −0.5 V vs. SCE, applying a sinusoidal voltage 

with an amplitude of 10 mV and scanning frequency from 200 kHz to 50 mHz. The main arc 

in each EIS spectrum was modeled using a simplified Randles equivalent circuit shown 

below, which consists of a resistor (Rs) in series with a parallel arrangement of a resistor (Rct) 

and a constant phase element (CPE), with the fitting parameters obtained through application 

of the Levenberg-Marquardt minimization procedure. 
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Rs   

CPE 

Rct   

In order to accurately represent the catalytic activity of various samples, it is necessary 

correct the measurements of current density (J) vs. applied voltage (E) for all ohmic losses 

throughout the system, which include the wiring, substrate, catalyst material, and solution 

resistances. Together, these resistances constitute the series resistance (Rs) of the 

measurement, which can be obtained from an EIS Nyquist plot as the first intercept of the 

main arc (corresponding to the electrode–electrolyte interface) with the real axis. Then, for 

each measured value of current, the potential loss can be calculated using Rs and Ohm’s Law 

and subtracted from the raw data to give the iR-corrected data.  

Cyclic voltammograms taken with various scan rates (4, 8, 16, 32, 64, 128 mV/s) were 

collected in the region of 0.1‒0.2 V vs. RHE for various samples and were used to estimate 

the double-layer capacitance (Cdl).  

7. Photoelectrochemical Characterization  

The photoelectrochemical characteristics of MoSxCly/p-Si photocathodes were measured in 

a three-electrode configuration under simulated 1 sun irradiation (100 mW/cm2) supplied by 

1 kW Xe short arc lamp solar simulator (Newport Corp., Model 91191; AM1.5G filter) using 

a Bio-Logic SP-200 potentiostat. The light intensity was calibrated with a Si photodiode 

(Thorlabs) to generate a photocurrent equal to that at 100 mW/cm2 light intensity. All 

measurements were performed in 0.5 M sulfuric acid electrolyte, using a graphite rod 

(National Carbon Co., AGKSP Spectroscopic Electrode) as the counter electrode and 

Ag/AgCl/1 M KCl (BASi) as the reference electrode, which was calibrated against the 
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reversible hydrogen electrode (RHE) in hydrogen saturated electrolyte with a platinum wire 

(Kurt J. Lesker, 99.99%; 0.50 mm diameter) as the working electrode. The electrolyte was 

rapidly stirred to minimize mass transport limitations and remove accumulated hydrogen gas 

bubbles on the electrode surface, and constantly purged with research-grade H2 gas (99.999%) 

to maintain a constant Nernst potential for H+/H2 redox couple. The current density versus 

potential (J–E) data were measured with a scan rate of 10 mV/s, and were not corrected for 

any uncompensated resistance losses or any other extrinsic losses.  

II. SEM Images of the Original Vertical Graphene Sample 

 

Figure S1. Typical SEM images of the original vertical graphene samples on graphite disks. 

III. STEM-EDS Analysis of MoS2-VG Samples at 435 °C 

 
 
Figure S2. (A) STEM-EDS mapping of MoS2-VG samples at 435 °C showing the absence of 
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Cl element and the crystallinity of the MoS2 deposited. Lower right inset shows a typical 

SAED pattern of crystalline 2H-MoS2. The orange box indicates the region where the EDS 

elemental mapping shown on the right was performed. (B) A typical SEM image of 

MoS2-VG samples at 435 °C.  

 

IV. EDAX Spectra of the MoSxCly-VG Sample Grown at 275 °C and MoS2-VG at 435 °C 

 
Figure S3. EDAX spectra of the MoSxCly-VG sample grown at 275 °C shown in Figure 1 and 

the MoS2-VG sample grown at 435 °C shown in Figure S2.  

V.  SEM Images of the MoSxCly-GT Sample at 275 °C and the MoS2-GT Sample at 

435 °C 
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Figure S4. SEM images of the MoSxCly-GT sample grown at 275 °C (A) and the MoS2-GT 

sample grown at 435 °C (B). The major features seen in the images come from the rough 

graphite disk substrates. 

VI. Summary of Electrochemical Performance for All Samples 

 

Figure S5. Polarization curves all samples synthesized from 435 °C to 175 °C onto either 

vertical graphene (VG) or graphite (GT) substrates. Figure 3A in the main text displays the 

data for selective samples for clarity. 
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Figure S6. Polarization curves in the potential range of 0 V to – 0.25 V vs. RHE for all 

samples synthesized from 435 °C to 175 °C onto either vertical graphene (VG) or graphite 

(GT) substrates. Figure 3B in the main text displays the data for selective samples for clarity. 

 
Figure S7. Tafel analysis of the data for all samples presented in Figure S5 and S6. 
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Figure S8. EIS Nyquist plots collected under catalytic HER operating conditions at −0.5 V vs. 

SCE for samples synthesized from 435 °C to 175 °C onto both vertical graphene (VG) or 

graphite (GT) substrates.  
 

 

Figure S9. Plots showing the extraction of the double layer capacitance (Cdl) for all samples 
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synthesized from 435 °C to 175 °C onto both vertical graphene (VG) or graphite (GT) 

substrates.  

VII. CV of the MoS2Cl-VG Sample Grown at 275 °C 

 

Figure S10. An example of the CV scans for the MoS2Cl-VG sample grown at 275 °C to 

allow the construction of the plots shown in Figure S9 to obtain the double layer capacitance. 

 

VIII. EDS Spectrum of the MoS2Cl/p-Si Heterostructure Grown at 275 °C 

 

Figure S11. EDS spectrum of the MoS2Cl/p-Si heterostructure grown at 275 °C. 
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IX. Elemental Compositions of MoSxCly Samples Grown at 275 °C Determined by 

EPMA-WDS  

Table S1. Composition analysis of MoSxCly samples grown at 275 °C on various substrates 
determined by EPMA-WDS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

   sample mass ratio 
(%) 

molar ratio 
(%) 

relative molar ratio  

               Mo 49.8 0.519    1 

MoSxCly-VG     S 33.7   1.051    2.02 

               Cl 16.5   0.465    0.90 

               Mo 48.6   0.507    1 

MoSxCly-GT     S 31.5   0.982    1.94 

               Cl 19.8   0.558    1.10 

               Mo 48.6   0.507    1 

MoSxCly/p-Si    S 33   1.029    2.03 

               Cl 18.4   0.519    1.02 

               Mo      1 

Average         S      1.998 

               Cl      1.008 
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X. Summary of Electrochemical Data for All Samples  

Table S2. Summary of the electrochemical properties for all samples synthesized different 
temperatures onto both vertical graphene (VG) and graphite (GT) substrates. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

sample Tafel slope  
(mV decade−1) 

Rct 
(Ω cm2) 

     Cdl  
   (mF cm-2) 

435 VG 122 623     7.2 

375 VG 64 9.1     5.4 

375 GT   67 8.4     3.1 

325 VG 50 2.4 21.1 

325 GT   51 3.1     18.6 

300 VG   50 2.4     27.7 

300 GT   57 3.3     16.8 

275 VG 46 2.3     24.2 

275 GT 50 3.8     12.8 

250 VG 54 2.1     35.1 

250 GT 52 3.6     14.7 

225 VG   50 3.8     12.7 

225 GT   48 4.1     17.2 

175 VG   54 4.1     24.9 

175 GT   65 7.5     16.9 

Pt wire   30  -      - 
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XI. XPS Analysis of the MoSxCly or MoS2 Samples after the Electrochemical Tests 

 

Figure S12. XPS spectra of the MoS2Cl (275 °C) and MoS2 (435 °C) samples after the HER 

tests for (A) Cl 2p, (B) S 2p, and (C) Mo 3d peaks, showing that there is little change, 

specifically the Cl peak remained after the HER test. Note that the new S peaks around 168 

eV in panel B come from sulfate species from the H2SO4 electrolyte used during the HER 

test.  
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XII. UPS results of MoS2 single crystal, amorphous MoS2Cl (275 °C) and crystalline 

MoS2 nanoflakes (435 °C) 

 

Figure S13. UPS spectra of different molybdenum sulfides. (A) Overall UP spectra and (B) 

zoom-in of the low binding energy edge of the UP spectra showing the valence band maxima 

with respect to the Fermi level for an MoS2 single crystal, amorphous MoS2Cl (275 °C) and 

crystalline MoS2 nanoflakes (435 °C).  
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