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Hydrogen production through photoelectrochemical 
(PEC) water-splitting process has drawn significant 
research attention because it is promising clean source of 
energy for improving earth climate in the future. 
Molybdenum disulfide (MoS2) belongs to the class of 
transition metal dichalcogenides (TMDCs) that are being 
extensively utilised as favourable electrocatalysts in PEC 
electrodes and powerful cocatalysts in photocatalysts for 
HER. It is also received significant consideration because 
of low-cost and earth-abundant catalysts that can replace 
noble metals, such as Pt. In this study, two methods were 
used for the fabrication of MoS2 using chemical vapor 
deposition (CVD) which were sulfurization of MoO3 and 
chemical solution method. Raman spectrums confirm the 
presence of the MoS2 layers on SiO2/Si. MoS2 fabricated 
using sulfurization of MoO3 produced higher photocurrent 
density for photoelectrochemical (PEC) water splitting as 
compared to the chemical solution method which were -
0.07 mA cm−2 at -0.2 V versus RHE and -0.05 mA cm-2 at -
0.2 V versus RHE, respectively. This study demonstrated 
that MoS2 is promising photocathode for PEC solar fuel 
application. 
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1.0 INTRODUCTION 
As environmental problems and energy turns more and more critical, seeking a new energy 

source that have high energy density, low-carbon and clean is crucial (Xu et al., 2016). Solar 
energy is the alternative energy to substitute for fossil fuels energy and will be a better solution 
for the serious environmental issues like global warming, climate change and CO2 emission 
(Gnanasekar et al., 2019; Rosman et al., 2018; Shah et al., 2019). Photoelectrochemical (PEC) 
water splitting using nanomaterials is one of the promising methods to produce hydrogen in a 
cheaper, simpler and sustainable condition (Joy et al., 2018). Photocatalytic and 
photoelectrochemical (PEC) water splitting with the used of semiconducting materials has been 
widely explored since the discovery of the Fujishima−Honda effect in the early 1970s (Fujishima, 
& Honda, 1972). Photoelectrochemical water splitting is a dissociation of water into oxygen and 
hydrogen using solar energy in a two electrode system; working electrode (semiconductor 
possessing either n or p type conductivity) and counter electrode (platinum (Pt)) (Choudhary et 
al., 2012).  

Platinum (Pt) is well-known as the most effective co-catalyst in hydrogen evolution reaction 
(HER) (Chang et al., 2016). It plays an important role in the HER since it can catalyse the 
transformation from a pair of protons and electrons to H2 at low overpotentials (η) and high 
reaction rates (Gao et al., 2015). Although Pt is highly efficient but it has limits for large scale 
deployment due to the high cost and elemental scarcity (McCarthy, et al., 2017). It is very crucial 
to search for nontoxic, low cost and earth-abundant catalysts with equivalent performance in HER 
to Pt (Zhou et al., 2016). In the past few years, MoS2 has been considered as a promising 
alternative candidate to Pt metals due to its low cost, visible light responsive, abundance, highly-
stable and high activity towards HER (Li et al., 2019; Wang et al., 2018). Moreover, MoS2 is a 
nonprecious HER electrocatalyst with excellent stability and activity in acidic medium. The 
experimental and computational studies determined that the atomic basal plane of MoS2 has less 
activity towards HER but the unsaturated sulfur atom at the edge sites with dangling bonds of 
MoS2 possess great catalytic activity towards HER (Kamila et al., 2017; Li et al., 2019).  Hence, 
fabricating MoS2 with morphologies that can increase catalytically active edge sites has been of 
excellent advantage (Fan et al., 2017).  

We used chemical vapor deposition (CVD) method for the MoS2 growth on SiO2/Si substrate. 
MoS2 was grown by two methods which were sulfurization of MoO3 powder and chemical solution 
method by CVD. The uniformity and morphology of the MoS2 films were confirmed with field 
emission scanning electron microscopy (FESEM) and Raman spectroscopy. The performances of 
the samples were evaluated based on photocurrent generation. 
 
 
2.0 EXPERIMENTAL PROCEDURE 
 
2.1 Chemical Solution Method 

Chemical solution method has been used prior to CVD where NH4OH solution (10 ml, 28-30 %, 
concentration Sigma Aldrich) has added to the MoO3 powder (200 mg, Sigma Aldrich) and put 
into small bottles to produce MoO3 solution at a rate of 20 mg mL-1. The solution was sonicated 
and stirred for 15 minutes, so that the solution and powder are fully mixed and dissolved. 50µml 
of MoO3 solution was dropped onto SiO2 substrate where prior to that, the substrate was treated 
with 10 minutes plasma oxygen at 3000 rpm for 1 min using spin coater. The MoO3/SiO2/Si was 
placed on a crucible in the center of the quartz tube. 50 mg of sulfur was placed in another crucible 
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and placed 16 cm from MoO3 film as shown in Figure 1. Sulfur powder was gradually heated by 
heating belt and carried by Ar (500 sccm) into the furnace. The furnace was gradually heated from 
room temperature to 800 C After keeping for 10 minutes, the furnace was naturally cooled down 
to room temperature. 

 

 
Figure 1: Schematic diagram of chemical solution method of MoS2 by CVD. 

 
2.2 Sulfurization of MoO3 Powder 

Sulfurization of MoO3 to form MoS2 on SiO2/Si substrate has been done by CVD method. Prior 
to the growth, the substrates (SiO2/Si) were cleaned by the acetone followed by ethanol and 
subsequently dried at 100 °C for 10 minutes. Two crucibles, one containing 150 mg (Sigma 
Aldrich) of sulfur powder was placed upstream relative to the gas flow direction at a position of 
16 cm from MoO3 powder. Another crucible containing 5 mg of high purity MoO3 powder (Sigma 
Aldrich, 99.50%) was placed at the center of the furnace as shown in Figure 2. 525 microns thick 
substrates with a size of 1.5 cm x 1.5 cm were placed beside the alumina boat containing MoO3 
powder. After purging the furnace with Ar for 15 minutes, the furnace was heated up to 300 °C 
with the flow of 500 sccm Ar. After that, the furnace continually heated up to 850 °C with the flow 
of 100 sccm Ar. The CVD reaction time was 10 minutes. The samples were taken out from the 
furnace after reached at room temperature. 

 

 
Figure 2: Schematic diagram of sulfurization of MoO3 by CVD. 

 
2.3 Characterization 

The as-grown MoS2 films on SiO2/Si were characterized its structural morphologies and 
intrinsic properties by a field-emission scanning electron microscope (FESEM) (Zeiss AM10) and 
Raman spectroscopy (DXR2xi, Thermo), respectively. 

 
2.4 Photoelectrochemical Measurement 

The photoelectrochemical measurement of the samples were conducted in a three-electrode 
configuration, which consists of the CVD grown of MoS2 samples as working electrode, a platinum 
as counter electrode and a saturated Ag/AgCl as reference electrode. The electrolyte was 
prepared by 0.5 M Na2SO4 aqueous solution with exposed area of 1.5 × 1.5 cm2 for water splitting 
experiment. The photocurrent density was measured under AM 1.5 (100 mW cm−2) illumination. 
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 3.0 RESULTS AND DISCUSSION 
We developed two methods which were chemical solution method (Figure 1) and sulfurization 

of MoO3 method (Figure 2) by using CVD. For Figure 1, instead of using a solid powder precursor 
of MoO3, we devised an easy and economical method for solution-processed precursor deposition. 
S precursors were controlled by the furnace and the heating belt. The sulfur gas was carried into 
the growth zone by argon gas flow. Excessive amount of S was used to ensure MoO3 precursor 
react completely. The growth time for the two methods was 10 minutes. The samples were cooled 
to room temperature after the synthesis process. In order to investigate the effect of different 
preparation method on the surface morphology of CVD grown MoS2, FESEM has been conducted 
and presented in Figure 3(a,b). It can be seen that the triangle shape of MoS2 in Figure 3 (a). The 
flake shape depends on the growth rate of MoS2 edges. From previous studies, the S-rich condition 
facilitates thermodynamically stable zigzag edges that have a slower growth rate, which 
contributes to the formation of triangular MoS2 flakes with the zigzag edges, which is a simple 
consequence of kinetic Wulff construction (KWC) theory (S. Wang et al., 2014; D. Zhou et al., 
2018). The higher the temperature facilitates the formation of thicker MoS2 flakes with island-like 
nanoparticles located at the center of flakes. Figure 3 (b) shows the rough surface MoS2 using 
chemical solution method. The MoO3 solution evenly spread on the Si/SiO2 substrate and the 
Sulfur seeded on it to form MoS2. 

Figure 3 (c) and 3 (d) display the characteristic Raman spectrum of MoS2 sulfurization of MoO3 

in comparison of chemical solution method synthesized by CVD. The presence of two dominant 
characteristic E1

2g and A1g vibrations at 377 and 404 cm-1 respectively, represent the formation 
of MoS2. The E1

2g is an in-plane mode resulting from the opposite vibration of two S atoms with 
respect to the Mo between them, while the A1g mode is attributed to the out-of-plane vibration of 
only S atoms in opposite directions (Ganatra, & Zhang, 2014). The Raman spectrum also 
demonstrates that the frequency difference between the E1

2g and A1g peak is around 21 cm-1 for 
Figure 3 (c), which is a clear signature of a few layers of MoS2. While, the frequency difference for 
Figure 3 (d) is around 25 cm-1 indicated as a bulk MoS2 as reported by Jeon et al.  (Jeon et al., 
2015). 

 

 
Figure 3: FESEM morphology images and Raman spectrum for (a), (c) sulfurization of MoO3 and 
(b), (d) chemical solution method, respectively. 
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Figure 4: Polarized LSV curve MoS2 growth by sulfurization of MoO3 and chemical solution 
method. 

 
Under simulated solar light ilumination power density of 100 mW cm-2 using Xenon lamp as a 

light source, MoS2 sample (sulfurization of MoO3) has generated higher photocurrent density of -
0.07 mA cm−2 at -0.2 V versus RHE as compared to MoS2 (chemical solution method) which was -
0.05 mA cm-2 at -0.2 V versus RHE. MoS2 for sulfurization of MoO3 gives higher photocurrent 
density about 29 % more than in MoS2 in chemical solution but the rate of photocurrent still 
remains unsatisfactory due to the few layers of MoS2 that has been produced. The fabrication of 
high quality, monolayer and direct band gap of MoS2 is important for an excellent PEC 
performance (Li et al., 2018).  

 
 
4.0 CONCLUSION 

In summary, we have utilised two synthesis methods to prepare MoS2 films on SiO2/Si 
substrates which were sulfurization of MoO3 and chemical solution method by using a CVD 
method. Photoelectrochemical performance test demonstrated that the photoelectrocatalyst 
showing the photocurrent of MoS2 of sulfurization of MoO3 method  is of -0.07 mA cm−2 at -0.2 V 
versus RHE which is higher compared to the MoS2 chemical solution method, -0.05 mA cm-2 at -
0.2 V versus RHE. This work demonstrates that sulfurization of MoO3 to produce MoS2 can be a 
promising co-catalyst for developing higher efficiency photocatalysts with potential applications 
in hydrogen generation and PEC cells. 
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