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 ABSTRACT 

Molybdenum disulfide (MoS2) is an earth-abundant and low-cost hydrogen 

evolving electrocatalyst with the potential to replace traditional noble metal

catalysts. The catalytic activity can be significantly enhanced after modification

due to higher conductivity and enriched active sites. However, the underlying

mechanism of the influence of the resistance of electrode material and contact

resistance on the hydrogen evolution reaction (HER) process is unclear. Herein,

we present a systematic study to understand the relationship between HER

performance and electrode conductivity, which is bi-tuned through the electric 

field and photoelectrical effect. It was found that the onset overpotential 

consistently decreased with the increase of electrode conductivity. In addition,

the reduction of the contact resistance resulted in a quicker electrochemical

reaction process than enhancing the conductivity of the MoS2 nanosheet. An 

onset overpotential of 89 mV was achieved under 60 mW/cm2 sunlight illumination 

(0.6 sun) and a simultaneous gate voltage of 3 V. These physical strategies can 

also be applied to other catalysts, and offer new directions to improve HER

catalytic performance of semiconductor materials. 

 
 

1 Introduction 

Hydrogen is a renewable and clean energy carrier 

which has attracted significant attention as a way to 

meet the increasing global energy demand and curb 

environmental pollution [1, 2]. Water, which consists 

of only hydrogen and oxygen, is an ideal source of 

hydrogen. Generating hydrogen through water splitting 

offers a non-polluting and cost-efficient route for the 

scalable production of hydrogen fuel. In this process, 

it is necessary to employ an economical and efficient 

catalyst [3, 4]. It is well known that Pt-group precious 
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metals have excellent hydrogen evolution reaction 

(HER) performance, as they have an ultralow onset 

overpotential and facilitate fast reaction kinetics [5–7]. 

Nevertheless, the high cost of these catalysts limits 

their large-scale application [8]. In view of this limitation, 

the development of high-efficiency, high-stability, and 

earth-abundant electrocatalysts is urgently needed.  

Molybdenum disulfide (MoS2), one of the transition 

metal dichalcogenides (TMDs), has gained increasing 

interest for its unique crystal structure, optical,   

and electronic properties in recent years [9–14]. In 

addition, many experimental and theoretical studies 

have demonstrated that MoS2 has an adequate Gibbs 

free energy of adsorbed atomic hydrogen, which   

is necessary for electrochemical water splitting [15]. 

However, poor conductivity and active sites only 

located at the edges of the material limit the HER 

performance of MoS2. To achieve higher activity of 

MoS2-based catalysts, great effort has been devoted 

to increasing the number of active sites or controlling 

the electron transport [16–21]. Recent studies have 

shown that the catalytic activity of MoS2 could be 

improved by mechanically induced phase transfor-

mation from the stable 2H to the metastable 1T phase, 

accompanied by enhanced conductivity [22–25]. 

It is well known that both the field effect and 

photoelectrical effect can improve the conductivity of 

MoS2 and other semiconductors by tuning the energy 

band and generating photo electrons, respectively  

[9, 11, 26]. The field effect can decrease the contact 

resistance and improve the conductivity of electrode 

material, while the photoelectric effect only improves 

the conductivity. Thus, attempts were made to under-

stand the influence of contact and sheet resistances 

on the HER performance with MoS2 as the catalyst. In 

this work, the electric field and photoelectrical effect 

were both tuned in fabricated electrocatalytic devices 

with individual MoS2 nanosheets as the catalysts. We 

demonstrate that the onset overpotential constantly 

decreases with increasing electrode conductivity. In 

addition, a faster electrochemical reaction process was 

achieved by reducing the contact resistance. Finally, 

an overpotential of 89 mV was achieved at a current 

density of 10 mA/cm2 under 60 mW/cm2 sunlight 

illumination (0.6 sun) and a simultaneous gate voltage 

of 3 V. 

2 Results and discussion 

Figures 1(a) and 1(b) show the schematic and optical 

image of individual MoS2 nanosheet-based HER device, 

respectively. The device integrates an electrochemical 

three-electrode system including a MoS2 nanosheet 

(working electrode), a platinum wire (counter electrode) 

and a saturated calomel electrode (reference electrode). 

The fabrication procedure is schematically illustrated 

in Fig. S1 in the Electronic Supplementary Material 

(ESM). In this device, the MoS2 nanosheets were 

obtained through a scotch-tape-based mechanical 

exfoliation method. The exfoliated MoS2 consisted of 

a single-crystal structure, as shown in Fig. S2 in 

 
Figure 1 (a) Schematic of the individual MoS2 nanosheet-based 
photo-electrochemical HER device with an incorporated micros-
copic electrochemical cell. 0.5 M H2SO4 was used as the electrolyte. 
In the device, the heavily doped silicon wafer (brown) was used 
as the back gate and a 300 nm thick SiO2 layer (purple) was 
applied as the gate dielectric. This device enabled easy control of 
different back-gate voltages and illumination with a solar simulator. 
(b) Optical image of the individual MoS2 nanosheet-based HER 
device assembled with counter and reference electrodes. (c) Optical 
micrograph of a typical MoS2 nanosheet with two gold electrodes. 
(d) The height line profile drawn across the individual MoS2 
nanosheet and gold electrodes along white lines 1 and 2 in Fig. 1(c). 
(e) The optical image of the individual MoS2 nanosheet device. 
The gold electrodes are protected by a PMMA-based insulating layer 
and a rectangular window is opened (inset image) between the 
gold electrodes to expose the MoS2 nanosheet to the electrolyte.  
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the ESM. Then, MoS2 nanosheets were selectively 

transferred to the Si/SiO2 wafer. Two metal electrodes 

were then deposited on the individual MoS2 nanosheet 

by using electron beam lithography (EBL) followed 

by Cr/Au (5 nm/65 nm) evaporation and a lift-off 

process (Fig. 1(c)). The thickness of the MoS2 and 

Cr/Au electrode was measured using an atomic force 

microscope along the white lines 1 and 2, as shown  

in Fig. 1(c). The height line profiles drawn across  

the MoS2 nanosheet and the Cr/Au electrode showed 

thicknesses of ~70 and 9 nm, respectively (Fig. 1(d)). 

Subsequently, the Cr/Au electrodes were protected 

by a polymethyl methacrylate (PMMA) layer and   

a window was left to expose the MoS2 nanosheet   

(Fig. 1(e)). In this way, the electrochemical and electrical 

signal of the MoS2 nanosheet was not influenced by the 

Cr/Au electrodes or the PMMA layer. The conductivity 

but the PMMA layer was shown to be much smaller 

than that of MoS2 (Fig. S3 in the ESM). Thus, the actual 

signal of MoS2 nanosheet can be obtained by this way. 

Finally, the exposed MoS2 nanosheets were immersed 

in the electrolyte (0.5 M H2SO4), and integrated with 

a platinum wire and a saturated calomel electrode to 

form a three-electrode electrochemical system. 

Based on the assembled individual nanosheet 

electrochemical device, the polarization curves of  

the blank sample, Au, MoS2 nanosheet, and Pt were 

measured (Fig. 2(a)). There was only a small amount 

of HER activity observed for the blank sample, in 

which the Au electrodes were insulated by the PMMA 

layer and not in contact with any MoS2 nanosheets 

(Fig. S4 in the ESM). The onset overpotential of    

Au was determined to be ~523 mV, which will not 

influence the onset overpotential of MoS2 (379 mV). 

An excellent onset overpotential of 20 mV was achieved 

for Pt at a current density of 10 mA/cm2 and the Tafel 

slope was found to be 40 mV/dec, which is consistent 

with results from conventional three-electrode systems 

[27]. Raman spectroscopy was used to investigate the 

influence of electrocatalytic processes, and the spectra 

can be seen in Fig. 2(b) [28–30]. No obvious Raman 

band shift occurred after the electrocatalytic test, 

which indicates that the structure of the MoS2 was 

not changed. The influence of the heat from sunlight 

illumination was also investigated. The device    

was illuminated under a solar cell simulator with an 

irradiation intensity of 60 mW/cm2 for over 3 min, 

and then the solar cell was turned off to test the 

polarization curve of MoS2. It was found that the 

polarization curves of the MoS2 nanosheets were 

similar for illuminated and non-illuminated samples 

after 185 s of simulated sunlight (Fig. 2(c)). This 

indicates that the temperature of the surface of the 

MoS2 nanosheets does not change significantly with 

sunlight illumination.  

The sunlight illumination and back-gate voltage 

were adjusted to tune the electrocatalytic performance 

of the individual MoS2 nanosheet, in an attempt to 

understand the relationship between the conductivity 

of catalyst, contact resistance, and the electrocatalytic 

performance. It was found that the onset overpotential 

of the MoS2 nanosheet decreases consistently from 379, 

362, 276 to 259 mV by applying back-gate voltages of 

0, 1, 2, and 3 V, respectively (Fig. 3(a) and Fig. S5(b) in 

the ESM). Interestingly, a large change of overpotentials 

is observed when MoS2 nanosheets are exposed to 

the 60 mW/cm2 sunlight illumination. The onset 

overpotential of the MoS2 nanosheet changes to 254, 208, 

and 169 mV with sunlight illumination at back-gate 

voltages of 1, 2, and 3 V, respectively (Fig. 3(a) and  

 
Figure 2 (a) Polarization curves of the individual MoS2 nanosheet, Au, blank sample, and Pt. (b) The Raman spectra of the individual
MoS2 nanosheet before and after the photo-electrochemical test. (c) Polarization curves of the individual MoS2 nanosheet before and
after 185 s of sunlight illumination. 
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Figure 3 (a) Polarization curves and (b) corresponding Tafel 
plot of the individual MoS2 nanosheet under gate voltages of 
0–3 V and with/without irradiation at an intensity of 60 mW/cm2. 
(c) and (d) Nyquist plot and plot of corresponding (e) high 
frequency time constant (τ1) and (f) low frequency time constant 
(τ2) of the individual MoS2 nanosheet under gate voltages of 0–3 V 
and with/without irradiation at an intensity of 60 mW/cm2. 

Fig. S5(b) in the ESM). Similar trends are also observed 

in the Tafel plots, which were continuously optimized 

with increasing back-gate voltage and under sunlight 

illumination (Fig. 3(b) and Fig. S5(c) in the ESM). In 

addition, to determine the significance of the measured 

variations, we measured three other samples and 

obtained their onset overpotentials (Table S1 in the 

ESM). Coincident with increasing back-gate voltage 

and sunlight illumination, the onset overpotential of 

all the samples decreased dramatically (Fig. S5(a) in  

the ESM). The lowest onset overpotential of the four 

samples tested was 89 mV (at 10 mA/cm2; Table S1). 

To investigate the mechanism of the effect of back-gate 

voltage and sunlight illumination on overpotential, 

electrochemical impedance spectra of the individual 

MoS2 nanosheet was measured. The Nyquist plots 

are shown in Figs. 3(c) and 3(d). The Nyquist plots 

indicate a two-time constant model as two linked 

semicircles appear on the complex plane without a 

diffusion control step. The impedance spectra with 

different back-gate voltages and sunlight illumination 

was fitted to a modified Armstrong’s equivalent circuit 

(Fig. S6(a) in the ESM). The plots of charge transfer 

resistance (Rct) and electro-desorption/recombination 

reaction resistance (Rp) are shown in Figs. S6(b) and 

S6(c) in the ESM. The Rct decreases continuously from 

3.66 to 2.16 MΩ with increasing back-gate voltage 

from 0 to 3 V and further drops from 2.36 to 1.54 MΩ 

with 60 mW/cm2 sunlight illumination. This drop 

indicates accelerated reactions kinetics, which is further 

demonstrated by the variety of Rp. Both the high   

(τ1) and low frequency time constants (τ2) decreased 

dramatically by adding a back-gate voltage and 

sunlight illumination (Figs. 3(e) and 3(f)). It was 

demonstrated that a much faster charge transfer 

process [31, 32], as well as the electro-desorption and/or 

recombination reactions, occurred while the MoS2 

nanosheet was tuned by back-gate voltage or under 

the sunlight illumination, which may benefit from the 

enhanced conductivity.  

To further explain the results described above, the 

I–V characteristic measurement was performed on 

the MoS2 nanosheets without electrolyte at different 

gate voltages and lighting intensities, as shown in 

Fig. 4(a) and its inset image. The potential window 

ranged from −0.5 to 0.5 V. The channel conductivity 

of the individual MoS2 nanosheets increased from 3.48 

to 24.02 S/m when increasing the back-gate voltage 

from 0 to 3 V. In addition, the conductance increased 

to 26.07, 37.82, and 49.22 S/m upon illumination with 

sunlight and applying varying the back-gate voltages 

between 1 and 3 V (Fig. S7 in the ESM). The electric 

field can reduce the contact resistance between the 

2H MoS2 nanosheet and the substrate, facilitating 

electron injection from the electrode to the active sites 

[33]. When sunlight illumination was applied to the 

9 nm thick nanosheet, most of the photons can     

be absorbed by the MoS2 layers and then photo 

electrons were generated [34]. These charge carriers 

migrate to the top layer by interlayer transport and 

are coupled to absorbed hydronium (H3O+) in the 

HER. Thus, both of these strategies have the potential 

to enhance electron transfer kinetics and accelerate 

the electrocatalytic production of hydrogen.  

To investigate the influence of contact resistance 
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and sheet resistance on the catalytic process, the 

catalysis was measured at a gate voltage between 3 

and 1 V combined with sunlight illumination, which 

resulted in similar electrode conductivities of 24.02 

and 26.07 S/m, respectively. In thermodynamic system, 

the electrodes showed similar onset overpotentials  

of 259 and 254 mV. For the kinetics, the Tafel slope of 

the 3 V gate voltage was lower than the 1 V gate voltage 

combined with sunlight illumination. The comparison 

of τ1 and Rct (Fig. 3(e) and Fig. S6(b) in the ESM) 

supports our view that the 3 V gate voltage results in 

a faster electrochemical reaction by facilitating a faster 

charge transfer process. In other words, it is more 

effective to reduce the contact resistance with back-gate 

voltage than to enhance the MoS2 sheet conductivity 

with sunlight illumination for increased reaction 

kinetics. 

The chronoamperometry of the MoS2 nanosheet was 

measured at a constant applied potential of −0.66 V vs. 

reversible hydrogen electrode (RHE) under various 

gate voltages between 0 and 3 V and with/without 

irradiation intensity of 60 mW/cm2. It was found 

that the current density rised initially, and then 

remains relatively constant (Fig. 4(b)). Thus, both the 

illumination and back-gate voltage can improve the 

electrocatalysis performance by improving the con-

ductivity of the MoS2 nanosheet. The fluctuation at 

the beginning of the measurement does not influence 

the accuracy of the experimental results and shows 

that achieving a stable catalytic state requires a process 

for catalysts [35, 36]. To better understand the effect of 

sunlight illumination on the MoS2 nanosheet, physical 

characterization was performed at a 5 mV voltage by 

applying two-second pulses of 60 mW/cm2 sunlight 

illumination. Typical photoswitching behavior can be 

observed in Fig. 4(c) which demonstrates the excellent 

photosensitivity of the pristine MoS2 thin films. 

Chronoamperometry measurement of the individual 

MoS2 nanosheet was also performed to explore the 

correlation between electrochemical properties and 

sunlight illumination in a three-electrode configuration. 

The activity of the electrocatalyst had a strong and 

rapid response to illumination with sunlight (Fig. 4(d)). 

The catalytic current almost immediately increased by 

50% or more and recovered to its original state when 

the solar simulator was turned off.  

 

Figure 4 (a) The I–V curves of an individual MoS2 nanosheet 
under gate voltages of 0 to 3 V and with/without irradiation at an 
intensity of 60 mW/cm2. The inset image is the I–V curves of the 
individual MoS2 nanosheet with irradiation intensities of 0, 30, 
and 60 mW/cm2. (b) Chronoamperometry measurements of the 
MoS2 nanosheet at a constant applied potential of −0.66 V vs. 
RHE under gate voltages of 0 to 3 V and with/without irradiation 
at an intensity of 60 mW/cm2. (c) Sunlight illumination dependent 
chronoamperometry measurement of the MoS2 nanosheet at a 
5 mV voltage in the presence of electrolyte. Two-second pulses 
of sunlight illumination were applied at 10 and 60 s, which are 
highlighted with a red background. (d) Electrochemical potential 
dependent chronoamperometry measurement of the MoS2 nanosheet 
at an overpotential of −0.66 V vs. RHE. Ten-second pulses of 
sunlight illumination were applied at 10, 30, 50, and 70 s, which 
are highlighted with red background. 

The system fabricated in this study is used for 

electrocatalytic hydrogen production, with a 60 mW/cm2 

sunlight illumination applied to tune the electro-

chemical properties of MoS2. Different from general 

photocatalysis, in which there are both light-harvesting 

materials as catalysts and active materials as cocatalysts, 

the thin flake of the MoS2 serves as the active material 

and simultaneously generates electron–hole pairs via 

sunlight illumination in the electrochemical three- 

electrode system [34].  

3 Conclusions 

We have designed and fabricated a photo-electrochemical 

HER device based on individual MoS2 nanosheet. 

Back-gate voltage and sunlight illumination were 

applied simultaneously to tune the catalytic perfor-

mance of the MoS2 nanosheets. With increasing gate  
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voltage from 0 to 3 V, the onset overpotential dropped 

from 379 to 259 mV and further to 169 mV when 

illuminated at an intensity of 60 mW/cm2. The electrode 

conductivity was also continuously enhanced in this 

process. The Rct decreased from 3.66 to 1.54 MΩ and 

the τ1 dropped from 1.6 to 0.5 ms, which demonstrated 

an accelerating charge transfer process. By comparing 

the catalytic performance and conductivity at different 

gate voltages and sunlight illuminations, we demons-

trated that facilitating electron injection from the 

electrode to the active sites can achieve faster charge 

transfer kinetics and hydrogen evolution rate than 

generating photo electrons in MoS2 layers. This 

purely physical strategy to utilize electric field and 

photoelectrical effects simultaneously may lead to 

more environmentally friendly hydrogen production 

and provide a new direction for other important 

industrial reactions. 

4 Experimental 

4.1 Fabrication of the individual MoS2 nanosheet 

photo-electrochemical device  

A suitable-sized silicon substrate (with a 300 nm 

thick insulation layer) was ultrasonically cleaned and 

patterned outer electrodes (Cr/Au, 5 nm/50 nm) were 

formed by ultraviolet lithography and physical vapor 

deposition. Then, the MoS2 nanosheets were obtained 

through a scotch-tape-based mechanical exfoliation 

method and were selectively transferred to the Si/SiO2 

wafer. Two metal inner electrodes were deposited on 

the MoS2 nanosheets by using EBL followed by Cr/Au 

(5 nm/65 nm) evaporation and a lift-off process. Finally, 

spin-coating was performed to deposit a PMMA layer 

to protect the Cr/Au electrodes and a window was 

left to expose the MoS2 nanosheet. 

4.2 Material and device characterization 

A Renishaw INVIA micro-Raman spectroscopy system 

was utilized to obtain the Raman spectra. XRD 

(Bruker D8 Advanced X-ray diffractometer with Cu-Kα 

radiation) was used to characterize the structural 

phases of the bulk MoS2 sample. EBL was performed 

using a JEOL-7100F microscope and the atomic force 

microscopy image was obtained by scanning probe 

microscopy (Bruker MultiMode VIII). The electro-

chemical performances of the prepared devices were 

tested using an autolab 302N, probe station (Lake 

Shore, TTPX) and a semiconductor device analyzer 

(Agilent B1500A). 

4.3 Electronic conductivity and electrochemical 

measurements 

Both a probe station and semiconductor device 

analyzer were used to measure the electrical transport 

characteristics of the individual MoS2 nanosheets. A 

three-electrode configuration was set up to measure 

the catalytic performance of the individual MoS2 

nanosheet-based photo-electrochemical HER device. 

In this configuration, the individual MoS2 nanosheets 

served as the working electrode. A platinum wire 

electrode served as the counter electrode and a 

saturated calomel electrode was the reference electrode. 

The 0.5 M H2SO4 solution was used as the electrolyte. 

The polarization curve of the HER was obtained at  

a scan rate of 5 mV/s and electrochemical potential 

dependent chronoamperometry measurements were 

performed at a constant applied potential of −0.66 V 

vs. RHE using a solar simulator (Newport 94023A). 

All the electrochemical measurements were carried 

out using an autolab combined probe station, solar 

simulator, and semiconductor device analyzer. 
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