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Abstract
Developing excellent electrocatalysts is a significant step in accelerating the widespread implementation of the electrochemi-
cal hydrogen evolution reaction (HER).  MoS2 is one of the promising alternatives to platinum-based catalysts, while its HER 
activity is far from Pt due to the lack of active sites. It is urgent to develop a novel strategy to activate the basal planes of 
 MoS2 for enhancing the HER activity. Herein, a facile hydrothermal method with a low-temperature  H2O2 etching method 
is developed to fabricate  MoS2 with O-doped and S-vacancy dual defects. The dual defects  MoS2 nanosheet demonstrates 
remarkable hydrogen evolution reaction (HER) activity, achieving 10 mA  cm−2 with a small overpotential of around 143 mV 
in 0.5 M  H2SO4.
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Introduction

Developing clean hydrogen is significant to achieving the 
target of carbon neutrality. Electrocatalytic hydrogen evolu-
tion has garnered significant interest due to its potential to 
be fueled by green energy sources [1, 2]. However, practi-
cal implementation of the method is currently hindered by 
the lack of affordable, efficient, and stable catalysts [3–5]. 
So, it is imperative to manufacture highly active non-noble 
metal electrodes through material innovation. Electrocata-
lysts that are abundant on Earth, such as transition metal 
alloys [6, 7], chalcogenides, nitrides [8], and phosphides [9], 
are thoroughly studied and intensively developed for HER. 
Among them, a lot of attention has been put into 2D transi-
tion metal dichalcogenide (2D TMD), especially to molyb-
denum disulfide  (MoS2), which exhibits optimized hydrogen 
adsorption energy (ΔGH*). Limited active sites still restrict 

the HER activity of  MoS2-based electrocatalysts, despite 
considerable work being dedicated to this field.

In-depth studies demonstrate that only the edge sites and 
coordinate unsaturated atoms are active areas. However, the 
catalytic capacity of basal planes is poor [10–12]. There-
fore, increasing the active site density of electrocatalysts is 
a unique way to strengthen the  MoS2 HER performance, 
which includes maximizing exposure of edge sites and 
activating basal planes. Recently, a lot of studies have been 
committed to expose more edge sites such as nanostructure 
engineering [13–16], and phase engineering [17–20]. How-
ever, due to the basal planes constituting the majority of 
the bulk material, making use of them is essential to the 
development of  MoS2. Heteroatom doping has been con-
sidered to be an excellent route to expose the basal plane 
owing to dopants with varying electronegative properties 
that will change the electronic structure of  MoS2 [13, 16, 
17]. Among these dopants, O-doping has been proved not 
only to provide abundant unsaturated sulfur atom sites for 
active sites [18] but also to improve the conductivity, thus 
boosting the HER activity of  MoS2 [19]. However, how 
to prepare  MoS2 with controlled O contents is still a huge 
challenge. Furthermore, modulating S-vacancies into  MoS2 
has been recognized as an effective method for active inert 
basal planes [12, 21–27]. Many efforts have been made to 
introduce S-vacancies into the basal planes, such as plasma 
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etching [24],  H2 reduction [25], and electrochemical reduc-
tion [23, 26]. These approaches are tool-dependent, expen-
sive, or operationally dangerous. More recently, wet chemi-
cal etching such as NaClO [27],  NH4F [18], and  H2O2 [22] 
etching has been developed for the formation of S-vacancies. 
In particular, a mild  H2O2 etching method is used to intro-
duce evenly distributed S-vacancies into  MoS2, which exhib-
its outstanding HER activity. However, because of the strong 
binding energy of Mo-S, controlling the rate of S-vacancy 
formation remains a challenge. It is well known that the 
 S2− in defective-rich  MoS2 is easier to leach compared to 
complete  MoS2. Therefore, it is reasonable to deduce that 
the  MoS2 with O doped is easier to generate S-vacancies via 
 H2O2 etching and will also present outstanding HER activity.

Herein, we demonstrate a novel strategy to construct 
dual-defect  MoS2 via a facile hydrothermal method and mild 
 H2O2 etching process. The results show that O-doping not 
only increases the density of active sites but also facilitates 
the addition of S-vacancies. Owing to the combined contri-
bution of O-doping and S-vacancies, a distinct enhancement 
of the dual-defect  MoS2 is achieved compared to pristine 
 MoS2, as well as high stability in an acid medium. The study 
may offer a promising way to realize the potential of inert 
basal planes of  MoS2 electrocatalysts to achieve high HER 
activity.

Experimental Section

Chemicals and Materials

Analytical-grade reagents including ammonium molybdate 
tetrahydrate ((NH4)6Mo7O24·4H2O), thiourea, KOH, and 
 H2O2 (≈ 30 wt %) were procured from Aladdin Industrial 
Corporation and Shushi, respectively. The carbon paper (CP) 
used in the experiment, with a thickness of 0.21 mm, was 
supplied by HESEN Company. No further purification of 
these reagents was deemed necessary for the study.

Preparation of  MoS2 O‑MoS2 and O‑MoS2‑x

To synthesize oxygen-doped  MoS2 nanosheets on carbon 
paper, a one-step hydrothermal method was employed. 
Briefly, a uniform solution was prepared by mixing 7 mM 
 (NH4)6Mo7O24·4H2O and 250 mM thiourea in 20 mL of 
deionized water. The solution was then transferred into a 
Teflon-lined autoclave along with a cleaned CP substrate 
(1 cm × 2 cm) for  MoS2 growth, which was heated at 200 °C 
for 18  h. Following this, the resulting product, named 
O-MoS2, was washed with water under sonication and dried 
in a vacuum oven at 60 °C for 12 h.

To introduce S-vacancies and O-doping in the O-MoS2 
nanosheets, a chemical etching method was applied. In this 

process, the as-prepared O-MoS2/CP was immersed in an 
 H2O2 solution with a concentration of 3 M at 0 °C for 20 s, 
followed by rinsing in deionized water. The resulting sam-
ple was denoted as O-MoS2-x. For comparative purposes, 
samples treated with different concentrations of  H2O2 (1 M, 
3 M, 5 M, 10 M) under identical conditions were prepared 
and named O-MoS2-x-1, O-MoS2-x-2, O-MoS2-x-3, and 
O-MoS2-x-4. Additionally, a sample without O-doping and 
S-vacancies was synthesized using thermal treatment at 
350 °C under a sulfur atmosphere for 2 h, referred to as 
 MoS2.

Characterization

To characterize the obtained samples, X-ray diffraction 
(XRD) tests were performed on an Ultima (Japan) powder 
diffraction system at a scan rate of 5°  min−1. The morpholo-
gies of the samples were examined using a field-emission 
scanning electron microscope (FE-SEM) NANO SEM430, 
while Raman spectroscopies were conducted using a Ren-
ishaw inVia. Furthermore, high-resolution transmission 
electron microscopy (HRTEM) images were obtained using 
a JEM-2100. The XPS survey spectrum was measured on 
Thermo Fisher Scientific ESCALAB Xi+.

Electrochemical Measurements

All electrochemical experiments were conducted using 
an electrochemical workstation (CHI760E) and a stand-
ard three-electrode system, with O-MoS2-x serving as the 
working electrode, platinum plate as the counter electrode, 
and silver chloride electrode as the reference electrode. All 
potentials were calibrated to a reversible hydrogen electrode 
(RHE). For the linear sweep voltammetry (LSV) measure-
ments used to evaluate overall water splitting, a scan rate 
of 5 mV  s−1 was employed. Long-term potential cycling 
was assessed through continuous cyclic voltammetry (CV) 
at a scanning rate of 50 mV  s−1 for 1000 cycles, within a 
potential range of −0.2 to −0.5 V (vs RHE). The  Cdl values 
of the electrodes in the double-layer region (excluding Fara-
day processes) were calculated using CV at different scan-
ning rates (10–50 mV  s−1). Furthermore, Nyquist plots were 
obtained at a potential of −0.1 V (vs RHE) over a frequency 
range of 100 kHz to 0.1 Hz for impedance analyses.

Results and Discussion

Scheme 1 illustrates the procedure for forming  MoS2 with 
oxygen-doping and S-vacancies. Firstly, oxygen-doped 
 MoS2 nanosheets were synthesized on the surface of CP 
through a relatively low-temperature hydrothermal method. 
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Subsequently, the obtained O-MoS2/CP was immersed in 
 H2O2 for 20 s. The reaction between  S2− and  H2O2 leads to 
the successful generation of S-vacancies.

The FE-SEM was used to discuss the microscopic mor-
phology of O-MoS2/CP and O-MoS2-x/CP (Fig. 1a, b). The 
upright orientation and homogeneous dispersion of O-MoS2/
CP on the carbon fiber surface are visible; such a hierar-
chical structure provides a larger reaction area. Meanwhile, 
the increase of catalyst reaction area can often alleviate the 
hysteresis of electrolyte conduction caused by confining in 
mesoporous, which accelerates the HER reaction between 
the O-MoS2-x surface and electrolyte [28, 29]. The magnified 
SEM image reveals that the nanosheets are about 22 nm in 
thickness, which exposes a larger portion of the catalyti-
cally active sites, and thus conducive to a higher rate of 
charge transfer [30]. For the obtained O-MoS2-x/CP, the 
density of the nanosheets is slightly reduced compared to 
pristine samples, as shown in the inset Fig. 1b, which is 
demonstrated more vividly in the locally magnified image 
in Fig. 1b. Furthermore, the SEM image indicates a slight 
decrease in the average thickness of  MoS2. It shows that 
the morphology of  MoS2 remains unchanged after the reac-
tion with  H2O2, indicating that the etching occurs only on 
the surface of the nanosheets. The microstructure changes 
after  H2O2 etching are further investigated by TEM. The 
nanosheets of O-MoS2-x/CP were peeled off from the CP by 
the sonication method. As shown in Fig. 1c, noticeable lines 
and ripples can be noted, suggesting the ultra-thinness of the 
samples, which is in line with the findings (Fig. S1) for the 
original O-MoS2/CP. Enlarged TEM and HRTEM images 
show that the vertical nanosheets have only 10–15 layers of 
 MoS2, providing a shorter charge transfer path and expos-
ing a greater fraction of the catalytically active sites, which 
enhances the reaction kinetics [31, 32]. As shown in Fig. 1d, 
the spacing of interlayer distance is 0.64 nm for O-MoS2-x/
CP, which corresponds to the (002) phase of  MoS2. Notably, 
the distance for O-MoS2-x/CP is smaller than that of 0.67 nm 
for O-MoS2/CP (Fig. 1e), mainly owing to the formation of 
S-vacancies. The decrease in interlayer distance, driven by 
S-vacancies, can be attributed to the significant reconstruc-
tion of Mo atoms within the  MoS2 bilayer. Specifically, the 
undercoordinated Mo atoms tend to form bonds with the 
nearest S atom, resulting in the lattice contraction [33, 34].

Interestingly, the interlayer distance is larger than the 
 MoS2 as reported before, which could contribute to the 
incorporation of O, and the expanded interlayer distance is 
favorable for catalytic performance. Meanwhile, the STEM 
images and corresponding EDS mappings indicate that Mo, 
S, and O are uniformly distributed throughout the  MoS2 
nanosheet, which suggests successful and uniform O-doping 
in  MoS2.

The X-ray diffraction (XRD) was initially used to con-
firm the crystal structures of O-MoS2/CP and O-MoS2-x/
CP (Fig. 2a). The diffraction peaks at 13.9, 33.4, and 59.1°, 
respectively, align with the (002), (100), and (110) planes 
of  MoS2 (PDF#75–1539). Specifically, the significant peak 
in the low-angle area (17.8°) is also observed, which is due 
to the lattice expansion caused by the doping of O. Further-
more, it can be seen from the XRD pattern that the slight 
 H2O2 etching does not cause the crystal phase change of 
O-MoS2.

Additionally, Raman spectroscopy was used to analyze 
the structures of  MoS2 and O-MoS2-x (Fig. 2b). Notably, 
the  E2g and  A1g modes of Mo-S bonds give rise to the main 
peaks at 378 and 409  cm−1, respectively. Furthermore, the 
presence of the  B2g and  B1g vibrational modes in the Raman 
spectra, recorded at 282 and 336  cm−1, indicates the forma-
tion of Mo–O bonds and O-Mo3, respectively, demonstrating 
the existence of O in the as-prepared samples. The decrease 
in the characteristic peak of  MoS2 and increase in Mo–O 
bonds observed upon comparing the patterns of  MoS2 and 
O-MoS2-x indicate that the doping of O not only increases 
the density of active sites but also promotes the addition 
of S-vacancies. After  H2O2 etching, the peaks of Mo–O 
(282  cm−1) and  OMo3 (336  cm−1) were further enhanced, 
while the peaks of Mo-S (378 and 404  cm−1) were weak-
ened, indicating that  H2O2 etching increases the content of O 
element and S-vacancies of O-MoS2. These results support 
the conclusion that O-MoS2-x has been synthesized with the 
inclusion of O-doping and S-vacancies.

To determine the elemental composition and bonding 
configuration in the synthesized sample, the XPS survey 
spectrum (Fig. 3) was taken on the O-MoS2 and O-MoS2-x 
nanosheets to study the chemical states of the elements 
on the surface of the samples. Figure 3a is the total XPS 
spectrum, from which it can be seen that the content of O 

Scheme 1  Schematic repre-
sentation of the preparation of 
O-MoS2-x
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is greatly increased after  H2O2 etching, suggesting the suc-
cess of O-doping. In the high-resolution Mo 3d XPS spec-
trum in Fig. 3b, two major peaks are distinctly observed 
at 229.3 and 232.4 eV, which can be assigned to the Mo 
3d 5/2 and Mo 3d 3/2 in O-MoS2-x, whereas the signal at 
226.3 eV is attributed to the S 2 s electrons. The decon-
volution of S 2p peaks (Fig. 2d) gives rise to 161.8 and 
163.2 eV, which is attributed to S 2p3/2 and S 2p5/2. After 
 H2O2 etching, the core peaks of S 2p and Mo 3d show 
0.2 eV shifts towards higher binding energies, which are 
related to S-vacancies [35]. Additionally, the S–O peaks at 
168.9 were observed in the S 2p spectra. Combined with 
Fig. 3a, c (O 1 s), it is proved that O-MoS2 is successfully 
doped with O. The above results further demonstrate that 
the O-doping and S-vacancy-modified O-MOS2-x are suc-
cessfully obtained by  H2O2 etching, which corresponds to 
the Raman spectra.

To assess the electrocatalytic properties,  MoS2 samples 
with different defects were subjected to LSV (0.5 M  H2SO4). 

The HER performance of O-MoS2 is greatly optimized 
after the incorporation of oxygen atoms and further forma-
tion of S-vacancies. O-MoS2-x exhibits significantly lower 
overpotential required (10 mA  cm−2). Figure 4b shows the 
overpotential of all samples to reach different current densi-
ties. O-MoS2-x demonstrates a much better electrocatalytic 
performance than O-MoS2 and  MoS2, as evidenced by the 
significantly lower overpotential of approximately 143 mV 
required at 10 mA  cm−2. When reaching 50 mA  cm−2, the 
O-MoS2-x requires only 202 mV, which is also lower than 
O-MoS2 and  MoS2.

The Tafel slope can give more insight into the kinetic 
mechanism of the HER process. Generally, the process of 
HER can be divided into two steps. Firstly, the electrochem-
ical adsorption of hydrogen,  (H3O+ +  e− →  Had +  H2O), is 
named the Volmer step. Subsequently, the electrochemi-
cal hydrogen desorption step exhibits two different ways: 
Heyrovsky step  (H3O+ +  Had +  e− →  H2 +  H2O) or Tafel 
step  (Had +  Had →  H2). The Tafel slopes depicted in Fig. 4c 

Fig. 1  Structural, morphol-
ogy, and elemental analysis of 
O-MoS2/CP and O-MoS2-x/CP. 
SEM for a O-MoS2/CP and b 
O-MoS2-x/CP. The insets show 
the low-resolution SEM images 
of the samples. c TEM and d 
HRTEM image for O-MoS2-x/
CP. e HRTEM for O-MoS2/CP. 
f EDS mapping for O-MoS2-x/
CP
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Fig. 2  a XRD; b Raman spectra of the synthesized  MoS2, O-MoS2, and O-MoS2-x electrocatalysts

Fig. 3  XPS spectra of O-MoS2 and O-MoS2-x. a Survey spectra, b high-resolution Mo 3d XPS spectrum, c high-resolution O 1 s XPS spectrum, 
and (d) high-resolution S 2p XPS spectrum
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are greater than 30 mV  dec−1, indicating that all the cata-
lysts underwent the Volmer-Heyrovsky mechanism dur-
ing the HER process. Meanwhile, the high Tafel slope 
recorded for pure  MoS2 at 97.7 mV  dec−1 indicates that 
the rate-limiting step is the Volmer step; in other words, 
the hydroxonium molecule is difficult to dissociate on the 
 MoS2 surface. Instead, the Tafel slope decreased after 
the incorporation of O, which is calculated to be about 
75.3 mV  dec−1, suggesting a shift in the rate-limiting step 
of the HER process on O-MoS2, moving from the Volmer 
step to the Heyrovsky step. An implication of this is the 
possibility that the adsorption of  H3O+ is activated through 
the synergy between  Moδ+…O and  Sδ−…H, due to the 
incorporation of O [19]. The formation of S-vacancies 
in O-MoS2-x results in a slightly smaller Tafel slope of 
60.1 mV  dec−1, indicating a similar HER mechanism but 
accelerated kinetics compared to O-MoS2.

The HER kinetics and charge conduction properties 
can be studied through the utilization of Electrochemical 
Impedance Spectroscopy (EIS) measurements (Fig. 4d). 
The results clearly show that O-MoS2-x enables an impor-
tant reduction of resistance, promoting a faster reaction 
rate. The above results elucidate that the incorporation of 

O and the addition of S-vacancies significantly accelerate 
reaction kinetics.

Cyclic voltammetry (CV) is conducted within a range 
devoid of any faradic reaction, as illustrated in Fig. S4. 
The calculated  Cdl from CV curves shown in Fig. 4e shows 
that the incorporation of O and S-vacancies in the sample 
resulted in a slight increase in the capacitance value to 
107.9 mF  cm−2, compared to the sample lacking S-vacan-
cies (101.7 mF  cm2), while almost 4 times higher than 
the pristine  MoS2 (27.5 mF  cm−2). It can be deduced that 
the doping of O into the samples facilitates the transfer 
of more charge, within the synergy of S-vacancies that 
enhances active sites even further. In conclusion, the co-
promotion of incorporated O and S-vacancies can acceler-
ate reaction kinetics and promote charge transfer, thereby 
significantly enhancing HER performance.

Furthermore, long-term stability is a significant param-
eter for O-MoS2-x performance, which is evaluated by the 
LSV test after continuous CV cycles. Exceptionally, as 
shown in Fig. 4f, at a sweep rate of 50 mV  s−1 (−0.2 ~ 0.1 V 
and RHE), the polarization curves exhibit a slight decrease 
in their values after the first and 1000th CV cycles, fur-
ther stably indicating excellent stability performance. The 

Fig. 4  a LSV curves of  MoS2, O-MoS2, and O-MoS2-x. b Overpotentials at 10  mA   cm−2 and 50  mA   cm−2. c Corresponding Tafel plots. d 
Nyquist plots. e ECSA. f LSV plots after stability
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O-MoS2-x catalyst exhibits outstanding activity as well 
as remarkable stability, as revealed in the experimental 
findings.

To acquire a deeper comprehension of the impact of 
S-vacancies on the HER process, samples with varying den-
sities of S-vacancies are prepared by modifying the concen-
tration of  H2O2 or the treatment time. Firstly, the samples 
treated with various concentrations of  H2O2 were examined 
using SEM and XRD techniques (Fig. S1) to ascertain their 
morphology and structural characteristics. It was observed 
that the treated samples exhibited minimal deviation from 
the original O-MoS2, thereby indirectly indicating that etch-
ing with an appropriate amount of  H2O2 does not signifi-
cantly alter the internal structure of the samples. Figure 5 
illustrates the HER performance of the samples that were 
treated using various concentrations of  H2O2. It can be seen 
that the sample treated with 3 M (O-MoS1-x-2) presents 
the best HER activity, which exhibits a volcano trend with 
the increment of  H2O2 concentration, the concentration of 
S-vacancies. In Fig. 5b, as expected, the sample O-MoS1-x-2 
exhibits the lowest Tafel slope. Within the increase of  H2O2 
concentrations, the Tafel slopes exhibit an “inverted vol-
canic” trend, indicating that a suitable concentration of 
S-vacancies effectively accelerates HER kinetics. However, 
excessively high S-vacancies can actually inhibit the reaction 
kinetically, which is probably due to the over-strong H bind-
ing caused by excessive S-vacancies. In addition to the reac-
tion kinetics, the concentration of S-vacancies also affects 
the amounts of active sites. Figure 5c presents the ECSA of  
the samples with different concentrations of S-vacancies, 
which exhibits a similar trend with Tafel slopes, which indi-
cates that the generation of S-vacancies will excite more 
active sites while inhibiting active sites when the S-vacancies  
are exceeded.

Conclusion

In conclusion, through the integration of a hydrothermal 
method and mild  H2O2 etching strategy, we have success-
fully developed a reliable method for synthesizing dual-
defects of O-doping and S-vacancy  MoS2 nanosheets on 
CP, which exhibit exceptional electrocatalytic performance 
for the HER process. The dual-defect  MoS2 nanosheets 
display excellent electrocatalytic activity in the HER pro-
cess, as evidenced by their small overpotential of approxi-
mately 143 mV and 202 mV to reach the 10 mA  cm−2 and 
50 mA  cm−2 in 0.5 M  H2SO4, respectively. The increased 
HER performance could be attributed to the synergistic 
effect of O-doping and S-vacancy dual defects, which not 
only motivate more active sites but also accelerate the HER 
kinetics. This work proposes an affordable and straightfor-
ward technique for the design of high-efficiency  MoS2-based 
catalysts.
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