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We synthesize the ultrathin MoS2 nanosheets perpendicular 
to reduced graphene oxides(MoS2⊥ RGO) as an electro-
catalyst, which exhibits excellent catalytic activity and good 
stability for the hydrogen evolution reaction(HER) in acidic 
medium. 

The layered molybdenum disulfide (MoS2) has attracted a lot 
of attention as a promising electrocatalyst and photocatalyst 
for the hydrogen evolution reaction (HER) from water.1 
Although Pt-group metals are the most effective HER 
catalysts, their applications are severely limited by the high 
cost and the low abundance of Pt. A great deal of evidence 
has shown that MoS2 is a suitable candidate for the HER in 
acidic medium.  
As an efficient HER catalyst, two major challenges should be 
solved: exfoliating stacked MoS2 layers to increase the density 
of the active sites and improving the electrical contacts to 
active sites.1 Theoretical calculations and experimental studies 
have revealed that the HER active sites are located at the 
edges rather than on the basal surfaces of a MoS2 sheet.2-8 
Therefore, the ultrathin MoS2 nanosheets have been used to 
increase the density of the active edges of the catalyst.9 
However, the edges of the ultrathin MoS2 are 
undercoordinated and thermo-dynamically unstable, which is 
easy to curl up into inorganic fullerene structures.10 
Additionally, the low conductivity of MoS2 catalyst limits 
electron transport in the catalyst and leads to poor catalytic 
performance. MoS2 can exist in various polymorphs, in which 
2H-MoS2 is the semi-conducting and thermodynamically 
stable phase with edge-sharing MoS6 trigonal prisms, while 
1T-MoS2 is the metallic and metastable phase with edge-
sharing MoS6 octahedra. The 1T-MoS2 nanosheets, obtained 
via lithium intercalation exfoliation of 2H-MoS2 nanosheets, 
show high electron transport rate and high HER activity.11 But 

a higher temperature over 95˚C will cause 1T-MoS2 quickly 
convert to the 2H phase.12 
Recently, the edges of nanostructure 2H-MoS2 have been 
observed to be more conductive,13 suggesting that electron 
may be passed along the edge from the support substrate to 
the active edges. Such observation implies that MoS2 
nanosheets perpendicular to the conductive surface would be 
advantageous to design an efficient HER catalyst.1 Herein, we 
synthesized the ultrathin MoS2 nanosheets perpendicular to 
reduced graphene oxides (MoS2⊥RGO) by a hydrothermal 
method as an efficient HER catalyst. The MoS2 nanoparticles 
lay flat on the graphene by a solvothermal reduction was 
previously reported.14 However, it is not reported that 
synthesized ultrathin MoS2 nanosheets perpendicular to the 
support substrate with enhanced electrical transport and high 
active-sites density. Graphene, single-layer sheets of sp2-
hybridized carbon atoms, is an effective support substrate for 
growing and anchoring of MoS2.15 In our work, we have shown 
that the oxygen functional groups of graphene play an 
anchoring role in fixing MoS2 nanosheets perpendicular to 
graphene. The characterization results show that ultrathin 
MoS2 nanosheets are uniformly and perpendicularly grown on 
RGO. As expected, electrochemical evaluations show that the 
MoS2⊥RGO catalyst exhibits excellent electronic conductivity, 
high density of active edges, high HER electrocatalytic activity 
and good stability in acidic electrolytes.  
Fig.1 (top) shows the synthesis schematic of the MoS2⊥RGO 
catalyst. The ultrathin MoS2 nanosheets perpendicular to RGO 
were synthesized via a hydrothermal synthesis using the 
H2NCSNH2 and (NH4)6Mo7O24·4H2O in a highly oxidized 
graphene aqueous solution at 180℃ for 30 h. The molar ratio 
of Mo to S in the precursors was kept in 1:8. The excess of 
thiourea was employed as a reducing agent and an efficient 
additive to make MoS2 perpendicular to RGO.16 We could 
speculate the growth mechanism of MoS2⊥RGO as below: 

Page 1 of 4 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

2 | J.  Name. , 2012, 00 , 1-3  This journal is © The Royal Society of Chemistry 2012 

during the hydrothermal synthesis, the S atoms bond to active 
sites of RGO and form C=S/C-S bonds; then these S atoms act 
as crystal seeds for the nucleation of MoS2. When the highly 
oxidized graphene is used as support, a high density 
nucleation of MoS2 is obtained. Thus, the MoS2 nanosheets 
grow perpendicularly on RGO due to the space limitations.  

.  
Fig. 1 Schematic representation of  the synthesis of the MoS2⊥RGO catalyst 
(top); FESEM images of as-synthesized MoS2 loaded on the highly oxidized 
graphene (MoS2⊥RGO) (a); and the mildly oxidized graphene (MoS2/RGO) (b); 
a direct mixture of  MoS2 and graphene sheets (MoS2/G) (c), MoS2 obtained 
without graphene (MoS2) (d).  

Fig. S1 (see in ESI) shows more than 57.7% of the C species in 
the highly oxidized graphene were oxidized (C=O 31.02%, 
COOH 26.74%), whereas the oxidized C species in mildly 
oxidized graphene only account for 33.9% (C=O 20.54%, 
COOH 13.36%). Field emission scanning electron microscopy 
(FESEM) images (Fig. 1) clearly showed that the morphology 
of as-synthesized samples. With participation of the highly 
oxidized graphene into the hydrothermal synthesis solution, 
the ultrathin MoS2 nanosheets with an average wide of ~100 
nm were uniformly formed on RGO as shown in Fig. 1a and Fig. 
2c. Each individual MoS2 nanosheet is perpendicular to the 
wrinkle graphene substrate with abundantly exposed edges. 
With participation of the mildly oxidized graphene, only few of 
MoS2 nanosheet was formed on RGO as shown in Fig 1b, while 
most of them agglomerate together. The simple mixture of 
graphene and MoS2 only led to poor dispersion as shown in 
Fig.1c. The serious agglomeration and stacked of MoS2 was 
observed when no supports were used, as shown in Fig. 1d. 
These results indicate that the oxidation degree of graphene 
plays an important role in determining the final morphology of 
MoS2 nanosheets, and it will result in different exposed active 
edge sites of the MoS2 nanosheets.  
Transmission electron microscopy (TEM) images (Fig.2a) show 
that the MoS2 nanosheets are uniformly and perpendicularly 
grown on RGO. While the support-free MoS2 exhibited serious 
agglomeration (Fig. 2d). The high-resolution transmission 
electron microscopy (HRTEM) images further demonstrate 

the morphology of MoS2⊥RGO catalyst. Fig. 2b show the 
lattice fringes with a distance of 0.61 nm matching well with d 
spacing of (002) planes of 2H-MoS2, but no lattice fringes in 
the outer part corresponding to the wrinkle graphene 
substrate. In addition, the statistical layer number from 124 
different sheets of MoS2 was shown in the inset of Fig.2a. 
Most of nanosheets (~84%) with average thickness around 
3.5nm are comprised with about ~6 layers of the monatomic 
sheet. The measured thickness was consistent with those 
previously reported value for exfoliated MoS2.17, 18  These 
results indicate the ultrathin nature of as-synthesized MoS2 
nanosheets. The element distribution of the MoS2⊥RGO 
catalyst were examined using a scan transmission electron 
microscope (STEM) equipped with a typical electron energy 
loss spectrum (EELS), which the electron beam was focused 
on 300nm line and scanned to form compositional maps. The 
uniform distribution of Mo and S with a Mo: S (at%) ratio of 
1:2.31 (Fig. S2) indicates that there are abundant unsaturated 
ligands S-dangling on the edges of the MoS2⊥RGO catalyst.  

 
Fig. 2 (a) TEM of the MoS2⊥RGO catalyst and statistical observations from 124 
different nanosheets of the MoS2⊥RGO catalyst (inset); (b) HRTEM of the MoS2

⊥RGO catalyst; (c) FESEM of the MoS2⊥RGO catalyst; and (d) TEM of the 
support-free MoS2. 

An extensive physical characterization was conducted to 
further reveal the morphology of the MoS2⊥RGO catalyst. 
Fig.S3 shows the XRD patterns of the samples. The diffraction 
peaks at 2θ=14.38, 32.68 and 58.33° correspond to the (002), 
(100) and (110) planes of 2H-MoS2, respectively. The 
diffraction peaks in the MoS2⊥RGO catalyst (Fig. S3c) are 
weaker and broader than those of support-free MoS2 (Fig. 
S3b). It suggests that presence of the highly oxidized 
graphene results in more ultrathin MoS2 nanosheets 
production and lower crystalline structure. X-ray 
photoelectron spectroscopy (XPS) shows that the MoS2⊥

RGO catalyst consists of Mo, S, C and O element (Fig. S4a). 
The C1s XPS spectra in MoS2⊥RGO (Fig. S4b) shows a 
dominated C-C peak with a small peak related to oxygen-
containing group, confirming the effective reduction of GO to 
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RGO during the hydrothermal process.19a The S2p XPS spectra 
of the MoS2⊥RGO (Fig. S4c) exhibits the peaks of S2p3/2 and 
S2p1/2 at 162.27 and 163.30eV, respectively. These values are 
slightly higher than that of S2p in the support-free MoS2. The 
Mo3d spectra of MoS2⊥RGO shows 0.2 eV higher binding 
energies of Mo3d5/2 and Mo3d3/2 (229.46 and 232.60 eV) than 
that of the support-free MoS2 (229.26 and 232.40 eV) as 
shown in Fig. S4d. The high resolution XPS of O1s has be 
shown in Fig.S5. The O1s XPS spectrum in the MoS2⊥RGO 
catalyst is weaker than those of in GO, indicating that GO 
effectively reduced to RGO. The O1s binding energy shifts 
toward the low energy due to the difference between the RGO 
and the GO rather than the formation of Mo-O bonds because 
there is no evidence that support Mo-O bond presence 
(530eV).19b, 20a The high resolution XPS of S2p shows three 
peaks (Fig. S5). The weak peaks at 163.8 eV is assigned to the 
C-S bond, 19c indicating that the C-S bond is formed. In 
addition, Fourier transform infrared spectroscopy (FTIR) 
spectra (Fig.S6) reveals that GO displays three peaks at 3423, 
1631-1410 and 1010 cm-1 characteristic of oxygen-containing 
group, i.e., hydroxyl, carboxyl and epoxy groups,20b 
respectively. The MoS2⊥RGO exhibits new FTIR peaks at 
1205 and 1140 cm-1, indicating the C=S asymmetric and 
symmetric stretching modes.20c   The additional peak at 757 
cm-1 is assigned to C-S stretching vibration.20d In a word, the 
interaction between the C and S, most likely unsaturated S on 
the edges of the MoS2 rather than the saturated S in the 
planes of the MoS2, induces MoS2 nanosheets perpendicularly 
grow on RGO.  
The HER catalytic activity of the MoS2⊥RGO catalyst was 
evaluated by using rotating disc electrode (RDE) in a typical 
three-electrode cell in N2-saturated 0.5M H2SO4 solution. As a 
contrast, the HER catalytic performance of the support-free 
MoS2, MoS2 mix RGO, MoS2/RGO and Pt/C (20 wt% Pt on 
Vulcan carbon black) were also measured. As shown in Fig. 3a, 
the MoS2⊥RGO catalyst exhibited an excellent activity for the 
HER. The overpotential is as small as 172 mV vs. RHE at HER 
current of 10 mA·cm-2 (η10), while the support-free MoS2, 
MoS2/G and MoS2/RGO exhibited little HRE activity with high 
η10 of 402, 288, 252mV, respectively. To obtain further insight 
into the HER on the various catalysts, the Tafel slopes were 
investigated. The linear portions of the Tafel plots (Fig. 3c) 
were fit to the Tafel equation, yielding Tafel slopes of 30, 43, 
94 mV·dec-1 for Pt/C, MoS2⊥RGO and the support-free MoS2, 
respectively. The results are agreement with earlier reports,14 
suggesting that electrochemical desorption is the rate-limiting 
step in the HER catalyzed by the MoS2⊥RGO catalyst. A 
summary of the η10, Tafel slopes and loading of the reported 
various MoS2 HER catalysts is shown in Table S1. The MoS2⊥

RGO shows a relatively lower Tafel slope and η10. It can be 
inferred that there are more exposed edges in MoS2⊥RGO, 
providing more active sites, which can generate a larger 
current at low overpotential. 
To investigate the effect of graphene content on the MoS2⊥

RGO catalyst, the weight ratios of GO to MoS2⊥RGO were 
varied from 0 to 10, 15 and 20wt% by varying the weight of 

oxidized graphene. The resulting samples were labeled as 
MoS2⊥RGO(x), where x=0, 10, 15 and 20%, respectively. 
Unless otherwise stated, MoS2⊥RGO refers to the MoS2⊥

RGO(15%). Fig.3b shows electrochemical tests on a series of 
MoS2⊥RGO(x) catalysts. The content of graphene plays a 
significant influence on the HER activity. The MoS2 ⊥

RGO(15%) obtained the highest HER activity. The XRD 
patterns in Fig. S7 illustrated the lowest crystallinity in MoS2⊥

RGO(15%). These data indicate that abundant unsaturated 
edge in MoS2 nanosheets may be the HER active sites. 

 
Fig. 3 (a) Polarization curves of several catalysts and (b) Polarization curves of 
MoS2⊥RGO (x) in 0.5M H2SO4 at rate scan 5mV/s; (c) Tafel plots of several 
catalysts; (d) Stability test for the  MoS2⊥RGO catalyst. 

We speculate that the perpendicular morphology of the 
ultrathin MoS2 nanaosheets was the major reason for the HER 
activity enhancement. The excellent catalytic activity of the 
MoS2⊥RGO catalyst may arise from the synergetic effect of 
good electron transport and abundant active edge sites. 
Electrochemical impedance spectroscopy (EIS) performed at 
high frequency revealed the electrical resistance of the 
catalysts. As shown in Fig. S8, the electrical resistance of the 
MoS2⊥RGO(15%) catalysts reaches the lowest point among 
the MoS2⊥RGO(x) catalysts. The electrical resistance of MoS2

⊥RGO(15%), MoS2⊥RGO(20%) and MoS2 is determined to 
be 5, 10, and 435Ω, respectively. The MoS2⊥RGO (15%) 
catalyst is around 87 times more conductive than the support-
free MoS2 catalyst. The results clearly show that the 
conductivity of the MoS2⊥RGO(x) catalysts is agreement with 
the HER catalytic activity. 
The capacitance of the double layer (Cdl) is used to estimate 
the effective surface area of the solid-liquid interface. The Cdl 

is determined using a cyclic-voltammetry (CV) method, which 
is expected to be linearly proportional to effective active site. 
The current response in region of 0.1~0.2 V vs. RHE is 
attributed to the charging of the double layer (Fig. S9). Fig. 
S10 shows the MoS2⊥RGO(x) catalysts have a much larger Cdl 
than the support-free MoS2 catalyst. The Brunauer-Emmet-
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Teller (BET) specific surface areas showed no significant 
different between the MoS2⊥RGO (54.7 m2·g-1) and the 
support-free MoS2 (50.0 m2·g-1). These results indicate that 
the catalytic activity lies in the active edge sites rather than in 
the total surface areas. The largest effective edge sites among 
the different catalysts was observed for MoS2⊥RGO(15%) 
and decreased in the order of MoS2⊥RGO(15%)﹥ MoS2⊥

RGO(20%)﹥MoS2⊥RGO(10%)﹥MoS2 (Table S2). The active 
edge sites in MoS2⊥RGO(15%) catalyst is 13.6 times higher 
than that in the support-free MoS2. The results suggeste that 
the HER catalytic activity deeply correlate with the effective 
active edge sites. 
The stability of the MoS2⊥RGO catalyst was evaluated by 
cycling the electrode at 100 mV·s-1 from -0.4 to 0.6 V in N2-
saturated 0.5M H2SO4. The performance of the MoS2⊥RGO 
catalyst after 3000 cycles (Fig. 3d) showed negligible loss 
relative to the fresh electrode, indicating a good stability of 
the MoS2⊥RGO catalyst. 

Conclusions 

In conclusion, we have synthesized ultrathin MoS2 nanosheets 
perpendicular to RGO by a facile hydrothermal method. The 
oxidation degree of graphene plays a key role in controlling 
morphology and electrochemical performance of the MoS2 
nanosheets. The perpendicular morphology MoS2 on RGO 
improves electron transport along the individual MoS2 
nanosheets and increases the density of the active edges of 
the catalyst. The fast electron transport and ion diffusion in 
the catalyst is thus benefited, leading to a sufficient 
electrochemical active-site for the HER. Electrochemical 
evaluations revealed that the MoS2 ⊥ RGO catalyst 
demonstrated a high density of active edges, excellent 
electronic conductivity, high HER catalytic activity and good 
stability in acidic electrolytes. It is demonstrated that it is 
feasible to produce ultrathin MoS2 nanosheets perpendicular 
to the graphene by the hydrothermal method. This method 
could be extended to design other layered materials for 
application ranging from catalysis, sensors, supercapacitors to 
lithium-ion batteries.  
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