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ABSTRACT: Molybdenum disulfide (MoS2) is a promis-
ing candidate for solar hydrogen generation but it alone
has negligible photocatalytic activity. In this work, 5−20
nm sized p-type MoS2 nanoplatelets are deposited on the
n-type nitrogen-doped reduced graphene oxide (n-rGO)
nanosheets to form multiple nanoscale p−n junctions in
each rGO nanosheet. The p-MoS2/n-rGO heterostructure
shows significant photocatalytic activity toward the
hydrogen evolution reaction (HER) in the wavelength
range from the ultraviolet light through the near-infrared
light. The photoelectrochemical measurement shows that
the p-MoS2/n-rGO junction greatly enhances the charge
generation and suppresses the charge recombination,
which is responsible for enhancement of solar hydrogen
generation. The p-MoS2/n-rGO is an earth-abundant and
environmentally benign photocatalyst for solar hydrogen
generation.

Hydrogen is a green fuel that does not generate carbon
dioxide during combustion, which plays an important role

in meeting the growing energy needs of the world. It is of great
interest to utilize solar energy to produce hydrogen from
renewable resources such as water.1−5 Currently precious metals
such as Pt, Rh, and Pd are essential components in the catalysts
for the hydrogen evolution reaction (HER). The high cost and
scarcity of these precious metals counters the benefits gained
from an otherwise environmentally sustainable energy
source.1,6,7 It is vital to find inexpensive, earth-abundant materials
to replace precious metal catalysts for sustainable development.
Molybdenum disulfide (MoS2) is a nontoxic, environmentally
friendly and abundant semiconductor with the potential to fill
this void. MoS2 is widely used as an electrocatalyst for HER.1,8,9

MoS2 alone has negligible photocatalytic activity despite the fact
that bulk MoS2 has an indirect absorbance edge at ∼1040 nm,10
which seems ideal for solar light harvesting. It remains unclear
why MoS2 is effective as an electrocatalyst but inactive as a
photocatalyst. However, when MoS2 is combined with other
cocatalysts it does exhibit photocatalytic activity toward
HER.11−16 For example, MoS2 has shown photocatalytic activity
when it was coupled with Ru(bpy)3

2+-based photosensitizer
molecules,14 indicating that insufficient charge separation in
MoS2 may limit its photoactivity. Similarly, MoS2 has been used

as a cocatalyst with CdS.11 Unfortunately CdS is toxic and
unstable under photochemical reaction.
Graphene and reduced graphene oxide (rGO) have been

incorporated with semiconductors to form heterostructures to
improve the catalytic activity in either photocatalysis17−26 or
electrocatalysis.8 For example, MoS2 nanoparticles (NPs)
supported on rGO have been proven to be active HER
electrocatalysts.8 Recently, Eosin Y dye and the MoS2 NPs
have been codeposited on the rGO nanosheets to form a
photocatalyst.26 However, the MoS2-rGO system shows no
photocatalytic activity in the absence of a photosensitizer (Eosin
Y dye), which indicates that MoS2 provides reaction sites for
HER but it does not harvest solar energy. In the semiconductor-
rGO composite photocatalysts reported previously, rGO was
treated as a metallic support to allow conduction. It was always
considered as a passive component that provided a channel for
charge transport, not help with the charge generation.
MoS2 has a layered S−Mo−S structure, which has extremely

low conductivity between adjacent S−Mo−S layers,1 leading to
poor charge mobility. Bulk MoS2 has poor catalytic activity
toward HER. For nanosized MoS2, the edges of the S−Mo−S
layers are the active sites for HER activity.27,28 Two strategies
have been proposed to improve the HER catalytic activity of
MoS2:

1,29,30 (i) increase the number of active sites and (ii)
promote the charge transport. In this paper, a thin nanoplatelet
structure ofMoS2 will be fabricated to create a large percentage of
edge sites. This nanoplatelet structure will also shorten the
distance that photogenerated charge carriers diffuse to the
reaction sites, lowering the charge recombination loss that
usually occurs during volume diffusion. The nanoplatelet
geometry will also increase the contact area with the rGO sheets
as compared to the spherical particles that are only in point
contact with rGO. The increased contact area will promote the
charge transfer at the MoS2/rGO interface. In addition, the rGO
nanosheets will be doped with nitrogen to form a n-type
semiconductor as a support to grow the p-type MoS2
nanoplatelets, forming many nanoscale p−n junctions on each
rGO nanosheet. The space charge layer created by the nanoscale
p−n junctions will not only suppress the charge recombination
but also enhance the photogeneration of electron−hole pairs. In
this photocatalyst system, MoS2 not only acts as a catalytic center
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but also as a photocenter for absorbing solar light to generate
charge carriers. As a result, the nanoscale p−n junction increases
the photocatalytic activity toward HER. Furthermore, no noble
metals or toxic materials are used in the p-MoS2/n-rGO
photocatalyst. This work presents an effective method to
improve the HER photocatalysis of semiconductors without
sacrificing environmental sustainability by incorporating pre-
cious metals or toxic cocatalysts.
Three types of photocatalysts were synthesized in this study,

that is, (i) the free-standing solitary MoS2 nanoparticles, (ii) the
MoS2/rGO composite where the MoS2 nanoplatelets were
supported on the undoped rGO sheets, and (iii) the p-MoS2/n-
rGO junction composite where the p-type MoS2 nanoplatelets
were deposited on the n-type nitrogen-doped rGO semi-
conductor sheets. All three types of photocatalysts were
synthesized with a hydrothermal method. The experimental
details are seen in the Supporting Information (SI). The bare
rGO had a smooth flat surface before deposition (Figure 1a).

Figure 1b shows that the MoS2 nanoparticles were successfully
grown on the nitrogen-doped rGO sheets. The MoS2 nano-
particles were uniformly distributed on the n-rGO with a size of
5−20 nm. Before doping with nitrogen, the MoS2/rGO
composite (SI, Figure S1) showed similar morphology as the
p-MoS2/n-rGO junction composite in Figure 1c,d, which
indicated the MoS2 was not damaged in the nitrogen-doping
process. In contrast, the bare MoS2 without rGO had a
“nanoball” structure composed of MoS2 nanoplatelets with a
lateral size of ∼80 nm (SI, Figure S2). The results show that the
rGO effectively restrained the aggregation of the MoS2
nanoplatelets. The p-type MoS2 had a hexagonal structure, as
confirmed by the XRD pattern in SI, Figure S3. The broad peaks
for the (002), (100), and (110) crystal planes at 14.4°, 32.7°, and
58.4° indicated that the nanostructured MoS2 was crystalline. A
broad peak at 24° resulted from the rGO.26 Figure 1c shows a
TEM image of the p-MoS2/n-rGO. The marked area was
enlarged for a HRTEM image in Figure 1d. The single-crystalline
MoS2 nanoparticles synthesized on the n-rGO sheet had a lattice
spacing of 6.12 Å and 2.74 Å, corresponding to the (002) and
(100) facets, respectively (JCPDS: 77-1716). The XPS spectra in
Figure 2a and SI, Figure S4 confirmed the formation of rGO31−33

and the successful nitrogen doping in the rGO sheets. The

doping concentration of N was estimated to be 6.4 atom % in the
n-rGO sheets. The molar ratio of rGO to MoS2 was 10.5:1 in the
p-MoS2/n-rGO.
The UV−visible spectrum in Figure 2b shows that solitary

MoS2 had an absorbance tail that stretched to 1020 nm,
corresponding to the indirect band gap between Γ and the
middle of the Brillouin zone between Γ and K.34,35 For bulk
MoS2, the absorbance edge is typically cut off at 1040 nm.10 In
addition, solitary MoS2 exhibited weak absorption at around 962
nm, and the MoS2/rGO and p-MoS2/n-rGO samples had the
weak absorption at 781 and 786 nm, respectively. Similar
phenomenon was also found in the nanosized MoS2 particles
reported previously.10,36 The weak absorption peaks were due to
the direct transition at the K point or to the contributions of
excitonic transitions.34,35

For comparative studies, three types of particulate photo-
catalysts, including the solitary MoS2, the MoS2/rGO composite,
and the p-MoS2/n-rGO junction, were tested in the water/
ethanol mixture solution under simulated solar light irradiation
(Figure 3). Ethanol was a sacrificial reagent that acted as a hole-

scavenger. MoS2 alone showed negligible photocatalytic activity
toward H2 generation. Although the conduction band alignment
of the bulk MoS2 particles is not suitable for water reduction,

10,35

the quantum confinement of the nanosized MoS2 makes it
thermodynamically possible to reduce water to hydrogen. The
solitary MoS2 has the HER-active edges and absorption
properties necessary for HER. However, the lack of activity
indicates that either charge separation is extremely inefficient or
the photogenerated charges cannot migrate to the HER-active
edges. In contrast, the composite MoS2/rGO, in which the MoS2
nanoparticles were supported on the undoped rGO, showed
evident photocatalytic activity with a hydrogen generation rate of
7.4 μM·g−1·h−1. Doping nitrogen into the rGO nanosheets led to

Figure 1. SEM images obtained from (a) the rGO sheets, (b) the p-
MoS2/n-rGO; (c) TEM image of the p-MoS2/n-rGO, and (d) HRTEM
image of the p-MoS2/n-rGO from the area marked in the red square in
image c.

Figure 2. (a) XPS spectrum of the p-MoS2/n-rGO, (b) UV−visible
absorption spectra of the solitary MoS2, the MoS2/rGO, and the p-
MoS2/n-rGO.

Figure 3.Hydrogen generated by the MoS2, the MoS2/rGO, and the p-
MoS2/n-rGO photocatalysts.
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the formation of hundreds of p−n junctions on each n-rGO
sheets. As a result, the H2 generation rate further increased to
24.8 μM·g−1·h−1. The surface area of the solitary MoS2 was 134.3
m2/g, which was even larger than that of the MoS2/rGO (112.3
m2/g) and the p-MoS2/n-rGO (106.6 m2/g), negating the
surface area effects from explaining the difference in photo-
activity. The improvement in photoactivity was solely due to the
existence of the MoS2/rGO heterostructure. Moreover, no
hydrogen was generated by any of the samples in pure ethanol
under the light irradiation after 10 h, which indicated that the
hydrogen was generated from photocatalytic water splitting
instead of ethanol reforming. The hydrogen generation experi-
ments were repeated three cycles for each sample, which
demonstrated the stable photocatalytic activity of the samples
(SI, Figure S5). The photocatalytic H2 generation rate of the p-
MoS2/n-rGO was relatively lower than the other materials
reported previously,11,26 which was due to much lower intensity
of irradiation used in the present work. To measure the practical
performance, the p-MoS2/n-rGO sample was exposed to the
natural sun light on our campus for H2 generation (Table S1 and
S2 in SI). The average hydrogen generation rate was measured to
be 160.6 μM·g−1·h−1.
The three types of particulate photocatalysts were immobi-

lized on fluorine tin oxide (FTO) substrates to form nanoparticle
film photoelectrodes (see the experimental details in SI). The
photoelectrochemical performance of the films was measured in
a 1.0 M NaOH electrolyte solution using a three-electrode
photoelectrochemical cell (PEC). To acquire the Mott−
Schottky (M−S) plots, impedance spectroscopy was performed
at an AC frequency of 10 kHz in the dark and under the simulated
solar irradiation, respectively. Both theMoS2 and theMoS2/rGO
photoelectrodes showed a negative slope for the M−S plots both
in the dark and under light irradiation (SI, Figure S6), which
indicated a p-type behavior.37 The charge carrier densities in the
solitary MoS2 were measured to be 3.59 × 1014 cm−3 and 4.67 ×
1015 cm−3 in the dark and light irradiation, respectively, while the
charge carrier densities in MoS2/rGO were measured to be 9.14
× 1016 cm−3 and 1.82 × 1017 cm−3 in the dark and light
irradiation, respectively. It is well-known that the MoS2 is a p-
type semiconductor and the nitrogen-doped rGO is a n-type
semiconductor.1,38,39 When they were coupled to each other to
form a heterostructure, a p−n junction characteristic was
observed in the M−S plot where an inverted “V-shape” was
present (Figure 4a).2 The donor densities in the p-MoS2/n-rGO
were 4.22 × 1018 cm−3 in the dark and 7.14 × 1018 cm−3 under
light irradiation, respectively. The increased donor density in the
p-MoS2/n-rGO indicated that the nanoscale p−n junction
created a sufficient space charge layer to enhance the charge
carrier creation under light irradiation.
The PEC performance was evaluated as shown in the current

density (J)-potential (V) curve (Figure 4b). For independent
MoS2 or rGO, only a very small photocurrent was observed even
at a potential of −0.5 V vs Reversible Hydrogen Electrode
(RHE). Under light irradiation, the onset potential for
photocurrent generation for the MoS2/rGO was −0.10 V vs
RHE; and the onset potential for the p-MoS2/n-rGO shifted to
0.05 V vs RHE. The onset potential for photocurrent generation
typically reflects the catalytic activity of the photoelectrode.40,41

The shift of onset potential indicated that the formation of the
p−n junction improved the catalytic activity toward HER. At a
high potential, the photocurrent density reflects the HER rate,
which is controlled by the delivery rate of electrons to the
electrode/electrolyte interface. Figure 4b shows that the

photocurrent density was greatly enhanced after MoS2 was
coupled to the undoped rGO; and the p-MoS2/n-rGO junction
further increased the photocurrent density. This indicates that
the p−n junction facilitated the charge generation and migration,
as well as suppressed the charge recombination.42,43 The
photoelectrochemical activity of the photoelectrode as a function
of wavelength was quantitatively investigated by the incident
photon-to-electron conversion efficiency (IPCE) curve (SI,
Figure S7), which was measured at a bias of −0.1 V vs RHE. It is
noted that the p-MoS2/n-rGO junction showed photocatalytic
activity toward H2 generation in a wide spectral range from the
ultraviolet light through the near-infrared light region. Above 780
nm, the photoresponse of both the MoS2/rGO composite and
the p-MoS2/n-rGO junction dropped to zero, which was in
agreement with the light absorption behavior. At 400 nm, the
solitary MoS2 showed negligible photoresponse while the IPCE
values of the MoS2/rGO and the p-MoS2/n-rGO were 2.8% and
13.6%, respectively. In the MoS2/rGO composite, the rGO
increases the energy conversion efficiency as a passive charge
extraction layer. When a nanoscale p−n junction is formed, the
space charge layer creates a built-in electric field and separates the
electrons and holes upon light illumination. Hence the p−n
junction changes the role of rGO from passive to active, further
enhancing the charge separation.
The hydrogen evolution rate is strongly dependent on the

charge recombination rate. The transient photocurrent (chro-
noamperometric) curve was acquired to investigate the charge
recombination behavior (Figure 4c). However, no photocurrent
was detected for solitary MoS2 in SI, Figure S8. A normalized
parameter (D) was derived from the transient photocurrent
curve to quantitatively determine the charge recombination
behavior,44

= − −D I I I I( )/( )t st in st (1)

where It, Ist, and Iin are the time-dependent, the steady-state, and
the initial photocurrents, respectively. Figure 4d shows the
normalized plots of lnD−t. The transient time constant (τ) is
defined as the time when lnD =−1.43 τ was estimated to be 4.4 s

Figure 4. (a) Mott−Schottky plots of the p-MoS2/n-rGO in dark (d)
and under light (l) irradiation; (b) J−V curves of the various catalysts
and the bare rGO in dark (d) and under light (l) irradiation; (c) On−off
J−t curves of the MoS2/rGO and the p-MoS2/n-rGO under light (On)
in dark (Off) at −0.1 V vs RHE; (d) normalized plots of the
photocurrent−time dependence for the MoS2/rGO and the p-MoS2/n-
rGO.
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for the MoS2/rGO and 16.2 s for the p-MoS2/n-rGO, which
confirmed the suppression of charge recombination due to the
space charge layer of the nanoscale p−n junction.
In summary, three types of photocatalysts, including solitary

MoS2, the p-MoS2/undoped-rGO composite and the p-MoS2/n-
rGO junction were tested. The solitary MoS2 nanoparticles
showed little photocatalytic activity toward HER. The p-MoS2/
n-rGO junction photocatalyst exhibited much better photo-
catalytic activity than the p-MoS2/undoped-rGO composite. The
rGO was transformed from a passive support to an active
component of the heterostructure through doping, which was
capable of improving all three vital steps in photocatalysis: charge
separation, migration, and recombination. The nanoscale p−n
junction positively shifted the onset potential, increased both the
photocurrent and the hydrogen evolution rate. The p-MoS2/n-
rGO heterostructure is a promising photocatalyst, allowing
efficient hydrogen production in a wide spectral range from the
ultraviolet light through the near-infrared light region. The p-
MoS2/n-rGO heterostructure contains only earth-abundant,
nontoxic, and inexpensive materials. The design principles
outlined in this paper can be extended beyond MoS2 and rGO to
enhance the nanoscale heterostructures undergoing develop-
ment for solar energy conversion.
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