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T
he production of chemical fuels by
using sunlight is an attractive and
sustainable solution to global energy

and environmental problems.1 Since the
1970s, the discovery of a photoelectro-
chemical cell using TiO2 supporting Pt elec-
trodes for hydrogen evolution by Fujishima
and Honda,2 splitting water using solar en-
ergy has been a focus of great attention as a
possible means for converting solar energy
to chemical energy in the form of clean and
renewable hydrogen fuel.3 Up to now, a
large number of semiconductor photocata-
lysts for hydrogen evolution have been
developed.4�9 However, most semiconduc-
tors cannot give high hydrogen evolution
activities without a cocatalyst even in the
presence of sacrificial agents, which is
caused by the facile recombination of elec-
tron�hole pairs before migrating to the
surface for reactions.10,11 Generally, in order
to retard the recombination of electron�
hole pairs, metals, especially noble metals
such as Pt, are always used to support the
surfaceof semiconductors as cocatalysts.12,13

The existence of cocatalysts not only effec-
tively separates the electron�hole pairs but

also provides more proton reductions sites,
facilitating proton reduction reactions.
While the noble metals could be the effi-

cient cocatalyts for semiconductors, due to
their high cost, it is valuable to develop
highly efficient and low-cost noble-metal-
free cocatalysts to further facilitate the
development of hydrogen evolution.14,15

Recent studies indicate that some metal
sulfides can be good candidates for
cocatalysts.16�18 As a typical layered transi-
tion metal sulfide, MoS2, with a structure
composed of three stacked atom layers
(S�Mo�S) held together by van der Waals
forces, has attractedmuch attention toward
hydrogen evolution reactions (HERs).19�21

Hinnemann et al. concluded through den-
sity functional calculations of free energy
that the S atoms on exposed edges of MoS2
have strong bonds to Hþ in the solution,
which are easily reduced to H2 by elec-
trons.22 Due to the active S atoms on ex-
posed edges, which increases its activity for
HER, MoS2 is showing promise as a low-cost
alternative to platinum. Recently, Kanda
et al. reported that the MoS2�TiO2 system
had good photocatalytic activity toward

* Address correspondence to
Jinhua.YE@nims.go.jp.

Received for review April 10, 2014
and accepted June 9, 2014.

Published online
10.1021/nn5019945

ABSTRACT Exploiting noble-metal-free cocatalysts is of huge interest for

photocatalytic water splitting using solar energy. Here we report a composite

material consisting of CdS nanocrystals grown on the suface of a nanosized

MoS2/graphene hybrid as a high-performance noble-metal-free photocatalyst

for H2 evolution under visible light irradiation. Through the optimizing of each

component proportion, the MoS2/G-CdS composite showed the highest photo-

catalytic H2 production activity when the content of the MoS2/graphene cocatalyst is 2.0 wt % and the molar ratio of MoS2 to graphene is 1:2.

The photocatalytic H2 evolution activity of the proposed MoS2/G-CdS composite was tested and compared in Na2S�Na2SO3 solution and lactic acid solution.

A 1.8 mmol/h H2 evolution rate in lactic acid solution corresponding to an AQE of 28.1% at 420 nm is not only higher than the case in Na2S�Na2SO3 solution

of 1.2 mmol/h but also much higher than that of Pt/CdS in lactic acid solution. The relative mechanism has been investigated. It is believed that this kind of

MoS2/G-CdS composite would have great potential as a promising photocatalyst with high efficiency and low cost for photocatalytic H2 evolution reaction.

KEYWORDS: MoS2/graphene-CdS . few-layer . photocatalyst . water splitting . visible light
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hydrogen generation.23 Zhou et al. indicated that
the TiO2@MoS2 heterostructure with 50 wt % MoS2
exhibits the highest hydrogen production.24 However,
Zong et al. indicated that the junctions between MoS2
and CdS could be more readily formed due to the
common S2� anions for each other, and MoS2�CdS
therefore exhibited high photocatalytic activities.25 The-
oretically, the cocatalytic activities of MoS2 are caused
only by the active S atoms on its exposed edges, but the
S atoms on the basal plane have no activity. That is,
nanosized MoS2 with more exposed edges and active
Satoms is supposed todeliverhigher cocatalytic activities.
The poor electrical conductivity of MoS2 restricts its

cocatalytic activity; thus, photoelectrons can be de-
rived from photocatalysts, and the recombination of
electron�hole pairs is impeded. Recently, its electrical
conductivity and activity for HER was improved
through decreasing the MoS2 layers and adding other
conducting materials.26�28 As a popular graphite-
based material, graphene exhibits superior electron
mobility and excellent electronic behavior.29,30 In addi-
tion, graphene also has been reported to be an effi-
cient cocatalyst for photocatalytic reactions because of
its high specific surface area and good electron transfer
abilities. Xiang et al. reported that MoS2/graphene has
higher cocatalytic activities on TiO2 than pureMoS2 and
graphene.31 They concluded that MoS2/graphene as a
cocatalyst can efficiently suppress charge recombina-
tion, improve interfacial charge transfer, and enhance
photocatalytic activities. Thereby, it is expected that
higher photocatalytic activities for noble-metal-free cat-
alysts are achieved when MoS2/graphene cocatalyst
was supported on junction-matched CdS. Moreover,
this kind of system can be achieved under visible light,
further improving the efficiency of solar energy.
Herein, we report the fabrication of a nanosized

layer-structured MoS2/graphene nanosheet loaded
with CdS nanoparticles with 3D hierarchical configura-
tion by a solution-chemistrymethod and investigate its
hydrogen production activities under visible light by
optimizing each component's content in the MoS2/
graphene-CdS composite. This kind of structural cata-
lyst not only can provide abundant reactive sites for
hydrogen evolution but also can increase the transport
of charges and reduce the recombination probability
of photoexcited charge carriers. While in Na2S�Na2SO3

solution the MoS2/graphene-CdS composite shows
lower hydrogen generation activities than Pt/CdS,
and it showed much higher hydrogen generation
activities than Pt/CdS in lactic acid solution, for which
the reason was discussed. We believe that it should
provide a choice of sacrificial agent for MoS2-based
photocatalysts toward hydrogen evolution reaction.

RESULTS AND DISCUSSION

Characterization of Morphology and Structure. The typical
synthesis of the MoS2/G-CdS composite is shown

schematically in Figure 1a. First, microsized graphene
oxide sheets could be cut into nanosized sheets by a
hydrothermal reaction.32,33 As shown in Figure 1b and c,
after hydrothermal cutting, the reduced graphene oxide
(RGO) nanosheets with a diameter of 200�300 nm are
much smaller than that of as-prepared graphene oxide.
Then as inour previous report,34MoS2 nanosheets could
be in situ grown on the surface of graphene, and
decomposed sulfur nanoparticles from a portion of
L-cysteine first anchored on the surface of graphene
through nucleation, resulting in the formation and
growth of MoS2 nanosheets. A general view of
MoS2/G composite nanosheets is shown in Figure 1d
and e. It can be seen thatMoS2/G composites consist of
ultrathin 2D nanosheets with a diameter of 50�100 nm.
Such nanosized 2D sheets are supposed to have more
active exposed edges for HER. The high-resolution
transmission electron microscopy (HRTEM) image
(inset in Figure 1e) shows that MoS2 layers with many
defect sites and disordered structures are grown on the
surface of reduced graphene oxide. This is because of
the low synthesis temperature, which leads to the low
crystallinity of MoS2, and the X-ray diffraction (XRD)
analysis in Figure 2c also indicates it is an amorphous
MoS2/G composite. Because of the large amount of
defect sites and vacancies and the large surface area,
Cd2þ ions are easily adsorbed on the MoS2/G. Under
the adhesive effect of polyvinylpyrrolidone (PVP), 3D
hierarchical MoS2/G-CdS composites with diameters of
100 to 300 nm are obtained (as shown in Figure 1f).
Here it is noticeable that if there is no PVP participation,
as shown in Figure S1a, CdS nanoparticles and MoS2/G
nanosheets are separate. In addition, as shown in
Figure S1b, the MoS2 sheets and CdS particles are also
separate, indicating the smaller surface area and lower
content of vacancies for pureMoS2. From Figure 1g to j,
it can be seen that CdS nanoparticles are uniformly and
compactly grown on the surface of MoS2/G nano-
sheets. Additionally, the crystallinity of MoS2/G com-
posites is improved after the annealing process.
HRTEM images in Figure 1i and j show a typical layered
MoS2 with an interlayer distance of 0.62 nm, which is in
accordance with the information on the (002) peak of
MoS2.According to theScherrer equation (D=Kλ/β cosθ),
the average c-stacking height, calculated from the
(002) reflection, is 4�5 nm for MoS2/G, and the
average number of layers is reasonably estimated to
be 6 or 7. It has been reported that the thinner MoS2
sheets show higher electron mobility than that of bulk
MoS2, especially the single-layer MoS2 sheets, which
show ultrahigh electron mobility, similar to that of
graphene nanoribbons.35 In our proposed MoS2/G
nanosheets, few-layered MoS2 composited with gra-
phene was supposed to show high electron mobility.

To understand the microstructure of precursors in
the composite, the TEM and XRD analyses of MoS2,
MoS2/G, and CdS are shown in Figure 2. Compared to
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the MoS2/G, pure MoS2 has a higher crystallization
degree and thicker sheets, indicating that due to the
large surface of graphene, MoS2 nanoparticles are
better dispersed on the graphene. In addition, the as-
prepared MoS2/G nanosheets with a thickness of
∼4 nm are thinner than that of pure MoS2 (∼14 nm),
indicating that graphene sheets greatly inhibit the
restacking of MoS2 layers.36 Furthermore, according
to the Brunauer�Emmett�Teller (BET) adsorption�
desorption isotherms in Figure S2, it can be calculated
that the surface area of as-preparedMoS2/G is 63.2 m2/g,
which is larger than that of pure MoS2 (24.2 m2/g). It is
indicated that the introduction of graphene increased
the specific surface area of the composites. As shown in
Figure 2c, while the as-prepared MoS2 shows a low
crystallinity and amorphous structure, MoS2 and
MoS2/G synthesized by L-cysteine exhibit high crystal-
linity and a typical hexagonal structure after annealing
in Ar at 573 K, which is in accordance with those
established by JCPDS card number 37-1492. Here it is
worth noticing that the (002) diffraction peak of the
graphene nanosheets cannot be detected, indicating
that the graphene nanosheets do not stack during the
hydrothermal process and annealing. Free CdS nano-
particles are shown in Figure 2d, and it can be seen that
the free CdS by this proposed method delivers a small

particle size of∼10 nm and good crystallinity, which is
beneficial to photoelectrons transiting to the surface,
improving the reaction activities.

To understand the role of MoS2/G in MoS2/G-CdS
composites, the surface area and porosity of free CdS
and MoS2/G-CdS composites have been investigated,
as displayed in Figure 3. It can be seen that the
introduction of few-layer MoS2/G has an effect on the
pore structure of the samples. The BET surface areas of
free CdS and MoS2/G-CdS composites are measured to
be 91.6 and 89.8 m2/g, respectively. While both sam-
ples have similar surface areas, the pore size distribu-
tions (inset) are different. It is obviously seen that for free
CdS the pore is produced by the accumulation of nano-
particles and the size is from 1 to 20 nm. But for MoS2/
G-CdS composites, most of the pores are less than 5 nm,
which is because of the tight adsorption of Cd2þ ions on
the defect sites and vacancies of the MoS2/G matrix.
Under the adhesive effect of PVP, 3D hierarchical MoS2/
G-CdS composites are obtained. This kind of porous 3D
hierarchical structure was supposed to be beneficial for
solution infiltration and photogenerated electron mobi-
lity, improving the photocatalytic H2 evolution activities.

Figure 4 shows the UV�vis diffuse reflectance spec-
tra of CdS, graphene/CdS, MoS2/CdS, and MoS2/G-CdS
samples. It can be seen that pure CdS can absorb visible

Figure 1. (a) Schematic illustration of growth mechanism of MoS2/G-CdS composites; (b) TEM image of graphene oxide; (c)
TEM image of nanosized reduced graphene oxide; (d) SEM image of as-prepared MoS2/G composite; (e) TEM image of as-
preparedMoS2/G composites; the inset is theHRTEM image of as-preparedMoS2/G composites; (f) SEM image ofMoS2/G-CdS
composites after annealing at 573 K for 2 h in an Ar atmosphere, in which the molar ratio of MoS2 to graphene is 1:2 and the
amount of MoS2/G is 2.0 wt %; (g) SEM image of partial enlargement of the surface of the MoS2/G-CdS composite; (h) TEM
image of the MoS2/G-CdS composite; (i and j) HRTEM images of the MoS2/G-CdS composite.
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light with wavelengths of about 520 nm for its corre-
sponding band gap of 2.4 eV. Adding MoS2, graphene,
or MoS2/G cocatalysts will all increase their absorption
under UV and visible light. This is because of their
narrowbandgap anddeep color, which is beneficial for
the photocatalytic activity. The band gaps of synthe-
sized MoS2 and MoS2/G cocatalysts were measured by
UV�vis spectra (Figure S3a and b). It can be seen that
the synthesized MoS2 and MoS2/G exhibit a narrow
band gap (indirect, ∼1.0 eV), which is narrower than
the values reported in the literature (1.1�1.3 eV). This
might be causedby the lower crystallinity and defects in
the synthesized MoS2. Generally, the increase of defect
degree will lead to narrowing of the band gap.37,38

Optimizing of Components in MoS2/G-CdS for HER. The
photocatalytic hydrogen production activities of the
aforementioned samples are measured and compared
in Figure 5. Figure 5a shows the rate of H2 evolution of
samples with different weight amounts of MoS2/G
cocatalysts. It can be seen that pure MoS2/G compo-
sites do not show any photocatalytic H2 evolution
activities and thereby can be used only as cocatalysts.
Pure CdS shows negligible activities because of re-
combination of electron�hole pairs. However, the
MoS2/G-CdS composites exhibit obvious photocataly-
tic hydrogen production activities due to the recombi-
nation delay of electron�hole pairs by MoS2/G.
Especially, the composite with 2.0 wt % content of

MoS2/G cocatalyst shows the highest hydrogen pro-
duction rate of 1220.6 μmol/h and 5931.5 μmol after
5 h irradiation, corresponding to an apparent quantum
efficiency (AQE) of 20.6% at 420 nm. The H2 evolution
rate will be decreased with an increase in content of
MoS2/G cocatalyst, which because of too much black
MoS2/G composites would block the transition of
photons. Generally, the cocatalytic activities of MoS2
are caused by the active S atoms on its exposed edges,
but the S atoms on the basal plane have no activity,
which hinders full utilization of MoS2 as a cocatalyst.
Therefore, the introduction of graphene can solve this
problem to a certain extent due to its high conductiv-
ity. Obviously, as shown in Figure 5b, the cocatalytic
activity ofMoS2/G is far higher than pureMoS2. Previous
studies indicated that graphene could improve the
transfer of the photogenerated electrons in the conduc-
tionbandof catalysts to theedgesofMoS2 and then react
with adsorbed Hþ ions to formH2.

31 In addition, the high
concentration of electrons between the MoS2 layer and
the graphene layer could greatly enhance the electronic
conductivity of composites,39 and therefore the cocata-
lytic activities of composites are improved significantly.

In our previous work, we demonstrated that MoS2
could uniformly disperse on the graphene when the
molar ratio of MoS2 to graphene is 1:2, and this kind of
composite exhibited the most enhanced synergetic
effect between MoS2 and graphene, facilitating the

Figure 2. (a) TEM image of pure MoS2 after annealing at 573 K for 2 h in an Ar atmosphere; the inset is its HRTEM image; (b)
TEM image of the MoS2/G composite after annealing at 573 K for 2 h in an Ar atmosphere in which the molar ratio of MoS2 to
graphene is 1:2; (c) XRDpatterns of as-preparedMoS2/G,MoS2/G, andMoS2 after annealing at 573 K for 2 h in anAr atmosphere;
(d) TEM image of pure CdS nanoparticles after annealing at 573 K for 2 h in an Ar atmosphere; the inset is its HRTEM image.
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charge transition.34,39�41 Here, for different contents of
MoS2/G cocatalysts, the MoS2/G with a molar ratio of
1:2 of MoS2:G exhibited the highest cocatalytic activity
for photocatalytic H2 evolution. From Figure 5b, it can
be seen that CdS/graphene (without MoS2) shows
very low photocatalytic H2 evolution activities (only
167.5 μmol/h), but still higher than that of pure CdS
(62.3 μmol/h), indicating that graphene also has some
cocatalytic activity on H2 evolution because of its

more negative redox potential than Hþ/H2 (Figure S3c).
However, due to the lesser Hþ adsorption ability of C
atoms than active S atoms, the cocatalytic activity of
graphene is much less than that of MoS2. Furthermore,
the stability of the photocatalysts also depended on
their degree of crystallization.

Figure 5c and d show the photocatalytic H2 produc-
tion activities of MoS2/G-CdS with 2.0 wt % cocatalyst
and amolar ratio ofMoS2 to graphene of 1:2, annealing
at different temperatures. It can be seen that when
annealed at more than 573 K, photocatalysts exhibit a
high H2 evolution activity and stable cycling behavior.
Especially when the annealing temperature is 573 K,
the MoS2/G-CdS composite delivers the highest H2

evolution activity, which can be explained in Figure 6.
At the lower annealing temperature, the degree of
crystallization is low, which is not advantageous to
photogenerated electrons migrating to the surface for
reactions, but at a too high temperature (673 K), the
CdS particles are easily agglomerated and grow to
large particles, and besides, the MoS2/G cocatalysts
could not uniformly disperse on the surface of CdS (as
shown in Figure S4), not facilitating the charge transi-
tion. Therefore, MoS2/G-CdS composites can exhibit
the best photocatalytic H2 evolution activities at an
annealing temperature of 573 K. It is well known that Pt
is a very high efficiency cocatalyst for traditional photo-
catalysts in H2 evolution reactions, and the commen
loadingmethod is photodeposition. In our experiment,
we found that 0.5 wt % of Pt loading on CdS exhibited
the highest photocatalytic activity toward H2 evolu-
tion. As shown in Figure 5e, the rate of 3.3 mmol/h H2

generation is much higher than that of the MoS2/
G-CdS composite (1.2 mmol) in Na2S�Na2SO3 solution,
although the process of loading Pt by photodeposition
needed 2 h (as shown in Figure 5f). It is indicated that
the MoS2/G-CdS composite still has a large gap with
Pt/CdS inH2evolution inNa2S�Na2SO3 solution.However,
due to the escaping of H2S in Na2S solution, which could
be environmentally hazardous, theNa2S�Na2SO3 system
as the sacrificial agent necessitates the determination of
an alternative environmentally friendly sacrificial agent.

H2 Evolution Activity in Lactic Acid Solution. Figure 7
shows the photocatalytic H2 production activities
of CdS, MoS2/CdS, MoS2/G-CdS, graphene/CdS, and
Pt/CdS (0.5 wt %) in lactic acid solution. It can be seen
that the photocatalytic activity of pure CdS and gra-
phene/CdS in lactic acid solution is still negligible
because of recombination of electron�hole pairs, and
graphene could not effectively separate the electron�
hole pairs. In addition, as shown in Figure S5, it is found
that the oxidation potential of CdS in Na2S�Na2SO3

solution is lower than the case in lactic acid solution,
indicating the easier oxidation of CdS in Na2S�Na2SO3

solution. However, after loading MoS2 cocatalyst, the
MoS2/CdS composite exhibits a largely enhanced
photocatalytic activity for HER with about 1.13 mmol

Figure 3. BET adsorption�desorption isotherms of (a) free
CdS nanoparticles and (b) MoS2/G-CdS composites after
annealing at 573 K for 2 h in an Ar atmosphere, in which
the molar ratio of MoS2 to graphene is 1:2 and the amount
of MoS2/G is 2.0 wt %; inset is the corresponding pore size
distribution by the BJH method.

Figure 4. UV�vis spectra of CdS, graphene/CdS, MoS2/CdS,
and MoS2/G-CdS samples that were annealed at 573 K for
2 h in an Ar atmosphere. The cocatalyst amount is 2.0 wt %.
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in the first hour and 6.3 mmol after 5 h of irradiation (as
shown in Figure 7a and b). Furthermore, the optimized

MoS2/G-CdS composite shows the highest photocata-
lytic activity for HER with about 1.6 mmol in the first
hour and 9 mmol after 5 h of irradiation, which is not
only higher than that of Pt/CdS (∼0.276 mmol/h) but
also higher than its case in Na2S�Na2SO3 solution.
Figure 7c shows the cycling behavior of the amount
of hydrogen generation of different samples per hour.
It can be seen that the average hydrogen generation
rate of MoS2/G-CdS is about 1.8 mmol/h, correspond-
ing to an apparent quantum efficiency of 28.1% at
420 nm, which is higher than that of the MoS2/CdS
composite (the average hydrogen generation rate is
about 1.28 mmol/h), indicating that the incorporation
of graphene considerably enhances the photocatalytic
activities of the composite. However, for Pt/CdS, the
hydrogen generation rate decreases with time. This
might be caused by a poisoning phenomenon of Pt by
the �CO group from the degradation of lactic acid,
which is usually seen in the field of fuel cells.42,43

Mechanism of Photocatalysis for HER. As inmany reports,
the active S atoms on exposed edges of MoS2 increase

Figure 5. Photocatalytic H2 evolution ofMoS2/G-CdS composites and Pt/CdS. (a) Comparison of photocatalytic H2 production
activities of different samples with different weight amounts of cocatalysts for 1 h; (b) photocatalytic H2 production activities
of different samples with different molar contents of MoS2/G in which the amount of cocatalyst is 2.0 wt %; (c) photocatalytic
H2 production activities of MoS2/G-CdS with 2.0 wt % cocatalyst and a molar ratio of MoS2 to graphene of 1:2, annealing at
different temperatures, and (d) their cycling behavior in 5 h; (e) photocatalytic H2 production activities of the MoS2/G-CdS
composite andPt/CdS (0.5wt%)with the highestH2 generation for 1 h and (f) their cyclingbehavior at 5 h. Light source: 300W
Xe lamp, λ > 420 nm. Reaction solution: 300 mL of 0.35 mol/L of Na2S�Na2SO3 aqueous solution. Cat. 0.2 g.

Figure 6. XRD patterns of MoS2/G-CdS with 2.0 wt % coca-
talyst and amolar ratio ofMoS2 tographeneof 1:2, annealing
at different temperatures for 2 h in an Ar atmosphere.
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its activity for HER.21,22 Yan et al. demonstrated that
the unsaturated active S atoms in MoS2 could improve
the electrocatalytic properties of MoS2.

44 Given this, a
schematic illustration of the microstructure of MoS2
and its cocatalytic mechanism of H2 generation are
shown in Figure 7d and e. It can be seen that the
activities of S atoms in the MoS2 molecule are different
with respect to their different coordination. The S
atoms marked by red color with monocoordination
have the highest activity, which is higher than that
marked by orange color with two-coordination. Both
kinds of S atoms are unsaturated active S atoms that
have strong bonds to Hþ in the solution, which are
easily reduced to H2 by electrons. Due to the abun-
dance of Hþ ions in the lactic acid solution, the
unsaturated active S atoms on exposed edges of
MoS2 more easily capture Hþ ions than is the case in
Na2S�Na2SO3 solution, facilitating H2 generation.
Nevertheless, the S atoms on the basal plane with
three-coordination are saturated atoms that have no
activity. Thereby, nanoscaleMoS2 is highly active for H2

evolution as a result of the quantum-confinement
effect. In this paper, the nanosized few-layer MoS2
has more exposed edges and unsaturated active S
atoms and exhibits a good cocatalytic activity for HER.

As mentioned before, the poor electrical conduc-
tivity of pure MoS2 restricts its cocatalytic activity in
HER. As a good two-dimensional layered conductor,
graphene could greatly match with layered MoS2 and
enhance its conductivity, facilitating fast charge trans-
fer. A tentative mechanism proposed for the high H2

production activity of the MoS2/G-CdS composite is
illustrated in Figure 8a. Under visible light, the photo-
generated electrons of CdS are excited and transferred
to the surface. Some of the electrons approaching the
edge of MoS2 are directly reacted with adsorbed Hþ in
H2O to produce H2 under the cocatalytic activities of
unsaturated active S atoms, which can accept elec-
trons and act as active sites for H2 generation.

45 Other
electrons on the MoS2/G basal planes, which have no
catalytic activity, can be transferred to the edge of
MoS2 through the graphene sheets and then react with

Figure 7. (a) PhotocatalyticH2productionactivitiesofCdS,MoS2/CdS,optimizedMoS2/G-CdS,graphene/CdS, andPt/CdS (0.5wt%)
with thehighestH2generation for 1hand (b) their amountofH2generation in5h; (c) photocatalytic cyclingbehaviorof samplesper
hour. Light source: 300 W Xe lamp, λ > 420 nm. Reaction solution: 300 mL of lactic acid aqueous solution (20%). Cat. 0.2 g. (d)
Schematic illustration of the microstructure of MoS2 and (e) its cocatalytic mechanism of H2 generation in lactic acid solution.
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adsorbed Hþ at the edges of MoS2 to form H2. Previous
studies have shown that the layer numbers of MoS2
deliver the different H2 evolution potential, and fewer
layers lead to amore negative potential, facilitating the
water splitting.31,46 In the proposed MoS2/G compo-
sites, due to the inhibition of the (002) plane of MoS2
along the c-axis by graphene sheets, the obtained few-
layer MoS2/G composites show high cocatalytic photo-
catalytic H2 evolution activities for CdS. In addition, the
nanosized MoS2/G sheets have more active edges,
which shorten the path of electron transfer. This possible
mechanism can be further confirmed by transient photo-
current experiments (Figure S6). Pure CdS shows a very
low photocurrent density because of the rapid recombi-
nation of the photogenerated electrons and holes. After
adding MoS2 or graphene cocatalysts, the photocurrent
densities are significantly enhanced, indicating that the
recombination of electron�hole pairs is delayed. The
MoS2/G-CdS composite shows the highest photocurrent
density, indicating the improved charge transportation
from CdS to the edge of MoS2 through graphene.
Additionally, from Figure S7 it can be seen clearly that

the introduction of graphene indeed enhanced the
electrical conductivity of the composite. Futhermore,
the stability of MoS2/G-CdS (2 wt %, Mo:G = 1:2) was
tested by using the same catalyst for photocatalytic H2

production repeatedly five times (as shown in Figure 8b).
After five recycles, the catalyst did not show significant
loss of activity, indicating its high stability during photo-
catalytic H2 evolution. It is believed that a semiconductor
with a small particle size and high crystallinity will show
good photocatalytic activity and stability. In this article,
for the nanosized CdS particle, due to its short distance
between the core and its surface, the photogenerated
electrons and holes could be easy transferred to the
surface for reaction, effectively improving the photo-
electric transformation efficiency and stability. Therefore,
this kind of MoS2/G-CdS composite would find wide
applications as a promising photocatalyst with high
efficiency and low cost for the photocatalytic H2 evolu-
tion reaction.

CONCLUSIONS

A facile process was developed to synthesize CdS-
based composite photocatalysts containing a few-
layered MoS2/G cocatalyst. The characterizations de-
monstrate that the layered MoS2 molecules are tightly
supported on the graphene surface and CdS nanopar-
ticleswere uniformly loaded on theMoS2/G composite.
Through the optimizing of each component propor-
tion, the MoS2/G-CdS composite showed the highest
photocatalytic H2 production activity when the content
of theMoS2/graphene cocatalyst is 2.0wt%and themolar
ratio of MoS2 to graphene is 1:2. The photocatalytic H2

evolution activity of the proposedMoS2/G-CdS composite
was tested and compared in Na2S�Na2SO3 solution and
lactic acid solution. A 1.8mmol/hH2 evolution rate in lactic
acid solution corresponding to anAQEof 28.1%at 420 nm
is not only higher than the case in Na2S�Na2SO3 solution
of 1.2mmol/h, corresponding to anAQEof 20.6%, but also
much higher than that of Pt/CdS in lactic acid solution. It is
demonstrated that due to the high activity of adsorbed
Hþ ions of unsaturated active S atoms onexposed edgeof
MoS2, the photogenerated electrons could directly or
through the graphene substrate react with Hþ ions to
form H2. It is believed that the incorporation of graphene
enhances the charge transfer abilities and retards the
recombination of electron�hole pairs, improving the
photocatalytic H2 evolution activities. Therefore, this kind
of noble-metal-free MoS2/G-CdS composite has great
potential for photocatalytic H2 production under visible
light irradiation.

EXPERIMENTAL METHODS

Synthesis of Graphene Oxide and Nanosized RGO. Natural flake
graphite (Aldrich, þ100 mesh) was oxidized to graphite
oxide using a modified Hummers method.47 Typically, graphite

powder (1.0 g) and sodium nitrate (0.75 g) were first stirred in
concentrated sulfuric acid (37.5 mL) while being cooled in
an ice�water bath. Then potassium permanganate (4.5 g)
was gradually added to form a new mixture. After 2 h in an

Figure 8. (a) Schematic illustration of the charge transfer in
the MoS2/G-CdS composite under visible light irradiation.
Graphene provides a template for photogenerated electron
transfer. (b) Cycling test of photocatalytic H2 evolution for
MoS2/G-CdS compositeswith2.0wt%cocatalyst and amolar
ratio of MoS2 to graphene of 1:2, annealing at 573 K for 2 h.
Light source: 300 W Xe lamp, λ > 420 nm. Reaction solution:
300 mL of a lactic acid aqueous solution (20%). Cat. 0.2 g.
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ice�water bath, themixturewas allowed to stand for 5days at room
temperature with gentle stirring. Then, 100 mL of a 5 wt % H2SO4

aqueous solution was added into the above mixture over 1 h with
stirring. Then, 3gofH2O2 (30wt%aqueous solution)wasalsoadded
to the above liquid, and themixturewas stirred for 2h. After that, the
suspensionwaswasheduntil the pHvalue of the filtratewas neutral.
TheobtainedsolidGOwasdispersed inwater andsonicated (40kHz,
500 W) for 30 min under ambient conditions until the solution
became clear. Then dispersion was then centrifuged at 2000 rpm
for 15 min to remove any unexfoliated GO. The GO solution was
quantified as 1.2 mg/mL. The nanosized RGO was prepared by
hydrothermal reactionof as-preparedGO solution andNaOH.NaOH
(20mg) was added to 60mLof GO solution and sonicated for 2 h to
obtain a uniform solution. Then 0.5 mL of hydrazine hydrate was
added into the above mixture. The hydrothermal reduction was
carried out in a 100 mL autoclave at 373 K for 12 h.

Synthesis of MoS2, MoS2/Graphene, CdS, CdS/Graphene, and MoS2/
Graphene-CdS. A mixture of 0.5 g of Na2MoO4 and 0.8 g of
L-cysteinewasdissolved in80mLofDIwater and then transferred
into a 100 mL Teflon-lined stainless steel autoclave, sealed tightly,
and heated at 453 K for 24 h. After cooling naturally, the black
precipitates were collected by centrifugation, washed with DI
water and ethanol, and dried in a vacuumoven at 353 K overnight.
With the samemethodas above, addingdifferent amounts of RGO
(according to the molar ratios of Mo:C of 1:1, 1:2, 1:4, 1:6, and 1:8,
corresponding to a weight ratio of RGO in composite of 7%, 13%,
23%, 31%, and 37%, respectively) into the starting materials
solution, the as-prepared MoS2/graphene powder could be ob-
tained afterwashing anddrying at 353 K overnight. To prepare the
MoS2/graphene-CdS composite, CdCl2 and as-prepared MoS2/
graphene were dispersed in 300 mL of water with 10 g of
polyvinylpyrrolidone, andArwasbubbled throughout the solution
to remove O2. Then thioglycolic acid and 1.0 MNaOHwere added
into the solution as stabilizer and pH adjuster. After stirring for 2 h,
0.05 M Na2S 3 9H2O was added at the rate of 0.05 mL/min and
continuously stirred for 2 days. Finally, the products were washed
by distilled water and ethanol several times. The obtained MoS2/
graphene-CdS composite was annealed at 473, 573, and 673 K for
2 h in an Ar atmosphere, respectively. As a control, CdS/graphene
and free CdS were also synthesized by a solution-chemistry
method under the same reaction conditions with and without
adding RGO, at an annealing temperature of 573 K.

Characterizations. The samples were characterized by X-ray
diffraction (RINT-2000; Rigaku Corp., Japan) with Cu KR1 radia-
tion, a field emission scanning electron microscope (Hitachi
S-4800), and a transmission electron microscope (TECNAI G2
F30, Japan). The Brunauer�Emmett�Teller surface areas were
measured via nitrogen physisorption (Gemini2360; Micromere-
tics Corp., USA). The diffuse reflectance spectra of the samples
were recorded on a UV�visible spectrophotometer (UV-2500PC;
Shimadzu Corp., Japan) with barium sulfate as the reference.
Then the absorption spectra were obtained from the reflectance
spectra by means of Kubelka�Munk transformations.

Photocatalytic H2 Evolution. The photocatalytic H2 evolution
was carried out with 0.2 g of photocatalyst suspended in a
300 mL solution in a Pyrex glass reaction cell. The reaction cell
was connected to a gas-closed system with a gas-circulated
pump. Visible light (λ > 420 nm) was generated by a 300 W Xe
lamp combined with a UV-cutoff filter (L42, Hoya Co., Japan).
The evolved H2 was analyzed using an online gas chromato-
graph (GC-8A, Shimadzu Co., Japan) equipped with a thermal
conductivity detector. The apparent quantum efficiency was
measured by applying a Xe lamp (300 W) with a 420 nm band-
pass filter (MIF-W, Optical Coatings Japan Co., Japan). The
number of incident photons was measured using a radiant
power energy meter (Ushio spectroradiometer, USR-40). The
AQE was calculated using the following equation:

AQE (%) ¼ Number of reacted electrons
Number of incident photons

� 100%

¼ Number of evolved H2 molecules� 2
Number of incident photons

� 100%

Photoelectrochemical activity measurements were performed
with a CHI electrochemical analyzer (ALS/CH model 650A) in a

standard three-electrode system using the prepared samples as
the working electrodes with an active area of ca. 2.0 cm2, a Pt
sheet as the counter electrode, and a Ag/AgCl (saturated KCl)
electrode (RE-1C; BAS Inc.) as a reference electrode. The simu-
lated sunlight was obtained by an AM1.5 solar simulation (WXS-
80C-3 AM 1.5G) with a light intensity of 100 mW/cm2.
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