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ted MoS2 for eosin Y-sensitized
hydrogen evolution from water under visible light

Xing Liu, †*ab Lanhua Zhao,†c Hua Lai,b Yanyan Wei,b Guihua Yang,b

Shuangfeng Yin *a and Zhengji Yib

Some two-dimensional nanomaterials, such as graphene and molybdenum disulfide, are presently being

intensively investigated due to their excellent and unique performances. In the field of photocatalysis,

MoS2 is considered as a promising alternative to noble metal Pt for the hydrogen evolution reaction

(HER). However, its poor electrical conductivity restricts its catalytic activity in the HER. In this work,

MoS2 was modified with graphene (G) by a simple hydrothermal method. The prepared G/MoS2
composite was characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR)

and scanning electron microscopy (SEM). The results show that graphene modification does not

influence the crystal phase of MoS2, but makes the latter more dispersed. The HER performance of

G/MoS2 was evaluated using eosin Y (EY) as a photosensitizer, and triethanolamine (TEOA) as a sacrificial

electron donor under visible-light irradiation (l > 420 nm, 250 W high pressure Hg lamp as light source).

The EY sensitized G/MoS2 composite displays enhanced hydrogen evolution in terms of not only activity

but also stability. The average HER activity (9.1 mmol h�1) is three times that of EY sensitized pure MoS2
over 10 h. It is believed that the incorporation of graphene enhances the charge transfer ability and

retards the self-degradation path of EYc�, ultimately improving the HER.
1. Introduction

Photocatalytic water splitting into hydrogen, an ideal green
energy carrier, by using sunlight is an attractive and sustainable
solution to global energy and environmental problems.1–3 To
perform the hydrogen evolution reaction, the photocatalytic
system usually consists of a highly efficient photosensitizer (PS),
a hydrogen evolution catalyst and a sacricial electron donor.
There have been a large number of reports on Ru complexes as
PSs.4–6 Compared with transition metal complexes, organic dyes
(without metals) are usually less expensive and more readily
available. Xanthenes, including eosin Y(EY), rosebengal, eryth-
rosin B, appear to be one kind of potential organic dyes that can
be used as PSs for the photoreduction of water.7–13 Unfortu-
nately, there is an instability problem of the dyes in these
hydrogen production systems. This must limit the practical
application of dye sensitization. The instability may be due to
their own high chemical reactivity, taking EY for an instance,
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reductive quenching product EYc� of excited EY (3EY*) which
forms in the photocatalytic hydrogen systems, can undergo
debromination reaction to decrease the sensitization activity of
EY.14,15 It should be a good strategy for enhancing stability of the
dye to transfer the electron of EYc� by an excellent electron
acceptor including catalyst.

As catalysts, they should provide highly active sites for
hydrogen formation and reduce the overpotential of hydrogen
evolution signicantly. Some noble metals, such as Pt, have
been fully proven to be an effective cocatalyst/catalyst for this
reaction.14–16 However, the scale-up application of the Pt-based
catalysts is still hard at present on account of their scarceness
and high-cost. Therefore, the exploration of alternatives con-
sisting solely of earth-abundant elements as well as having
highly activity is an important topic.

Molybdenum disulde (MoS2) has been investigated in
several elds including lithium ion batteries, photo-
electrochemical solar cells, biosensors, super lubricants,
photodetectors, catalysts, and so on, due to its unique chemical
and physical properties.17–21 Recently, MoS2 has been reported
to be used as a hydrogen evolution (co-)catalyst, but generally
speaking, its activity is still low compared to Pt.22–27 Surface
modication of MoS2 is a feasible means to improve its
photoactivity.

As another typical two-dimensional nanomaterial, graphene
has been attracting many interests due to its outstanding
mechanical, thermal, optical, and electrical properties and wide
This journal is © The Royal Society of Chemistry 2017
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applications.28–33 Surface modication of MoS2 with graphene
(or its oxide) have been demonstrated to enhance the photo-
induced charge transfer.34–41 However, very few works have
paid attention to dye sensitized the MoS2/graphene composites,
especially the stability issue for hydrogen evolution from water.

In this work, MoS2 was modied with graphene by a simple
hydrothermal method and EY sensitized graphene/MoS2
exhibits improved not only activity but also stability of hydrogen
production compared to EY sensitized MoS2 in the presence of
triethanolamine (TEOA) as a sacricial electron donor. This
visible-light-driven hydrogen production system without noble
metals is expected to contribute toward the development and
practical application of photocatalytic technology.
2. Experimental
2.1 Preparation of graphene oxide and reduced graphene
oxide

All the chemicals were of analytical grade and were used without
further purication. Graphene oxide (denoted as GO) was
synthesized by the modied Hummersmethod according to our
previous work.42 In a typical process, natural graphite (1.0 g) and
NaNO3 (0.50 g) were mixed with 23 mL of concentrated H2SO4

(98%) in an ice bath (#4 �C), and the mixture was stirred for
20 min, then 6.0 g of KMnO4 was added within 60 min. The
reaction system was kept at room temperature for 2 h, subse-
quently the suspension was rapidly heated to 95 �C and kept for
30 min, aer that, the cold mixture (#1 �C) of distilled water
(100 mL) and H2O2 (10 mL) was added and the system imme-
diately became yellow-brown, the resulting mixture was ltrated
and washed with distilled water and absolute ethanol until the
ltrate is neutral and no SO4

2� (determined with saturated
BaCl2 solution) in it. The solid was dried in an oven at 80 �C and
GO was obtained.

GO was reduced by a chemical method with hydrazine
hydrate (N2H4$H2O) as reductive agent. 0.3 g of GO powder was
dissolved in 200 mL distilled water by sonication for 1 h to form
GO aqueous solution, then 0.6 g of KOH and 10 mL of
N2H4$H2O was added into above solution under continuous
stirring, and then the reaction system kept reuxed at 98 �C for
12 h. Finally, the suspension was cooled and washed with
distilled water and ethanol several times, and dried in vacuum
at 60 �C. The obtained reduced graphene oxide was abbreviated
as G.
2.2 Preparation of graphene decorated MoS2

The graphene decorated MoS2 nanohybrid (G/MoS2) was
synthesized by a simple hydrothermal reaction. Typically,
a given of as-prepared G powders were dispersed into 50 mL of
H2O under sonication. Aer that, 5.0 mmol of sodium molyb-
date (Na2MoO4$2H2O) and thioacetamide (NH2CSNH2) were
dissolved into the above suspensions under stirring, and then
the mixture was transferred into a 100 mL Teon-lined auto-
clave and heated in an oven at 180–220 �C for 16 h. The solid
products were collected by ltration, washed carefully with
water and ethanol for several times, and dried in a vacuum oven
This journal is © The Royal Society of Chemistry 2017
at 50 �C for 6 h. For comparison, the blank samples of MoS2
were prepared in the absence of G under the same experimental
conditions. The G/MoS2 and MoS2 catalyst for photocatalytic
hydrogen production were grinded in an agate mortar before
using.

2.3 Photocatalytic hydrogen generation

Photocatalytic reaction was performed in a 190 mL Pyrex cell
with a side at window. A 250 W high pressure Hg lamp was
used as the light source, which was equipped with a cutoff lter
(l > 420 nm) to remove the radiation below 420 nm. The IR
fraction of the beam was removed by a cool water lter to ensure
illumination of visible light only. In a typical reaction, 0.10 g of
G/MoS2 or MoS2 was added into 80.0 mL aqueous solution
containing TEOA (9.5 � 10�2 mol L�1) and a given concentra-
tion EY, whose pH was adjusted to 7.0 with HCl. Before
photoreaction, the catalyst was dispersed in an ultrasonic bath
for 5 min and high-pure N2 gas was bubbled through the
reaction mixture for 30 min to remove oxygen completely. The
top of the cell was sealed with a silicone rubber septum.
Sampling was made intermittently through the septum during
experiments. The amount of generated hydrogen was deter-
mined on a gas chromatograph (TCD, 13X molecular sieve
column, N2 gas carrier).

2.4 Characterization and instruments

X-ray diffraction (XRD) studies were carried out using a Bruker
D8 ADVANCE polycrystalline X-ray diffractometer with nickel-
ltered Cu Ka radiation as the X-ray source (l ¼ 0.15406 nm)
at a scan rate of 0.05�. The Fourier transform infrared (FTIR)
spectra were recorded in transmission mode from 400 to
4000 cm�1 at a resolution of 8 cm�1 on a Nicolet Magna 560 IR
spectrometer using the KBr pellet technique. Scanning electron
microscopy (SEM) images were taken on a EVO-10 (Carl Zeiss
AG, Germany) working at 30 kV, the samples were mounted
onto carbon adhesive pads attached to aluminum stubs. The
Brunauer–Emmett–Teller (BET) specic surface areas were
determined on an ASAP 2020 (Micromeritics Instruments, USA)
nitrogen adsorption apparatus.

3. Results and discussion
3.1 Characterization of the catalysts

Fig. 1 shows the XRD patterns of the as-synthesized G/MoS2 and
MoS2. The diffraction peaks located at 2q ¼ 14.0�, 33.4�, 39.8�,
49.4�, 59.3�, 69.9�, could be perfectly indexed to 2H–MoS2
(JCPDS 37-1492).43,44 No other impurities phases are detected
within the instrument detection limit, which indicates a pure
MoS2 hexagonal phase is formed. No characteristic diffraction
peaks of graphene can be observed in G/MoS2 sample probably
because the amount of graphene is low as well as its diffraction
intensity is relatively low. The strongest peak at 2q ¼ 14.0�

corresponds to (002) crystal plane of the hexagonal phase,
indicating a typical lamellar structure along the c axis. The FWH
values of (002) peak are 1.91�and 1.62� for G/MoS2 and MoS2,
respectively. The peak intensity of G/MoS2 decreases and its
RSC Adv., 2017, 7, 46738–46744 | 46739
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Fig. 1 XRD patterns of G/MoS2 and MoS2.
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FWH broadens, indicating that the MoS2 crystallite size
becomes smaller aer graphene modication.

Fig. 2 shows FT-IR spectra of G/MoS2, MoS2, GO and G. The
characteristic bands of GO are observed at 1047, 1092 cm�1

(alkoxy C–O stretching), 1200 cm�1 (phenolic C–OH stretching),
1399 cm�1 (carboxyl O–H stretching), 1625 cm�1 (C]C skeleton
vibrations of graphitic domains), 1710 cm�1 (C]O stretching
vibrations of carboxyl or carbonyl groups) and 3400 cm�1(–OH
bending vibration).30,45 While the intensities of these oxygen-
containing functional groups decrease remarkably in G
sample, suggesting that GO is nearly reduced by hydrazine.
MoS2 exhibits a weak “S–Mo–S” absorption band (stretching
vibrations) at 460 cm�1 approximately.40,46 The above bands of G
and MoS2 can be observed in G/MoS2 sample. The vibration
band around 2350 cm�1 characterizes CO2 (C]O]C stretch-
ing) from the air due to our tests were directly conducted under
the atmosphere.

As shown in Fig. 3, MoS2 is composed of sphere-like clusters
and the cluster consists of many thin nanosheets, which is
Fig. 2 FT-IR spectra of G/MoS2, MoS2, GO and G.

46740 | RSC Adv., 2017, 7, 46738–46744
benecial for the separation of photo-generated carriers. The
MoS2 clusters are stacked together, implying that a signicant
aggregation occurs. The surface of G sheets (Fig. 3b) are very
glossy and has a characteristic wrinkle, the sheets possess
planar domains (sp2 p-conjugated network) and bending
domains (sp3 regions, composed of lattice defects, oxygen
groups and dangling bonds).31 In G/MoS2 sample (Fig. 3c), MoS2
clusters are tightly intertwined with graphene sheets, and the
intimate contact makes the electronic interaction betweenMoS2
and graphene possible. The statistical particle size distributions
of MoS2 and G/MoS2 were shown in Fig. 3d and e, the average
diameter of MoS2 nanoparticles is 200 � 50 nm, and it is 150 �
50 nm for G/MoS2 nanoparticles. The decrease in average
diameter of MoS2 reveals that they also become more dispersed,
which is in agreement with the XRD results. It means that the G
decoration can promote the nucleation of MoS2 but suppress
the aggregation of MoS2 clusters, this is benecial to hydrogen
generation reaction.
3.2 Dye sensitized hydrogen generation

A noble-metal-free hydrogen production system was con-
structed with the as-prepared G/MoS2 as a catalyst, eosin Y as
a photosensitizer, and TEOA as a sacricial electron donor. It is
observed from Fig. 4 that G, EY-G (EY sensitized G) and G/MoS2
systems show negligible photocatalytic H2 evolution activity,
suggesting that both MoS2 and EY are indispensable in our
reaction system. And the EY-MoS2 (EY sensitized MoS2) system
has a remarkable activity under the same experimental condi-
tions. However, the amount of hydrogen generation from EY-G/
MoS2 (EY sensitized G/MoS2) system within 2 h irradiation is
near twice of that from EY-MoS2 system. The result indicates
that the graphene modication can markedly enhance the
sensitized activity for hydrogen generation. Besides, as shown
in Fig. 5, the activity of EY-MoS2 system decreases to very low
level aer 5 h irradiation while EY-G/MoS2 system keeps almost
constant activity for hydrogen generation within 10 h irradia-
tion, suggesting that the stability of EY-G/MoS2 system is
enhanced compared with EY-MoS2 system, and the average HER
activity (9.1 mmol h�1) is about three times of that from EY
sensitized pure MoS2 (3.1 mmol h�1) within 10 h. It can be
explained as follows:44 (I) graphene could improve the transfer
of the photogenerated electrons in the dye species to the edges
of MoS2 and then react with adsorbed H+ ions to form H2. (II)
The high concentration of electrons between the MoS2 layer and
the graphene layer could greatly enhance the electronic
conductivity of composites. (III) MoS2 becomes more dispersed
in the presence of graphene, meaning more active sites for H2

evolution. Therefore the activities of composites are improved
signicantly.

The average rate of hydrogen production not high, the
possible reasons include: rstly, the light source in our experi-
ments was a 250 W high pressure Hg lamp (equipped with
a cutoff lter (l > 420 nm)), compared with xenon lamp, its light
intensity was very low, so the photocatalytic activity is limited.
Secondly, the overpotential for direct hydrogen evolution at
MoS2 active sites is high, thus the rate is relatively slow
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 SEM images of (a) MoS2, (b) G and (c) G/MoS2, particle size distribution of (d) MoS2 and (e) G/MoS2.

Fig. 4 Photocatalytic H2 production of various systems. Conditions:
0.10 g catalyst, 2.0 � 10�3 mol L�1 TEOA, light source: 250 W high
pressure Hg lamp, l > 420 nm, irradiation time 2 h.

Fig. 5 Time courses of photocatalytic H2 production of EY sensitized
G/MoS2 and MoS2. The conditions as Fig. 4.
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compared to some others with noble metals which can reduces
this overpotential.

It is generally believed that, in EY sensitized hydrogen
generation system, the charge transfer is mainly undertaken by
3EY*, which comes from singlet state through intersystem
crossing aer EY is excited by visible light irradiation. Previous
works have demonstrated that 3EY* is prevailingly quenched
reductively by electron donor TEOA to form radical EYc� anion
in photochemically driven electron-transfer step.15,47,48 EYc�

radicals have two dominating quenching paths: (I) injects its
This journal is © The Royal Society of Chemistry 2017
surplus electron into photocatalyst to reduce H+(H2O). (II) self-
degradation, that is, C–Br bonds of EYc� usually cleave very fast,
leading to its photobleaching and the loss of photoactivity.15,49

Obviously, self-degradation path of EYc� is detrimental to our
targeted HER. The higher electrical conductivity of photo-
catalyst (electron acceptor) is, the stronger its electron transfer
ability will be. The electron transfer from EYc� to photocatalyst
should take place highly effectively because the introduction of
graphene indeed enhances the electrical conductivity of the G/
MoS2 composite. This electron transfer from EYc� can compete
RSC Adv., 2017, 7, 46738–46744 | 46741
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Fig. 7 Effect of initial G concentration on hydrogen evolution of EY
sensitized G/MoS2. Conditions: 200 �C hydrothermal temperature,
3.1 � 10�4 mol L�1 EY, 2.0 � 10�3 mol L�1 TEOA, visible light (l >
420 nm) irradiation for 2 h.

Fig. 8 Effect of hydrothermal temperature on hydrogen evolution of
EY sensitized G/MoS2. Conditions: 0.25 mg mL�1initial G concentra-
tion, 3.1 � 10�4 mol L�1 EY, 2.0 � 10�3 mol L�1 TEOA, visible light (l >
420 nm) irradiation for 2 h.
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favorably with its debromination. So, in other words, debro-
mination of EYc� is inhibited to some extent. EYc� radicals
injects its surplus electron into G/MoS2 and transforms itself
into original EY. As a result, the sensitization activity and
stability of G/MoS2 improved. Based on the above discussions,
a probable mechanism of the photosensitized hydrogen
production is proposed as shown in Fig. 6.

Some related reaction conditions were investigated. Fig. 7
described the effect of initial G concentration on hydrogen
evolution. When G concentration increased from 0 to
0.25 mg mL�1, a positive impact on hydrogen evolution was
observed. This may be ascribed to the increase of G promoting
electron transfer as well as dispersion of MoS2. When GO
concentration further increased to 0.50 mg mL�1, there was
a negative impact on hydrogen evolution, because the intro-
duction of a large percentage of black graphene leads to
shielding of the MoS2 active sites, called a “shielding effect”.
Therefore, a GO concentration of 0.25 g L�1 was found to be
optimal.WhenG concentrations are 0, 0.125, 0.25, 0.50mgmL�1,
the BET specic surface areas of the prepared G/MoS2 samples
are 19.7, 24.4, 27.1, 31.6 m2 g�1, respectively. This suggests that
introduction of graphene increases the specic surface areas of
G/MoS2 composites, which is in agreement with the SEM and
XRD analyses. Since the heterogeneous photocatalysis is
a surface-dependent reaction, a large surface area should provide
more surface active sites for the adsorption of reactants, making
the photocatalytic HER more efficient. Moreover, EYc� species
preferentially transfer their electrons to G and then to active sites
of MoS2, leading to spatially separation of photogenerated
charges, which could be understood by comparing their energy
levels. Since the reductive potential of EYc� is �0.8 V (vs. NHE)
whilst the work function of G is 0.16 V and the conduction band
potential of MoS2 is 0.20 V. The electron transfer from the EYc� to
G then to MoS2 is thermodynamically feasible. This enhanced
electron transfer is also demonstrated by numerous
reports.16,35,43,44

The effect of hydrothermal temperature on photocatalytic
hydrogen evolution is shown in Fig. 8. When hydrothermal
Fig. 6 Schematic representation of probable mechanism of photo-
sensitized hydrogen production. Noted that EY*, EYc�, TEOA represent
the triplet excited state of eosin Y, the radical anion of eosin Y and
triethanolamine, respectively.

46742 | RSC Adv., 2017, 7, 46738–46744
temperature alters from 180 to 220 �C, the MoS2 prepared at
200 �C shows the best hydrogen evolution activity. It can be
easily understood that higher temperature is conductive to the
crystallization of MoS2 as well as further reduction of graphene,
while the average size of MoS2 nanosheets increases with
increased hydrothermal temperature. As a photocatalyst,
usually, MoS2 should have small size as well as high crystal-
linity, as a result of trade-off of the two kinds of factors,
a optimal hydrothermal temperature at 200 �C occurs in our
experiments.

Fig. 9 shows the impact of EY concentration on hydrogen
evolution. The photocatalytic activities increases rst and
then declines with increase of EY concentration, and reaches a
maximum at 3.1 � 10�4 mol L�1. If no dye is added, only a little
evolved hydrogen is observed, this demonstrates that hydrogen
generation is indeed driven by dye sensitization. When
concentration of EY increases from 0 to 3.1 � 10�4 mol L�1, the
antenna effect of dye to absorb light is boosted, more and more
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Effect of EY concentration on hydrogen evolution of EY sensi-
tized G/MoS2. Conditions: 0.25 mgmL�1initial G concentration, 200 �C
hydrothermal temperature, 3.1 � 10�4 mol L�1 EY, 2.0 � 10�3 mol L�1

TEOA, visible light (l > 420 nm) irradiation for 2 h.
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radical EYc� anion generates, thus the hydrogen evolution is
enhanced. Nevertheless, when the concentration of EY is
extremely high, many free dye molecules in solution absorb the
input light but would not contribute to hydrogen evolution.
Moreover, greater collisional deactivation of the 3EY* excited
state happens due to serried dye molecules, so the activity of
hydrogen evolution would not rise.
4. Conclusions

In summary, MoS2 was modied with graphene by a simple
hydrothermal method, the graphene modication does not
inuence the crystal phase of MoS2, but makes it more
dispersed. EY sensitized G/MoS2 composite displays enhanced
photocatalytic hydrogen generation in terms of not only activity
but also stability. It is believed that the incorporation of gra-
phene enhances the charge transfer abilities and retards the
self-degradation path of EYc�, ultimately improving the photo-
catalytic H2 evolution. This kind of noble-metal-free dye-G/MoS2
system has great potential for photocatalytic H2 production
under visible light irradiation.
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