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of rare earth metal Sm oxides and
Co1�xS on sheet structure MoS2 for photocatalytic
hydrogen evolution

Hai Yu, Jing Xu, * Hao Guo, Yanru Li, Zeying Liu and Zhiliang Jin

The novel composite Sm2O3@Co1�xS/MoS2 was synthesized by an efficient and easy operation

solvothermal process. As a new photocatalyst, it has high photocatalytic activity. The hydrogen evolution

amount of the Sm2O3@Co1�xS/MoS2 catalyst is as high as 448 mmol under visible light irradiation for 5 h,

which is about 4 times higher than MoS2 and still exhibited high photocatalytic stability. The AQEs

reached 32.1% at 475 nm. The synergistic effect of rare earth metal Sm oxides and Co1�xS over MoS2
sheet for photocatalytic activity and stability were analysed by SEM, TEM, XRD, XPS, UV-vis, and

fluorescence spectra etc. The results showed that the deposited Sm2O3@Co1�xS are uniformly dispersed

on the MoS2 sheet, the electron transfer and the charge separation were obviously improved with the aid

of Sm2O3 and Co1�xS on the surface of MoS2. The BET results showed that Sm2O3@Co1�xS/MoS2 had

a greater specific surface area and pore volume, which was beneficial to the adsorption of dye

molecules and enhanced the photocatalytic activity. Therefore, rare earth metal Sm oxides might be

a potential cocatalyst for the design of a new photocatalyst.
1. Introduction

With the development of human society, science, technology
and humanities have made great progress, but the problems of
resources and environment are also increasingly prominent.
The current social and environmental situation is largely
affected by the use of energy based on the use of hydrocar-
bons.1,2 Hydrogen (H2) is considered a clean fuel today, and is
one of the strategic alternatives to fossil fuels in the future.3,4

Hydrogen can be produced in various ways,5 but it is important
to nd a cleaner route that generates hydrogen under mild
conditions. One of the best choices for generating H2 is pho-
tocatalytic hydrolysis.6 However, the development of a new
visible light response photocatalyst, with excellent charge
separation ability and high stability to meet the needs of prac-
tical applications, remains a huge challenge.7–12

High-cost precious metals remain the most effective major
catalyst today.13 Therefore, it is an urgent task to nd the low-
cost non-noble metal catalysts to promote photocatalytic
hydrogen evolution. The transition metal (Ni, Co) as a photo-
catalyst has been found to effectively reduce the cost and
increased the hydrogen evolution efficiency.14–17 As a catalyst for
the hydrogen evolution from decomposition of water, CoB18 has
higher photocatalytic activity, low cost and easy preparation,
and becomes a suitable catalyst for hydrogen evolution. Co3O4,
a p-type semiconductor, has been considered to be an ideal
ring, North Minzu University, Yinchuan

.com

hemistry 2017
photocatalytic composite material with a band gap (1.2–2.1
eV).19,20 So far, many Co3O4-based photocatalyst such as Co3O4/
CdS21,22 and Co3O4/TiO2 (ref. 23 and 24) have been studied as an
effective way to improve the photocatalytic activity. The
hydrogen evolution rate of g-C3N4 loading with CoS increased
obviously under visible light irradiation.25 According to the
latest reports of Yang et al., amorphous CoS has been used as an
efficient catalyst for electrochemical and photoelectrochemical
hydrogen evolution.26 Therefore, Co can be regarded as a excel-
lent cocatalyst for photocatalytic hydrogen production.

MoS2 is a photocatalyst with high chemical stability and low
cost, which has been proved to be an efficient catalyst for
reducing the recombination rate of light carriers and improving
the photocatalytic activity of hydrogen evolution.27–29 MoS2
belongs to a quasi two-dimensional material, its atomic layer is
sandwiched between two layers of sulde atoms with covalent
bonds.30 The weak van der Waals gap between these atomic
layers is the main reason for the catalytic and optical properties
of MoS2.31–34 The enhanced photocatalytic activity of nano sized
MoS2 is due to its small direct band gap (1.7 eV), wide absorp-
tion range of 400–700 nm and sufficient BET specic surface
area. MoS2 composites, such as MoS2/graphene,35 MoS2/CdS36

andMoS2/WS2,37 for different uses such as lithium ion batteries,
evolution of H2 and photoelectric properties. With the assis-
tance of Co, the molybdenum-based suldes prepared by
hydrothermal method exhibit high activity.38,39 Rare earth
element metal Sm was also found to be an effective material for
improving the photocatalytic hydrogen evolution. For example,
RSC Adv., 2017, 7, 56417–56425 | 56417
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Sm2MTaO7 (M ¼ Y, In, Fe)40 and Sm-doped Bi2MoO6 (ref. 41)
showing good catalytic activity.

In this work, the aim is to synthesis the Sm2O3@Co1�xS/
MoS2 solid solution with high photocatalytic activity as well as
a uniform size and shape by one-step hydrothermal coprecipi-
tation. Under the 300 W xenon lamp, the hydrogen evolution
amount of Sm2O3@Co1�xS/MoS2 photocatalyst in 10% TEOA
solution was 448 mmol. The new non-noble metal photocatalyst
Sm2O3@Co1�xS/MoS2 exhibited a better stability and efficiency
for the H2 evolution reaction.
2. Experimental
2.1 Synthesis of the Sm2O3@Co1�xS/MoS2 nanomaterial

The Sm2O3@Co1�xS/MoS2 sample was prepared by a one-step
hydrothermal method. Different solid solutions were obtained
by changing the molar ratios of Sm to Co precursors and the
molar amount of Mo. 0.1 mmol CTAB (hexadecyl trimethyl
ammonium bromide) was dissolved completely in 100 mL of
distilled water at 50 �C, and was cooled to room temperature.
Then 1.5 mmol samarium trinitrate (Sm(NO3)3$6H2O),
8.5 mmol Cobalt nitrate (Co(NO3)3$6H2O), 6 mL ammonium
hydroxide (NH3$H20) were added in that order into 30 mL CTAB
solution prepared above with constant stirring, and then the
mixtures were stirred for 30 min. On the other hand, 0.105 g
ammonium molybdate tetrahydrate {(NH4)6Mo7O24$4H2O} and
25 mg thiourea (CN2H4S) were completely dissolved in 25 mL
CTAB solution. Finally, mix the two solutions. Aer stirring for
8 h, the mixture was transferred into a 100 mL Teon vessel,
which was placed in a electric thermostatic drying oven and
heated at 150 �C for 24 h. The formed turbid liquid was ltered
and washed with ultrapure water and ethanol several times to
remove CTAB and other ions, and then the product was dried at
80 �C for 12 h. By changing the molar ratio of Sm to Co
precursor, Co1�xS/MoS2, Sm2O3/MoS2 samples and Sm2O3@-
Co1�xS/MoS2 with different Sm contents were prepared. By
varying the amount of the Mo precursor, Sm2O3@Co1�xS
sample and Sm2O3@Co1�xS/MoS2 with different Mo contents
were prepared.
2.2 Characterization

The microstructure and morphology of the samples were
characterized by using Scanning Electron Microscope (SEM) at
an accelerating of 5.0 kV. The structure of the samples were
characterized by conventional X-ray diffraction (XRD), Cu K
radiation (operated at 40 kV and 40 mA). The X-ray photoelec-
tron spectroscopy (XPS) of the sample was measured by the
ultrahigh vacuum VG ESCALAB 250 electron spectrometer. UV-
vis absorption spectra determination of a UV2800S UV-vis
spectrophotometer (Shanghaihengping). Transmission Elec-
tron Microscope (TEM) and High Resolution Transmission
Electron Microscope (HRTEM) were taken with JEOL JEM-2100
200 kV. The photoluminescence spectra (PL) of all samples were
measured by a Horiba FluoroMax-4 uorescence spectropho-
tometer (HORIBA scientic, France). The specic surface areas
56418 | RSC Adv., 2017, 7, 56417–56425
(BET) of all samples were determined by a Micromeritics ASAP
2020 nitrogen adsorption apparatus.
2.3 Photocatalytic reaction and the apparent quantum
efficiency

The photocatalytic hydrogen experiment was carried out in
a 250 mL photochemical reactor, equipped with a magnetic
stirrer and cooling water circulation system, which was carried
out in a black box. A 300 W Xe lamp (CEL-HXF300) with a cut-off
lter (l $ 420 nm) was used as a light source and the effective
irradiation area was determined to be 50.24 cm�2. For
conventional photocatalytic reactions, 20 mg Sm2O3@Co1�xS/
MoS2 photocatalyst was dispersed in a 100 mL aqueous solution
containing 10 mL TEOA of electronic sacricial agent under
ultrasonic treatment for 10 min. Then, the mixed solution
would be added to the reactor. 50 mg EY was added to the
reactor as sensitizer, which stirred for 30minutes on amagnetic
stirrer. Aer the reactor was closed, the reactor remains vacuum
by using a vacuum pump for 30 min. The N2 into the reactor,
and a needle into the reactor bottle for exchange the gas, keep
for 30 minutes. Making sure the gas in the reactor contained
only nitrogen. The reaction solutions were maintained at room
temperature with cooling water, which in the reaction process
of light irradiation. The amount of hydrogen produced during
the reaction was determined by gas chromatography (SP-2100,
13X column, TCD, N2 carrier).

In the same photocatalytic reaction conditions with mono-
chromatic radiation light passing through a band pass lter
(420, 475, 500, 520 and 550 nm), the apparent quantum effi-
ciency (AQE) was measured. The photon ux of the incident
light determined on a Ray virtual radiation actinometer
(ApogeeMQ-500, silicon ray detector, light spectrum, 389–
692 nm, sensitivity, 0–4000 mmol m�2 s�1) was 152 mmol m�2

s�1. According to the ratio of the number of reacted electrons
during hydrogen evolution to the number of incident photons,
the AQE was calculated.

AQE ¼ 2� the number of evolved hydrogen molecules

the number of incident photons
2.4 Photoelectrochemical measurements

The photoelectrochemical measurement was performed on an
electrochemical analyzer (Chenhua CHI 660D) in a standard
three-electrode cell. The working electrodes were prepared by
physical deposition method. A certain amount of catalyst power
was dispersed ultrasonically in the ethanol to form a slurry
state. The catalyst with a certain volume of slurry was added to
the surface of ITO conductive glass, and then 500 mL of EY
aqueous solution (1.0 � 10�4 mol L�1) was added onto the
above catalyst lm electrode surface. Aer during at 60 �C for
8 h, the ITO working electrode with catalyst was prepared. Pt
electrode was used as the counter electrode, and a saturated
calomel electrode (SCE) as the reference electrode. The sup-
porting electrolyte was Na2SO4 (0.1 mol L�1) aqueous solution.
The immersion area of the working electrode in the electrolyte
This journal is © The Royal Society of Chemistry 2017
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View Article Online
was about 0.95 cm2. A 300 W Xe lamp equipped with an optical
cutoff lter of 420 nm was employed for the visible-light
excitation.

3. Results and discussion
3.1 SEM analysis

Using hydrothermal precipitation with ammonia water assis-
tance, Sm2O3@Co1�xS solid solutions were prepared and used
for the same hydrothermal syntheses of Sm2O3@Co1�xS/MoS2
photocatalyst. Samples were obtained with the starting reactant
molar ratios of 1.5 : 10 for Sm/(Sm + Co), 3 : 10 for Mo/(Sm + Co)
were examined rst. The morphologies of MoS2, Sm2O3@-
Co1�xS and Sm2O3@Co1�xS/MoS2 nanocomposites were exam-
ined by SEM. Fig. 1a shows the SEM of MoS2 prepared by the
hydrothermal method, which can be seen that the MoS2 pres-
ents a sheet structure and aggregates together. Fig. 1b shows the
SEM of Sm2O3@Co1�xS synthesized by hydrothermal method
and the Sm2O3@Co1�xS presents a column structure with
uniform shape and distribution. Fig. 1c shows the SEM of
Sm2O3@Co1�xS/MoS2 composite, which can be seen that the
columniform mixtures of Sm2O3@Co1�xS were successfully
loaded on the sheet of MoS2. The above results showed that we
successfully prepared MoS2 and Sm2O3@Co1�xS nano materials
with regular shape and uniform distribution by hydrothermal
method, and the Sm2O3@Co1�xS/MoS2 composite material was
successfully synthesized on the basis of Sm2O3@Co1�xS and
MoS2 nano materials.

3.2 TEM analysis

The TEM images of the Sm2O3@Co1�xS/MoS2 showed that
a large amount of solid solutions on the surface of MoS2 sheet in
Fig. 2a, which is agreement with the SEM analysis results of
Fig. 1c. And Fig. 2b indicated the existence of Sm2O3, and the
lattice striation of Sm2O3 can be observed clearly.

The spacing of the lattice is 0.32 nm, corresponding to the
(002) plane of Sm2O3, which is consistent with the XRD results.
In addition, we can observe that the existence of Co1�xS and the
spacing of the lattice is 0.19 nm, corresponding to the (002)
plane of Co1�xS. The EDS (Fig. 2c) results showed that the
further conrm the existence of Sm, Co, Mo, S, O elements in
Sm2O3@Co1�xS/MoS2 composite, which is consistent with the
results of XPS analysis.
Fig. 1 SEM images of (a) MoS2, (b) Sm2O3@Co1�xS and (c) Sm2O3@Co1�

This journal is © The Royal Society of Chemistry 2017
3.3 XRD analysis

The XRD patterns (Fig. 3) of the Sm2O3/MoS2 was in good
agreement with JCPDS le no. 42-1464, which indicating the
existence Sm2O3. The Sm2O3 peaks located at 27.777�, 31.983�

and 50.145� corresponded to (111), (112) and (114), respectively.
There were many differences between the XRD patterns of
Sm2O3/MoS2 and Sm2O3@Co1�xS/MoS2 nanoparticles. The XRD
patterns of the Sm2O3@Co1�xS/MoS2 was in good agreement
with JCPDS le no. 42–1462, indicating Co1�xS solid. For the
Co1�xS, the peaks located at 30.516�, 35.178�, 46.762�, 54.266�

and 74.402� corresponded to (100), (101), (102), (110) and (202).
At the same times, there was no great difference between the
XRD patterns of Sm2O3@Co1�xS and Sm2O3@Co1�xS/MoS2
particles. The former only showed the diffraction peaks of
Sm2O3 and Co1�xS particles, with no MoS2 diffraction peak
observed. For the Sm2O3@Co1�xS/MoS2 nanoparticles, it was of
note that two peaks appear at 14.378� and 39.538�, corre-
sponding to the diffraction of (002) and (103) plane (JCPDS card
no. 37-1492 for MoS2). The above results indicated that nano
materials prepared by the hydrothermal method were MoS2,
Sm2O3@Co1�xS and Sm2O3@Co1�xS/MoS2, indeed.
3.4 XPS analysis

The chemical states of the sample nanomaterials can be char-
acterized by the use of X-ray photoelectron spectroscopy (XPS).
As presented in Fig. 4a, the XPS survey spectrum indicate that
the catalyst mainly consist of Sm, O, Co, S, Mo and C elements,
which in agreement with XRD results. In Fig. 4b, the BEs of Sm
3d5/2 and Sm 3d3/2 of Sm2O3@Co1�xS/MoS2 were found to be
1083.470 eV and 1110.398 eV, indicating that Sm were in the
form of Sm3+ in Sm2O3. In Fig. 4c, one single peak at 531.897 eV
was observed for O 1s XPS spectrum, which further proved the
existence of Sm2O3. In Fig. 4d, the BEs of Co 2p3/2 and Co 2p1/2
were observed to be 789.460 eV and 782.248 eV, indicating that
Co were in the form of Co2+and Co3+ in Co1�xS. In Fig. 4e, the
BEs of S 2p3/2 and S 2p1/2 were found to be 168.746 eV and
169.762 eV, which can be seen existence in the Co1�xS. The Mo
3d spectrum in Fig. 4f shows the binding energy of Mo 3d5/2 and
Mo 3d3/2 were observed to be 253.799 eV and 232.781 eV, indi-
cating that Mo was in the form of Mo4+ in the MoS2. Both the
resolution spectra of Mo 3d and S 2p ascertain the existence of
MoS2 in the composite. The above results further indicated the
xS/MoS2 composites.

RSC Adv., 2017, 7, 56417–56425 | 56419
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Fig. 2 (a) TEM images of Sm2O3@Co1�xS/MoS2 composites, (b) HRTEM images of Sm2O3@Co1�xS/MoS2 composites, (c) EDS spectrum of
Sm2O3@Co1�xS/MoS2 in the Cu signals.

Fig. 3 The XRD patterns of Sm2O3@Co1�xS, Sm2O3/MoS2 and Sm2-
O3@Co1�xS/MoS2 nanoparticles.
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View Article Online
existence of Sm2O3@Co1�xS/MoS2, which were consistent with
the above XRD analysis results.
3.5 Photoluminescence (PL) analysis

To demonstrate the important role of Sm and Co in facilitating
the transfer of electrons, the uorescence spectra of different
samples of MoS2, Sm2O3/MoS2, Co1�xS/MoS2, Sm2O3@Co1�xS
and Sm2O3@Co1�xS/MoS2 were further performed. Fig. 5 shows
that when EY solution (1 � 10�6 mol L�1) excitation wavelength
56420 | RSC Adv., 2017, 7, 56417–56425
is 480 nm, a typical wide emission peak appeared at 546 nm.
Aer adding MoS2 to the EY solution, the uorescence intensity
decreased. When Sm2O3/MoS2 was added, the uorescence
intensity decreased obviously, because the formation of the
heterostructure made the recombination of electron–hole pair
suppressed, and the photoelectron can rapidly transfer. When
Sm2O3@Co1�xS/MoS2 was added, the uorescence intensity
decreased sharply, which indicated that the charge recombi-
nation was inhibited and the electron migration efficiency was
accelerated. In addition, the maximum emission wavelength of
the MoS2 and Sm2O3/MoS2 sensitized by EY appeared to a blue
shi and a red shi because of the formation of a via p–p stack
interaction between Sm2O3, MoS2 and EY. The above results
further indicated that Sm and Co can inuence the adsorption
of EY and the interaction between EY, Sm2O3@Co1�xS and
MoS2, which may affect the electron transfer between EY,
Sm2O3@Co1�xS and MoS2.
3.6 UV-vis diffuse reectance spectra

The optical properties of all photocatalyst samples were detec-
ted using UV-vis absorption. All photocatalyst samples were
absorbed from UV to visible light as expected, indicating its
respective visible light response. Fig. 6 shows that the optical
spectra absorption of all samples, in which can be seen that the
optical absorption edge of the pure MoS2 sample was observed
to be about 320 nm. At the same time, the optical absorption
intensity of the sample Sm2O3/MoS2 enhanced compared with
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 XPS patterns of Sm2O3@Co1�xS/MoS2 sample. (a) Survey spectra, (b) O 1s, (c) Sm 3d, (d) Co 2p, (e) S 2p, (f) Mo 3d.
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MoS2. Furthermore, the optical absorption range of the Sm2-
O3@Co1�xS/MoS2 composite was the widest compared with
Sm2O3@Co1�xS, Sm2O3/MoS2 and Co1�xS/MoS2, which
enhanced from 320 nm to 450 nm. Aer comprehensive anal-
ysis, we can see that when the addition of Sm and Co, the
absorption range of photocatalyst became larger and spectral
absorption peaks red shi, as well as the intensity increased,
which showed that Sm and Co signicantly improved the visible
This journal is © The Royal Society of Chemistry 2017
light response, thus improved the transfer efficiency of photo-
electron the photocatalytic hydrogen evolution efficiency.

3.7 Effect of pH and the ratio of Sm and Mo on hydrogen
evolution

It was well known that the pH of the catalytic system solution
can signicantly affect the photocatalytic activity of hydrogen
evolution. Fig. 7a shows that the alkaline solution is conducive
RSC Adv., 2017, 7, 56417–56425 | 56421
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Fig. 5 Fluorescence spectra of the EY-sensitized MoS2, Co1�xS/MoS2,
Sm2O3/MoS2, Sm2O3@Co1�xS and Sm2O3@Co1�xS/MoS2.

Fig. 6 UV-vis diffuse reflectance spectra of the MoS2, Co1�xS/MoS2,
Sm2O3/MoS2, Sm2O3@Co1�xS and Sm2O3@Co1�xS/MoS2.
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to the hydrogen evolution reaction of the Sm2O3@Co1�xS/MoS2
catalytic system. However, when the solution alkalinity is too
strong, it is not conducive to H2 evolution. The TEOA solution
Fig. 7 Effect of the different factor on the Sm2O3@Co1�xS/MoS2 for H2 e
(c).

56422 | RSC Adv., 2017, 7, 56417–56425
showed high photocatalytic activity in a wide pH range from 8 to
12, and the highest activity of hydrogen evolution was found at
pH 11. The increase of hydrogen evolution activity may be due
to the state of TEOA which was inuenced by pH solution.
When the TEOA in the solution at pH 11 can completely
restored EY, and EY can effectively adsorb on the surface of the
Sm2O3@Co1�xS/MoS2 catalyst to participate in the catalytic
reaction of hydrogen evolution.

In addition, the high pH from 11 to 12 can see that the
hydrogen evolution amount dropped sharply, from 448 mmol to
297 mmol. Because the solution high pH leaded to low proton
concentration in the solution, which was not conducive to the
reduction of H+.

The different molar ratio of Sm to Co also affected the
hydrogen evolution activity of the Sm2O3@Co1�xS/MoS2 cata-
lyst. The hydrogen evolution of the corresponding Sm2O3@-
Co1�xS/MoS2 catalyst is shown in Fig. 7b. We can see that the
addition of Sm improved the electron transfer efficiency of the
catalyst, thus increasing the hydrogen evolution efficiency.
However, when Sm added too much, the H2 evolution rate
decreased. Because of excess Sm occupying the active site of Co,
when the molar ratio of Sm and (Sm + Co) was 15%, the pho-
tocatalytic activity of the Sm2O3@Co1�xS/MoS2 catalyst was the
best. In addition, the molar ratio of Mo precursor to (Sm + Co)
also inuenced the photocatalytic activity of the Sm2O3@-
Co1�xS/MoS2 catalyst. The hydrogen evolution corresponding to
the Sm2O3@Co1�xS/MoS2 catalyst is shown in Fig. 7c. The molar
amount of Mo precursor was varied from 0% to 40%. When the
molar ratio of Mo to (Sm + Co) was 30%, the H2 evolution of the
Sm2O3@Co1�xS/MoS2 catalyst was the best. When Mo was
excessive, the role of cocatalyst Sm2O3@Co1�xS was reduced
and the hydrogen evolution rate of the Sm2O3@Co1�xS/MoS2
catalyst was reduced. In conclusion, when the pH of TEOA was
11, and the molar ratio of Sm/(Sm + Co) and Mo/(Sm + Co) was
15% and 30% respectively, the hydrogen evolution efficiency of
the Sm2O3@Co1�xS/MoS2 catalyst were as high as 448 mmol.

In order to prove that the photocatalytic activity of Sm2-
O3@Co1�xS/MoS2 catalyst, the MoS2, Sm2O3/MoS2, Sm2O3@-
Co1�xS and Co1�xS/MoS2 were prepared by the same
hydrothermal method for comparison. The hydrogen evolution
volution, including the pH (a), Sm/(Sm + Co)% (b) and Mo/(Sm + Co)%

This journal is © The Royal Society of Chemistry 2017
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of different catalysts were carried out separately. Fig. 8a shows
that the catalysts Sm2O3@Co1�xS exhibited superior photo-
catalytic activity for hydrogen evolution, and the hydrogen
evolution reached 335 mmol respectively. However, the highest
photocatalytic activity was Sm2O3@Co1�xS/MoS2 sample, and
the hydrogen evolution amount reached 448 mmol. Because of
the addition of MoS2, the adsorption of EY to Sm2O3@Co1�xS/
MoS2 is increased, thus increasing the electron transfer rate and
increasing hydrogen production. As shown in Fig. 8b, it can be
seen that the highest AQEs is 32.1% at 475 nm, which indicates
that the maximum absorption wavelength of EY–Sm2O3@-
Co1�xS/MoS2 is near 475 nm. The AQEs showed lower perfor-
mance at 420 nm and 500 nm respectively. However, another
high AQEs appears in 520 nm, which is related to the highest
absorption wavelength of EY (518 nm).42 These results indicated
that the H2 producing reaction of Sm2O3@Co1�xS/MoS2 pho-
tocatalyst was indeed driven with the absorbing EY. And then
the hydrogen evolution of catalyst Sm2O3@Co1�xS/MoS2 in
three cycle times (Fig. 8c) still had a high stability. As time goes
on, photocatalytic hydrogen production began to decay slightly.
Fig. 8 Photocatalyst activities of different photocatalysts (a), the AQEs o
H2 evolution for different reclining times of photocatalysts (c).

Fig. 9 (a) BET adsorption–desorption isotherms of catalysts and (b) the

This journal is © The Royal Society of Chemistry 2017
The reason is that the stability of their sensitizer is poor,
because the EY dye is easy to desorption and diffuse into the
solution, which can be decomposed under the irradiation of
light. These results show that the dye molecules can be well
adsorbed on the photocatalyst Sm2O3@Co1�xS/MoS2, and the
hydrogen production can be improved effectively.
3.8 BET analysis

Fig. 9a shows the nitrogen adsorption–desorption isotherms of
the Sm2O3@Co1�xS solid and the Sm2O3@Co1�xS/MoS2
composite. Both Sm2O3@Co1�xS solid solution and the Sm2-
O3@Co1�xS/MoS2 composite were observed here to have type IV
isotherms. The hysteresis loops of type H2 at relative pressure
range of 0.9–1 and 0.8–1 for the Sm2O3@Co1�xS solid and the
Sm2O3@Co1�xS/MoS2 composite, indicating that the form of
mesopores of Sm2O3@Co1�xS and Sm2O3@Co1�xS/MoS2. At the
same time, the pore size distributions curves in Fig. 9b shows
that Sm2O3@Co1�xS solid solution and the Sm2O3@Co1�xS/
MoS2 composite have similar curves, which mainly consist of
f H2 evolution under different wavelength irradiation for 60 min (b) and

corresponding pore size distributions.

RSC Adv., 2017, 7, 56417–56425 | 56423
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Fig. 10 The transient photocurrent response for the EY-sensitized
MoS2, Sm2O3@Co1�xS and Sm2O3@Co1�xS/MoS2.

Fig. 11 Mechanism of photocatalytic hydrogen evolution by EY-
sensitized Sm2O3@Co1�xS/MoS2.
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large size pores. The specic surface areas of Sm2O3@Co1�xS
solid solution and the Sm2O3@Co1�xS/MoS2 composite were
determined to be 17.49 m2 g�1 and 23.79 m2 g�1, respectively.
Meanwhile, compared to Sm2O3@Co1�xS (16.17 nm), the Sm2-
O3@Co1�xS/MoS2 has a bigger pore size (23.73 nm). When it
was combined with MoS2, both the pore size and specic
surface area of Sm2O3@Co1�xS were increased. As can be seen
from Table 1, the specic surface area of Sm2O3@Co1�xS/MoS2
is the largest compared to MoS2, Sm2O3/MoS2 and Sm2O3@-
Co1�xS, which is good for EY adsorption, accelerate the electron
transfer rate and improve the production of hydrogen.

3.9 Electrochemical analysis

The photocurrent response experiment further demonstrated
the electron transfer mechanism of the EY-sensitized Sm2-
O3@Co1�xS/MoS2 reaction process. In the photocurrent
response experiment, MoS2, Sm2O3@Co1�xS and Sm2O3@-
Co1�xS/MoS2 catalysts were selected for testing. From Fig. 10
can be seen that the ability of photocurrent response of Sm2-
O3@Co1�xS/MoS2 electrode was signicantly enhanced
compared with Sm2O3@Co1�xS electrode and MoS2 electrode,
and the MoS2 electrode only exhibited a weak photocurrent
response. The above results further showed that the efficiency of
electronic transfer from Sm2O3@Co1�xS/MoS2 interface was
signicantly better than that of Sm2O3@Co1�xS and MoS2. In
other words, because of the excellent electronic reception and
release ability of Sm and the synergy effect of Co. Sm2O3 and
Co1�xS can effectively promote the electron transfer and charge
separation efficiency in a catalyst reaction system, and reduced
the recombination rate of light electron–hole. In conclusion,
Sm2O3 and Co1�xS can accept electrons as an excellent electron
acceptor, and Sm can induce electron rapid transfer and inhibit
the recombination of electron–hole. Thus, the efficiency of
photocatalytic decomposition of water for hydrogen evolution
was signicantly improved.

3.10 Mechanism of photocatalytic hydrogen evolution

Based on the above analysis, the photocatalytic H2 evolution
mechanism of Sm2O3@Co1�xS/MoS2 as a catalyst in the EY-
sensitized system can be seen from Fig. 11. Because of the
synergistic effect of MoS2 and cocatalyst Sm2O3@Co1�xS, the
photocatalytic activity of Sm2O3@Co1�xS/MoS2 was improved
signicantly, the separation efficiency and transfer efficiency of
Table 1 Parameters of different samples obtained from the analysis of
N2 adsorption isotherms

Samples
SBET

a

(m2 g�1)
Pore volumeb

(cm3 g�1)
Average pore sizeb

(nm)

MoS2 7.38 0.042 33.06
Sm2O3/MoS2 13.19 0.048 13.86
Sm2O3@Co1�xS 17.49 0.070 16.17
Sm2O3@Co1�xS/MoS2 23.79 0.141 23.73

a The date obtained from BET method. b The pore volume extracted
from the N2 adsorption amount when the relative pressure (P/P0) of 0.3.

56424 | RSC Adv., 2017, 7, 56417–56425
light charge were improved. Under visible light, EY adsorbed on
the Sm2O3@Co1�xS/MoS2 surface became singlet excited state
EY1* by absorbing the photon energy, which became stable
triplet excited state EY3* by an efficient inter system crossing
(ISC). Then TEOA solution could be regard as an electron donor,
EY3* was reduced to EY�c and oxidative state TEOA+. The
electron of the EY�c species were transmitted to cocatalyst
Sm2O3@Co1�xS loaded on the MoS2 surface to reduce H+ to H2

and to reduce the dye molecules to the ground state as well. In
addition, MoS2 can also reduce H+ to H2. Because the high
specic surface area of MoS2 was not only good for dye
adsorption, but also for EY� transferring electrons to cocatalyst
Sm2O3@Co1�xS and participating in the reduction of H+. Which
greatly inhibited the recombination of the light-generated
charge and improve the transfer efficiency of the photo-
catalytic electrons. Thus, the efficiency of photocatalytic
decomposition of water for hydrogen evolution was signicantly
improved. So the photocatalytic activity of Sm2O3@Co1�xS/
MoS2 sensitized by EY was obviously better than that of MoS2
sensitized by EY.
4. Conclusions

In summary, the excellent composite Sm2O3@Co1�xS/MoS2 via
Sm2O3@Co1�xS and MoS2 was successfully prepared by using
the hydrothermal method. The hydrogen evolution by the EY
This journal is © The Royal Society of Chemistry 2017
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sensitized catalyst under visible light irradiation showed the
photocatalytic activity and stability of Sm2O3@Co1�xS/MoS2. It
was better than other composite catalysts, and all of them were
prepared by the same one-step hydrothermal method. The
results showed that the excellent electronic reception ability of
Sm and the excellent electronic transmission performance of Co
accelerated the migration rate of optical electrons, and inhibi-
ted the recombination of optical carriers. And the specic
surface area was increased by the synthesis of new composite
materials. In addition, the effect of pH of TEOA solution on
hydrogen evolution from decomposition of water by catalyst
was also very important. The hydrogen evolution of the Sm2-
O3@Co1�xS/MoS2 catalyst was as high as 448 mmol under visible
light irradiation. Sm2O3@Co1�xS/MoS2 photocatalyst exhibited
excellent photocatalytic activity and photochemical stability,
and it can be used as an efficient photocatalyst in environ-
mental purication and green energy application in the future.
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