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Abstract The semiconductor-based photocatalytic oxi-
dation process is considered as one of the most econom-
ical and environmentally friendly approach for the deg-
radation of toluene. For the sake of exploring an effi-
cient visible-light-driven photocatalysts, the MoS2@g-
C3N4 core-shell nanospheres were successfully fabricat-
ed by taking the advantages of the morphology and
structure of materials tailoring and semiconductor cou-
pling, via a two-step approach including the hydrother-
mal method followed by ultrasonic adhering approach.
The morphology, crystallinity, composition, and optical
property of as-prepared catalysts were well character-
ized. The core-shell structure was fabricated by using
MoS2 as the template and the coating of g-C3N4 im-
proved the separation of photoinduced charges, due to
the strong electronic interaction between them. The
photocatalytic activity of MoS2@g-C3N4 core-shell
nanospheres had been investigated by the degradation
of toluene under visible light irradiation using in situ
Fourier transform infrared (FTIR) spectroscopy. The
MoS2@g-C3N4 nanospheres displayed enhanced

visible-light photocatalytic activity, which is about 1.3
and 9.6 times than that of g-C3N4 and MoS2 nano-
spheres under identical conditions. Electron spin reso-
nance (ESR) examinations confirmed the generation of
·OH and ·O2

−, which were the key reactive oxygen
species involved in the photocatalytic process.
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Introduction

Volatile organic pollutants (VOCs), released from the
extensive chemical products, have recently attracted
great attention because of their environmental persis-
tence and high toxicity (Aguero et al. 2009; Atkinson
and Arey 2003; Kostiainen 1995; Sun et al. 2013; Wang
et al. 2014b). Toluene, one most typical and ubiquitous
hazardous components of VOCs, which is usually found
in the exhaust gases from vehicles and indoor air, has
severely threatened human health (Liu et al. 2015; Sun
et al. 2015). There is an urgent need to develop viable
elimination methods towards toluene. For the past de-
cades, a large number of strategies have been reported as
potential removal methods for toluene, such as plasma
(Mista and Kacprzyk 2008), biodegradation (Malhautier
et al. 2014), adsorption (Gil et al. 2014; Puértolas et al.
2014), and catalysis (Kesavan et al. 2011; Sun et al.
2014). Among them, the semiconductor-based photo-
catalytic oxidation process is considered as one of the
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most economical and environmentally friendly ap-
proach for the environmental pollutant remediation,
due to the huge advantage of strong oxidizing ability,
utilization of sunlight, and complete mineralization of
organics (Parida et al. 2010; Wang et al. 2010; Yu et al.
2009; Yurdakal et al. 2008; AlShehri et al. 2017a;
Ahmad et al. 2017; AlShehri et al. 2017b). In order to
improve the utilization of sunlight and enhance the
activity for the practical application, a number of at-
tempts have focused on the development of efficient
visible-light-driven photocatalysts (Hou et al. 2012;
Xiong et al. 2011).

As a member of the layered transition metal
dichalcogenides, MoS2 nanosheets have attracted in-
creasing interest in catalysis, energy storage, electronics,
and optoelectronics (Choi et al. 2014; Cummins et al.
2015; Hwang et al. 2011; Lukowski et al. 2013; Yu et al.
2014; Zhou et al. 2013). However, the rapid recombi-
nation of photoinduced charges and poor activity limits
the practical applications of MoS2 in the photocatalytic
elimination of pollutants. To date, various strategies
have been put forward to address these problems. One
effective strategy should be the tailor of the
nanomaterials to obtain a suitable geometric structure
and morphology to provide the effective carrier transfer
pathways (Li et al. 2015a; Wang et al. 2013; Wang et al.
2014a). Luo et al. reported the assembling of the MoS2
nanosheets into a 3D hierarchical architecture (Zhang
et al. 2014). By this approach, it can retain the large
contact surface and exposes the highly active edge sites
for the adsorption of substance and catalysis. Indeed,
this solution improves the performance of MoS2 in
lithium storage and hydrogen evolution reaction, and
proves promising in photocatalysis. Another one is
semiconductor coupling (Barpuzary et al. 2015; Hou
et al. 2016; Jiang et al. 2015; Li et al. 2015a; Lu et al.
2016; Zhao et al. 2016). In order to improve the photo-
catalytic activity of MoS2, a few recipes have been
developed on the coupling with graphitic carbon nitride
(g-C3N4) (Li et al. 2012), BiVO4 (Li et al. 2015a), CdS
(Chen et al. 2012), CoS2 (Huang et al. 2015), Fe3O4 (Lin
et al. 2015), etc. Especially, g-C3N4, a typical metal-free
polymeric semiconductor material has received great
attentions due to its low toxicity and visible light re-
sponse (Li et al. 2015b). For example, Lu et al. fabricat-
ed g-C3N4/ultrathin MoS2 nanosheet hybrid nanostruc-
tures with enhanced photocatalytic performance (Lu
et al. 2016). Hou et al. reported that MoS2/g-CN layered
junctions were fabricated and used for hydrogen-

evolution catalysis (Hou et al. 2013). Therefore, cou-
pling with g-C3N4 makes MoS2 a potential material for
photocatalysis. Nonetheless, 3D MoS2 hierarchical ar-
chitecture modified with g-C3N4 has rarely been report-
ed, taking into account the significant challenge to the
mineralization of various VOCs.

Herein, we demonstrate a simple hydrothermal meth-
od to synthesize MoS2 nanospheres assembles with
nanosheets and construct the MoS2@g-C3N4 core-
shell nanostructures by the ultrasonic adhering ap-
proach. By building the core-shell structures, it can
integrate different semiconductors into one system and
form favorable interface, which can significantly im-
prove the activity including long-term photostability of
core and decrease of recombination of photogenerated
carriers (Ghosh Chaudhuri and Paria 2012). The crystal
structure, morphology, and optical properties of the as
prepared MoS2@g-C3N4 core-shell nanospheres were
comparatively investigated. As expected, the MoS2@g-
C3N4 core-shell nanospheres exhibit enhanced photo-
catalytic activity comparing with MoS2 and g-C3N4. In
addition, the reactive oxide species during the toluene
degradation over MoS2@g-C3N4 have been monitored
and the proposed mechanisms of toluene degradation
have been discussed.

Experimental section

Synthesis of MoS2@g-C3N4 nanospheres

The MoS2@g-C3N4 core-shell nanospheres were fabri-
cated via a two-step approach including the hydrother-
mal method followed by ultrasonic adhering approach
(Pan et al. 2012; Zhang et al. 2015). The synthesis
procedure is illustrated in Fig. 1. Firstly, MoS2 nano-
spheres were fabricated by the hydrothermal method
reported previously with modifications. In a typical
case, 0.3 g Na2MoO4·2H2O, 0.6 g NH2CSNH2, and
poly(vinylpyrrolidone) (PVP) were dissolved in 80 mL
deionized water with magnetic stirring for 15 min under
the room temperature, followed by transferring into
100 mLTeflon-lined autoclave. After that, the container
was placed into an oven and heated at 200 °C for 12 h.
After cooling to room temperature naturally, the obtain-
ed MoS2 was collected by centrifugation and dried at
80 °C for 6 h. Secondly, 0.005 g g-C3N4, which was
obtained from the calcination of melamine at 550 °C for
2 h, was dispersed in 20 mL methanol with ultrasound
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for 100 min. After 0.045 g MoS2 was added, the mixed
solution were stirred in a fume hood until the methanol
was volatilized completely. The MoS2@g-C3N4 was
obtained by drying at 70 °C for 8 h.

Characterization

The sample morphology was observed by scanning elec-
tron microscope (SEM) (JEOLJSM-6360LV microscope)
with an accelerating voltage of 30.0 kV and transmission
electron microscopy (TEM, FEI Tecnai G2) at an acceler-
ation voltage of 200 kV, respectively. The crystalline struc-
ture of samples were determined by X-ray diffraction
(XRD) on Empyrean X-ray diffractometer using Cu Kα
radiation in the range of 10–80°. The chemical valences
and composition of the sample weremeasured by anX-ray
photoelectron spectroscopy (XPS) (Perkin-Elmer PHI
5600). All the binding energies were referenced to C 1 s
at 285.6 eV. UV-vis diffusive reflectance spectra (DRS) of
the as-prepared materials were recorded using UV-vis
absorption spectrophotometer (JASCO, UV-550) in the
spectral range of 200–800 nm. The FTIR spectra were
collected by the FTIR spectrometer (Bruker VERTEX 70-
FTIR). To investigate the behavior of the electron–hole
pairs, the photoluminescence (PL) characteristics were
collected on a Hitachi F-4500 fluorescence spectropho-
tometer at room temperature with the excitation wave-
length of 325 nm. Electron spin resonance (ESR) signals
of radicals spin-trapped by spin-trap reagent 5, 5-dimethyl-
1-pirroline-N-oxide (DMPO) were examined with a
Bruker A200 spectrometer. The concentration of DMPO
was 0.1 mol/L, the volume of reactor was 5 mL, and the

relevant irradiation source was a 500-W high pressure
xenon lamp (Shanghai Lansheng Light, China). The pa-
rameters for the ESR spectrometer were the following:
center field = 3400 G, frequency = 9.46 GHz, microwave
power = 20.02 mW.

Photocatalytic activity

Photocatalytic reaction of the materials was evaluated
by degradation of toluene under visible light in a home-
made in situ quartz infrared reaction cell (Shen et al.
2012). Mixing up the 8-mg catalyst with 35 mg KBr
were tableted and settled in the sample holder, followed
by sealing the reaction tube. Then, 2 μL of liquid
toluene was injected into the reactor by using a
microsyringe. Then, after the adsorption–desorption
equilibrium in the reactor for 1 h, a 500-W xenon lamp
(XQ-500 W) with a 400-nm UV-cutoff filter as the light
source was turned on. In situ FTIR spectra during the
photocatalytic reaction on MoS2@g-C3N4 nanospheres
were recorded using a FTIR spectrometer (Bruker
VERTEX 70-FTIR) over accumulative 64 scans with a
resolution of 4 cm−1 in the range of 4000–600 cm−1.

Results and discussion

Characterization of MoS2@g-C3N4 core-shell
nanospheres

The MoS2@g-C3N4 core-shell nanospheres are synthe-
sized by the two-step procedure. Firstly, the MoS2

Fig. 1 Schematic diagram of the two-step hydrothermal method approach including the hydrothermal method followed by ultrasonic
adhering approach used for the fabrication of MoS2@g-C3N4 core-shell nanospheres
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nanospheres has been fabricated via the hydrothermal
method according to the reported method with miner
modification (Zhang et al. 2015). The morphology of
the as-prepared MoS2 has been characterized by the
SEM (Fig. 2a). The SEM image clearly confirms that
the MoS2 samples are spherical in shape, with the aver-
age diameter of about 166 nm. The MoS2@g-C3N4

core-shell nanospheres are synthesized by a facile ultra-
sonic adhering approach (Fig. 2b). With the coating of
g-C3N4 shell, the diameter increases to 250 nm. The
thickness of g-C3N4 shell can be calculated as about
42 nm by comparing the diameters of MoS2 and
MoS2@g-C3N4. The TEM image in Fig. 2c reveals that
the MoS2 nanospheres are shown to adopt uniform
radial orientation and are constructed of ultrathin nano-
sheets. It needs to point out that the PVP surfactant

absorbed on the surface of MoS2 could not only prevent
the aggregation of MoS2 nanosheets, but also drive the
oriented assembly of the nanosheets into spheres (Zhang
et al. 2015). It can cleanly see the g-C3N4 nanosheets on
the surface from the TEM image of MoS2@g-C3N4

(Fig. 2d). The core-shell structure can be conformed
from the HRTEM images in Fig. 2e. The existence of
MoS2 nanosheets with radial orientation and amorphous
g-C3N4 indicated the cover of g-C3N4 on the surface of
MoS2 spheres. In addition, the spheral distribution of C
and N elements of the EDX mapping (Fig. 2f) can also
conform the configuration of core-shell structure. The
results of EDX mapping and spectrum (Fig. 2g) reveals
that the core-shell nanospheres are composed of Mo, S,
C, N, and Si elements (Si signal originates from the
underlying substrates in characterization). Moreover,

Fig. 2 SEM images of MoS2 (a) and MoS2@g-C3N4 (b); inset: size distributions of MoS2 and MoS2@g-C3N4. TEM images of MoS2 (c)
and MoS2@g-C3N4 (d, e). EDX mapping (f) and spectrum (g) of MoS2@g-C3N4
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no other elements could be detected within the sensitiv-
ity of the apparatuses, indicating high purity of the
MoS2@g-C3N4 composites.

The crystallinity and phase purity of the obtained g-
C3N4, MoS2 and MoS2@g-C3N4 composites are ana-
lyzed by XRD technique (Fig. 3a). The XRD pattern of
the MoS2 samples corresponds to hexagonal MoS2,
which is consistent with the reference values from
JCPDS (37-1492) (Zhang et al. 2015). The diffraction
peaks at 11.8°, 32.7°, and 57.2° could be ascribed to
(002), (100), (101), and (110), respectively. No other
peaks could be found. At the same time, the diffraction
peaks for the g-C3N4 sample shows two diffraction
peaks at 27.3° and 13.3°, which result from the (002)
and (100) crystal planes, respectively (Dang et al. 2015).
It can be seen that all the characteristic diffraction peaks

of MoS2 can be observed in the composites, indicating
that the g-C3N4 coated has no impact on the crystalline
structure of MoS2. Meanwhile, the existence of the
weak diffraction peak appearing at 27.3° indicates that
the g-C3N4 has been successfully compounded with
MoS2. However, the diffraction peak of g-C3N4 at
13.3° is too close to the peak of MoS2 at 11.8° to
distinguish. In addition, no other significant peaks were
detected in the MoS2@g-C3N4 composites, indicating
the composites contain g-C3N4 and MoS2 only.

Figure 3b displays the Fourier transform infrared
(FTIR) spectra of g-C3N4, MoS2, and MoS2@g-C3N4

core-shell nanospheres. The typical stretching modes
revealed a typical molecular structure of g-C3N4, which
was also supported by the FTIR bands at 1641, 1570,
1461, and 1411 cm−1 corresponding to typical stretching

Fig. 3 XRD (a), FTIR (b), and DRS (c) spectra of g-C3N4, MoS2 and MoS2@g-C3N4 (inset: Tauc plots of MoS2@g-C3N4). PL (d) spectra
of g-C3N4 and MoS2@g-C3N4
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vibration modes of heptazine-derived repeating units. In
addition, the bands at 1321 and 1243 cm−1 of g-C3N4

represent stretching vibration of connected units of C–
N(–C)–C or C–NH–C, meanwhile, the intense band at
809 cm−1 is assigned to the out-of-plane bending vibra-
tion of heptazine rings (Liu et al. 2011). For pure MoS2,
the characteristic peak at 478 cm−1 can be observed,
which represents the bridging Mo–S bond (Mo–S vi-
bration perpendicular to the basal plane). The peak at
647 cm−1 and 562 cm−1 can be assigned to S–H vibra-
tions and S–S bonding, respectively (Burman et al.
2016). The typical vibration band of g-C3N4 at 1570,
1243, and 809 cm−1 and MoS2 at 649, 564, and
478 cm−1 in the composites indicate the hybridization
in MoS2@g-C3N4 nanospheres, while the shift strongly
suggests chemical interactions between the core and
shell.

The optical properties of as-prepared g-C3N4, MoS2,
and MoS2@g-C3N4 core-shell nanospheres are shown
in Fig. 3c by DRS analysis. As shown in the results, the
MoS2 nanospheres have significant absorption in UV
light and visible light regions, which could be deduced
from the color of black. However, due to the nature of
rapid recombination of photoinduced charges, MoS2
showed poor photocatalytic activity. The pure g-C3N4

exhibits an absorption edge at about 500 nm due to the
intrinsic band gap absorption, which can hardly improve
the light absorption in the visible light region. Never-
theless, with MoS2 coating with g-C3N4, the photoin-
duced charges transfer between the core and shell could
improve the separation of the generated electron-hole
pairs. According to the DRS results, the obtained band
gap energy (Eg) for g-C3N4 can be calculated as 2.73 eV
by Tauc’s plots (Pradhan et al. 2013), while the one of
pure MoS2 is 1.67 eV, which is consistent with the
previous report (Zou et al. 2015). For the MoS2@g-
C3N4 composites, the value of the band gap energy is
1.98 eV. The result indicates that using MoS2@g-C3N4

nanospheres as a core can not only control the morphol-
ogy of g-C3N4, but also enhance the visible light
utilization.

The PL spectra are employed to reveal the transfer
and recombination processes of the photogenerated
charges during the photocatalysis. It needs to note that
theMoS2 has no photoluminescence property during the
room-temperature PL analysis (Li et al. 2015a).
Figure 3d presents the PL spectra of g-C3N4 and
MoS2@g-C3N4 nanospheres, while that of MoS2 is
absent to avoid misunderstanding. The PL spectrum of

g-C3N4 shows a strong emission centered at around
443 nm, meanwhile, the relative intensity of the peak
for MoS2@g-C3N4 nanospheres deceased obviously. It
means that the coating of g-C3N4 onto MoS2 could
suppress the recombination of photogenerated charges
due to the formation of core-shell nanostructure. The
decreasing of recombination of photogenerated charges
may enhance the photocatalytic activity of hybrids,
which would be conformed following.

To investigate the electronic interactions between
MoS2 and g-C3N4, the XPS analysis has been employed
on MoS2@g-C3N4 (Fig. 4). The survey spectra shown
in Fig. 4a demonstrate that Mo, S, C, and N elements
exist in MoS2@g-C3N4 composites, which is consistent
with chemical composition in Fig. 1e. It is proposed that
the C 1s peak at around 284.8 eV can be assigned to the
signal from carbon contained in the apparatus and is
used for calibration. Figure 4b displays the XPS spectra
of N 1s. As for the pure g-C3N4, the binding energies at
398.8 and 400.6 eV can be attributed to the presence of
C–N–C groups and tertiary nitrogen N–(C)3 groups (Li
et al. 2012). However, both of the N peaks are positively
shifted after covering onto the MoS2, which indicates
that there are strong electronic interactions between the
MoS2 and g-C3N4. In addition, for the pure MoS2, the
binding characteristic orbital of S 2s, S 2p1/2, S 2p3/2,
Mo 3d3/2, and Mo 3d5/2 peaks is observed with peak
locations at 225, 162, 160.8, 231.1, and 227.9 eV, re-
spectively, which are all consistent with the reported
values for MoS2 (Wang et al. 2014a; Yan et al. 2013).
After g-C3N4 covering onto the MoS2, S 2s, S 2p1/2, S
2p3/2, Mo 3d3/2, and Mo 3d5/2 peaks shift to 225.6,
162.7, 161.4, 232.4, and 228.4 eV, respectively. It is
clear that the binding peaks of the core-shell nano-
spheres shift to a higher binding energies, which also
confirms strong electronic interactions involving MoS2
and g-C3N4 in the core-shell nanospheres (Feng et al.
2015; Zhao et al. 2016). It needs to point out that the
weak peak around 168 eV in Fig. 4d can be attributed to
the sulfate species from the oxidation of sulfur. The
oxidation of sulfur was exacerbated during the evapora-
tion of methanol for the coating of g-C3N4, which
caused the increasing of the peak (Li et al. 2016).

Photocatalytic degradation of toluene

The in situ FTIR technique can provide a real-time
monitoring of transient events during the photocatalytic
degradation of toluene, and the surface-adsorbed species
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of catalysts can be used to analyze the reaction mecha-
nism (Li et al. 2011). A set of FTIR spectra yielded
during the photocatalytic degradation of toluene over
the MoS2@g-C3N4 composites under visible-light irra-
diation is shown in Fig. 5.

Before visible light irradiation (t = 0), the character-
istic peaks of toluene at 3076, 3040, 2936, 2881, 1609,
and 1499 cm−1 can be seen from Fig. 5a. The bands at
3076 and 3040 cm−1 are assigned to the C–H stretching
mode of the aromatic ring (Liu and Jin 2015), while the
bands at 2936 and 2881 cm−1 are attribute to the C–H
stretching mode of methyl stretching vibration (Maira
et al. 2001). In addition, the bands at 1609 and
1499 cm−1 are due to the vibrations of aromatic ring.
As the irradiation time extended, all the intensity of
characteristic peaks of toluene are gradually decreasing.
The decreasing peak indicates the degradation of tolu-
ene over MoS2@g-C3N4 during the photocatalytic reac-
tion. Meanwhile, some new peaks located at 1748,
1732, 1717, 1541, 1506, 1473, 1455, 1396, 1362,

1338, and 1315 cm−1 appeared during the photocatalytic
reaction proceeding in Fig. 5b. The bands located at
1473 and 1455 cm−1 are related to the characteristic
peaks of benzyl alcohol and bands at 1362 cm−1 and
1338 cm−1 attributed to the υ(O-H) stretching vibration
of hydroxy in benzyl alcohol. The bands observed at
1506, 1541, and 1717 cm−1 are attributed to the υ(C=O)
stretching vibration of carbonyl compounds in benzal-
dehyde (Belver et al. 2003; Cao et al. 2000). The 1748,
1732, 1396, and 1315 cm−1 are the characteristic peaks
of benzoic acid (Domi et al. 2003). In addition, the
bands at 2360 and 2340 cm−1 indicate the generation
of carbon dioxide, while the bands appearing in the
3750–3600 cm−1 range are related to hydroxyl groups
on the catalyst surface (Fig. 5c). According to the above
results and previous reports (Ardizzone et al. 2008;
Augugliaro et al. 1999), the intermediate products in
the photodegradation of toluene include benzyl alcohol,
benzaldehyde, and benzoic acid, followed by mineral-
izing into carbon dioxide and water finally.

Fig. 4 a Survey XPS spectra of MoS2@g-C3N4, bXPS spectra of N 1s peaks of MoS2@g-C3N4 and g-C3N4, cMo 3d and d S 2p peaks of
MoS2@g-C3N4 and MoS2
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Figure 5d displays the photocatalytic degradation of
toluene over different samples under visible light irradi-
ation. The blank experiment (only with 45 mg KBr)
with the toluene conversion of about 3.7% means that
the degradation over KBr could be neglected. From the
results, it can be seen that the removal efficiency of
toluene over MoS2@g-C3N4 was as high as 81% after
8 h visible light irradiation time, while there are only 70
and 15% for that of MoS2 nanospheres and g-C3N4,
respectively. The excellent photocatalytic performance
of MoS2@g-C3N4 nanospheres could be attracted to the
fabrication of core-shell nanostructures. Figure 5e
shows the related kinetic curves of the different cata-
lysts. The linear transformation of a pseudo-first-order
kinetic model was used to fit the degradation data: –ln
(Ct/C0) = kt, where Ct is the concentrations of gaseous

toluene at time t, C0 is the initial concentration after
equilibrium adsorption, and k is the apparent first-order
reaction rate constant (Sun et al. 2014). The kinetic
constants for g-C3N4 and MoS2 nanospheres, and
MoS2@g-C3N4 core-shell nanospheres are 0.0217,
0.1566, and 0.2081 h−1, respectively. With kinetic con-
stant of 9.59 and 1.32 times than that of g-C3N4 and
MoS2, MoS2@g-C3N4 nanospheres show enhanced
photocatalytic activity.

In order to examine the stability of the MoS2@g-
C3N4, the photocatalysis process was repeated three
times with the same photocatalyst tablet. After three
recycles for the photodegradation of toluene, the
MoS2@g-C3N4 did not exhibit significant loss of activ-
ity, as shown by Fig. 5f, which confirms the excellent
stability of the photocatalyst.

Fig. 5 FTIR spectra in the range of 3200–2300 cm−1 (a), 1800–
1300 cm−1 (b), and 3900–3500 cm−1 (c) collected as a function of
time for the photodegradation of toluene over the MoS2@g-C3N4

under visible light irradiation. d Conversion of toluene over the

KBr, g-C3N4, MoS2, and MoS2@g-C3N4 under visible light irra-
diation and e the related kinetics of toluene degradation by differ-
ent catalysts. f Cycling runs in the photocatalytic degradation of
toluene over the MoS2@g-C3N4
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ESR had been employed to confirm the formation of
hydroxyl radicals (·OH) and superoxide anion radicals
(·O2

−) during photocatalytic oxidation. From the ESR
spin-trap signals (with DMPO) shown in Fig. 6a, four
characteristic peaks with intensity ratio of 1:2:2:1 for the
DMPO-·OH were detected with suspensions of the
MoS2@g-C3N4 core-shell nanospheres under the visible
light illumination. Meanwhile, six characteristic peaks
of the DMPO-·O2

− were detected in Fig. 6b. It is

confirmed that spin-trapped DMPO-·OH and
DMPO-·O2

− adducts are formed in the process of pho-
tocatalytic degradation of toluene during photocatalysis.
In contrast, there is no signals of ·OH and ·O2

− that were
detected in the dark. The ESR result indicates that the
active species ·OH and ·O2

− were produced in the
MoS2@g-C3N4 core-shell nanospheres under visible
light irradiation, which induced the degradation of or-
ganic pollutants.

Fig. 6 ESR spectra of MoS2@g-C3N4 suspension solution after 60 s under visible light irradiation: a DMPO–·OH formed in irradiated
aqueous suspension; b DMPO–O2

−· formed in irradiated methanol suspension

Fig. 7 Schematic diagram of the
photo-induced charge interfacial
transfer processes in the
MoS2@g-C3N4 after the thermo-
dynamic equilibrium and the as-
sociated photochemistry reaction
occurring on the surface
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Based on the above discussion, a possible photocat-
alytic mechanism of MoS2@g-C3N4 nanospheres based
on the electronic structures, a schematic illustration of
interparticle photo-generated charge transfer behavior is
shown in Fig. 7. Under the visible light irradiation (λ >
400 nm), photons can be absorbed by both MoS2 and g-
C3N4 to induce h+ and e− (Eqs. (1) and (2)). The
photogenerated e− migrates to MoS2 from g-C3N4,
while the h+ transfers through the opposite direction
from MoS2 to g-C3N4. Therefore, the transfer of
photogenerated charges could improve the separation
of them effectively. Some of the photoinduced h+ accu-
mulated in g-C3N4 could interact with surface-bound
H2O or OH− to produce the ·OH species (Eq. (3)), while
the stored e− in the conduction band of MoS2 can react
with the adsorbed O2 molecules to generate ·O2

− (Eq.
(4)). In addition, the OH• radicals are thus likely formed
via indirect routes from ·O2

− (Eq. (5)) (Muñoz-Batista
et al. 2016). Then, the toluene react with the highly
oxidative species, ·OH and ·O2

− and ·H2O2
−, with the

intermediate products of benzyl alcohol, benzaldehyde,
and benzoic acid, followed by mineralizing into carbon
dioxide and water finally (Eq. (6)). According to the
above analysis, the relevant reactions at the nanospheres
surface can be expressed as follows:

MoS2 þ hv→hþ þ e– ð1Þ

g−C3N4 þ hv→hþ þ e– ð2Þ

g−C3N4 hþð Þ þ H2O→ � OHþ Hþ ð3Þ

MoS2 e–ð Þ þ O2→ � O2
− ð4Þ

�O2
− þ H2O→ � H2O2

− ð5Þ

�O2
−; �OH; �H2O2

− þ toluene→H2Oþ CO2

þ other inorganic molecules ð6Þ

Conclusion

In summary, we have successfully synthesized
MoS2@g-C3N4 core-shell nanospheres via a facile hy-
drothermal and ultrasonic adhering approach using
MoS2 nanospheres as the template. The MoS2@g-
C3N4 core-shell nanospheres extended the photo-
response range and decreased the recombination rate
of the photoinduced electron-hole pairs, therefore ex-
hibited enhanced photocatalytic activity under the visi-
ble light irradiation, compared to g-C3N4 flake and pure
MoS2 nanospheres. Benefitting from the reactive spe-
cies such as ·OH and ·O2

− generated during the photo-
catalytic process, toluene can bemineralized into carbon
dioxide and water. The MoS2@g-C3N4 core-shell nano-
spheres are expected to have promising applications in
mineralization of volatile organic pollutants, and further
be employed as an efficient visible-light-responsive
photocatalyst towards practical application.
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