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photocatalysts exhibited the apparent visible-light absorp-
tion and the weakened recombination of photogenerated 
electron/hole pairs. The evaluation on photocatalytic deg-
radation of rhodamine B (RhB) indicated the ZnS@g-C3N4 
composite photocatalysts possessed large adsorption capac-
ity and superior visible-light induced activity. Based on the 
trapping experiments of active species, the photocatalysis 
mechanism of the ZnS@g-C3N4 composite photocatalysts 
was also discussed.

Graphical Abstract 

Abstract ZnS@g-C3N4 composite photocatalysts were 
synthesized by an in situ thermal polycondensation process 
under an inert atmosphere. The physicochemical properties 
of the ZnS@g-C3N4 composite photocatalysts were char-
acterized by X-ray diffraction (XRD), X-ray photoelectron 
spectroscopy (XPS), transmission electron microscopy 
(TEM), UV–vis diffuse reflectance spectroscopy (UV–vis 
DRS), and photoluminescence (PL) spectroscopy. The 
characterization results displayed fine ZnS nanoparticles 
adhered to the surface of g-C3N4 nanosheets, and the pres-
ence of ZnS nanoparticles caused the split and exfolia-
tion of g-C3N4 nanosheets. The ZnS@g-C3N4 composite 
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1  Introduction

Along with the rapid development of human society, the 
environmental pollution and energy shortage are serious 
problems in today’s world. A large amount of pollutants 

1 3

http://dx.doi.org/10.1007/s10562-016-1844-0
http://crossmark.crossref.org/dialog/?doi=10.1007/s10562-016-1844-0&domain=pdf&date_stamp=2016-8-18


2186 B. Xue et al.

2.1  Fabrication of Precursor

In a typical precursor fabrication process, 1.0 g of 
Zn(NO3)2·6H2O and 10 g of thiourea were dissolved in 
50 mL of deionized water, and then evaporated and dried 
12 h at 100 °C. Thus, white precursor was obtained.

2.2  Synthesis of ZnS@g-C3N4

In a typical synthesis, the white precursor in a porcelain 
boat with a cover was placed at the centre in a tube furnace, 
as a supplementary sulfur source, a quantity of thiourea in 
another porcelain boat was placed at the upstream of the 
gas flow, and then calcined at 550 °C for 2 h at a heat rate of 
25 °C min−1 under a high purity nitrogen (≥99.999 %) atmo-
sphere. Finally, yellow-white ZnS@g-C3N4 powders was 
obtained. Based on the feeding amount of Zn(NO3)2·6H2O, 
the as-synthesized ZnS@g-C3N4 photocatalysts were 
denoted as ZnS@g-C3N4-1. According to the above pro-
cedure, a series of ZnS@g-C3N4 composite photocatalysts 
were synthesized through changing dose of Zn(NO3)2·6H2O, 
and denoted as ZnS@g-C3N4-0.1, ZnS@g-C3N4-0.5 and 
ZnS@g-C3N4-1.5, respectively.

2.3  Characterizations

XRD patterns of the samples were recorded using a Bruker 
D8 ADVANCE diffractometer with monochromatized 
CuKα radiation (λ = 0.1540562 nm). The operating voltage 
and current were 40 kV and 40 mA, respectively. TEM was 
performed on Hitachi H-800 microscope under an accelera-
tion voltage of 200 kV. The Brunauer-Emmett-Teller (BET) 
specific surface area was measured using a Micromeritics 
ASAP 2020 instrument. XPS was recorded using a Kratos 
Axis Ultra DLD spectrometer employing a monochromated 
Al-Kα X-ray source. In order to subtract the surface charg-
ing effect, the C1s peak has been fixed at a binding energy 
of 284.6 eV. UV–vis DRS of the samples were obtained on a 
UV–visible spectrophotometer (Hitachi U-3900). PL spec-
trum measurements were carried out with a luminescence 
spectrometer (Edinburgh Instruments FS5) using 370 nm as 
the excitation wavelength at room temperature.

2.4  Photocatalytic Activity Measurements

In a typical photocatalytic degradation measurement for 
RhB, 50 mg of photocatalysts was added to 100 mL of a 
10 mg L−1 RhB solution and then stirred in the dark for 
30 min to ensure adsorption equilibrium. The suspension 
was then exposed to visible-light irradiation from a 350 W 
Xe lamp with a filter (>420 nm) at a distance of 20 cm. After 
various reaction times, the photocatalysts were removed by 
centrifugation and the RhB solution concentrations were 

such as dyes, pesticides, heavy metals, antibiotics and so on 
severely threatens to human health and ecological security. 
Use of clean and sustainable energy to achieve environmen-
tal remediation represents the general trend [1–4]. Among 
a variety of environmental remediation technologies, photo-
catalytic degradation of pollutants is a promising technology 
because of environmental friendliness and energy conserva-
tion. In recent years, the exploration of high-efficiency pho-
tocatalysts has attracted more and more attention [5–9].

Graphitic carbon nitride (g-C3N4), a new polymeric 
semiconductor, can be used in photocatalytic degradation of 
pollutants, hydrogen production, oxygen evolution and CO2 
reduction because of its narrow bandgap, good stability, 
low-cost and environmental friendliness [10–18]. However, 
the photocatalytic activity of pristine g-C3N4 still needs 
to be improved under visible-light irradiation due to rapid 
recombination of photogenerated electron/hole pairs, low 
absorption and small specific surface area [10–14]. In order 
to overcome the above drawbacks, a series of strategies, for 
examples, exfoliation of into nanosheets [19–21], fabrica-
tion of hierarchical structures [22], construction of porous 
structures [23, 24], protonation [25], doping [26], defect 
engineering [27], fabrication of heterostructures [28–33], 
are applied to the design and synthesis of g-C3N4 based-
photocatalysts. Among various modified approaches, the 
fabrication of heterostructures has been extensively studied 
due to a wide choice of heterogenous components (wide 
bandgap semiconductor, narrow bandgap semiconductors, 
precious metals and so on) and high separation efficiency of 
photogenerated electron/hole pairs. Compared to the usual 
multi-step synthesis, in situ synthesis of g-C3N4 based-het-
erostructures under thermal polycondensation conditions 
has obvious advantages, such as convenience, speediness 
and atom economy and so on. However, to the best of our 
knowledge, little work has been made to the in situ synthesis 
of metal sulphide@g-C3N4 composite photocatalysts. This 
may be attributed to difficult to control together growing 
of g-C3N4 and metal sulphide under calcination conditions.

In this paper, we reported an in situ synthesis of 
ZnS@g-C3N4 composite photocatalysts by a thermal poly-
condensation route under an inert atmosphere. In the in situ 
synthesis, we choose thiourea acts both as a precursor of 
g-C3N4 and a sulfur source of ZnS. This protocol achieves 
the effective incorporation between g-C3N4 and ZnS. The 
ZnS@g-C3N4 composite photocatalysts exhibit the superior 
visible-light responsive photocatalytic activity for degreda-
tion of rhodamine B (RhB).

2  Experimental

All chemicals were of analytical grade without further 
purification.
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shift occurred in the position of peak for (002) plane from 
27.4° to 27.7°. Similar phenomena have been reported [34]. 
The shift may be caused by the change of heating rate, pre-
cursors and additives under in situ synthesis conditions. 
The intensities of diffraction peaks of g-C3N4 gradually are 
reduced and the characteristic peaks of ZnS increasingly 
appear with the enhancement of loading amounts. The dif-
fraction peaks of ZnS component correspond to the wurtz-
ite phase of ZnS (JCPDS No. 39-1363). In addition, a trace 
amount of ZnO phase exists in the patterns of high loading 
samples. This may be attributed the partial pyrolysis of zinc 
nitrate precursor.

Figure 2 displays the typical TEM images of pristine 
g-C3N4 and ZnS-modified g-C3N4 composite photocata-
lysts. As shown in Fig. 2a, the pristine g-C3N4 consists 
of curly nanosheets with a thickness of tens of nanome-
ters. Figure 2b indicates ZnS nanoparticles in diameter of 
around 10–20 nm (as shown by arrow) are closely attached 
on the g-C3N4 nanosheets. The tight contact between ZnS 
nanoparticles and g-C3N4 nanosheets are beneficial to 
enhance photocatalytic activity of ZnS@g-C3N4 composite 
photocatalysts. In addition, ZnS@g-C3N4 composite photo-
catalysts possess crushing and thinner sheet-like structures 
compared with pristine g-C3N4, which may be attributed 
to the presence of ZnS nanoparticles changed the growth 
environment of g-C3N4. The more crushing and exfoliated 
structures could provide more adsorption sites for guest 
molecules.

XPS analysis reveals a surface chemical status of 
ZnS@g-C3N4 composite photocatalysts. Figure 3a shows 
the survey spectrum of ZnS@g-C3N4-1, indicated the exis-
tence of C, N, O, Zn and S elements. The signal of O 1s peak 
may be derived from absorption of H2O, CO2 and traces of 
ZnO. XPS spectrum of C 1s of ZnS@g-C3N4-1 is shown in 
Fig. 3b. The C 1s spectrum can be deconvoluted into three 

analyzed by measuring the maximum absorbance at 554 nm 
using a UV–Vis spectrophotometer (HITACHI U-3900). In 
recycling experiments, after completion of aforementioned 
photodegradation, the solid photocatalysts were removed by 
centrifugation, washed several times with deionized water 
and vacuum dried 6 h at 80 °C. Then, the solid photocata-
lysts reused in the next cycle.

3  Results and Discussion

3.1  Photocatalyst Characterization

Figure 1 shows the XRD patterns of the samples. The strong 
diffraction peaks at 13.2° and 27.7° in the patterns of all 
samples correspond to the (100) and (002) planes of g-C3N4, 
respectively. Unlike the previously reported cases, a slight 

Fig. 2 TEM images of a pristine g-C3N4 and b ZnS@g-C3N4-1
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Fig. 1 XRD patterns of samples
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itself [35]. The peaks at 285.4 and 288.4 eV are assigned to 
sp3 hybridized carbon (C–(N)3) and sp2-bonded carbon in 
N-containing aromatic rings (N–C = N), respectively [36]. 

peaks at 284.6, 285.4 and 288.4 eV. The peak at 284.6 eV is 
attributed to sp2 C–C bonds of graphitic sites in a CN net-
work and hydrocarbon contamination from XPS instrument 
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Fig. 3 XPS spectra of ZnS@g-C3N4-1: a survey spectrum, b C1s, c N 1 s, d Zn 2p and e S 2p
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phenomenon may be related to the strong coupling between 
ZnS and g-C3N4 [42].

It is well known that the photocatalytic activity of photo-
catalysts is closely related with the recombination of photo-
generated electron/hole pairs [16]. The PL spectroscopy is a 
powerful tool to probe the recombination of photogenerated 
electron/hole pairs [43]. As shown in Fig. 4b, the strong 
PL intensity of the pristine g-C3N4 indicates that the rapid 
recombination of photogenerated electron/hole pairs in 
photocatalytic process of g-C3N4. However, the waning PL 
intensities of ZnS@g-C3N4 composite photocatalysts sug-
gest that the recombination of photogenerated electron/hole 
pairs is gradually weakened. This indicates the coupling of 
ZnS nanoparticles and g-C3N4 effectively suppressed the 
recombination of photogenerated electron/hole pairs. As a 
result, ZnS@g-C3N4-1 with optimal loadings displays stron-
gest ability to inhibit the recombination of photogenerated 
electron/hole pairs. Obviously, the enhanced visible-light 
response and the weakened recombination of photogen-
erated electron/hole pairs may promote the photocatalytic 
activities of ZnS@g-C3N4 composite photocatalysts.

3.2  Photocatalytic Activity

The photocatalytic activity of ZnS@g-C3N4 composite 
photocatalysts was evaluated by photocatalytic degradation 
of RhB solution under visible-light irradiation. Figure 5a 
shows time curves of photocatalytic degradation of RhB 
for various samples. The adsorption behaviours of photo-
catalysts are explored before light irradiation. After stirring 
for 30 min in dark, primary g-C3N4 and ZnS@g-C3N4-0.1 
display lower adsorption capacities (~7.5 %). However, the 
adsorption capacities of ZnS@g-C3N4 composite photo-
catalysts are improved significantly with the increased load 
of ZnS. The adsorption capacity of ZnS@g-C3N4-1 reaches 

Figure 3c displays three peaks appear at 398.7, 399.5 and 
404.1 eV in deconvolution of the N 1s spectrum, which can 
be ascribed to sp2-bonded N in the triazine rings (C–N = C), 
the tertiary nitrogen (N–(C)3) groups and the charging 
effects or positive charge localization in the heterocycles, 
respectively [37]. As shown in Fig. 3d, the Zn 2p spectrum 
exhibits two characteristic peaks at 1021.8 and 1044.8 eV, 
which is corresponding to the binding energies of Zn 2p3/2 
and Zn 2p1/2 states of Zn2+, respectively [38]. As shown in 
Fig. 3e, two peaks appear at 161.5 and 162.8 eV in decon-
volution of the S 2p spectrum can be ascribed to the binding 
energies of S 2p3/2 and S 2p1/2 of S2−, respectively [39].

The optical properties of the samples were explored. 
Figure 4a shows the UV–vis DRS of the samples. The pris-
tine g-C3N4 exhibits strong visible-light absorption bands, 
which can be assigned to the n–p* transitions involving 
lone pairs on the edge of the N atoms of the triazine/hep-
tazine rings [18]. Unlike g-C3N4 prepared using dicyandi-
amide or melamine as raw materials [37], the absorption 
edge of the pristine g-C3N4 extended from 450 to 600 nm. 
This could be attributed to the enriched nitrogen modi-
fied the band structure of g-C3N4 [36]. After loading of 
ZnS component, ZnS@g-C3N4 composite photocatalysts 
exhibit strong UV-light absorption, which can be assigned 
to electronic transitions from the valence band (VB) to the 
conduction band (CB) of ZnS [40]. The bandgap energies 
(Eg) of the pristine g-C3N4 and ZnS@g-C3N4-1 can be cal-
culated from the intercept of the tangents to the plots of 
(αhν)1/2 vs. hν, where α, h and ν are absorption coefficient, 
Planck’s constant and light frequency, respectively [36, 
41]. Therefore, as shown in Fig. S1, the Eg of the pristine 
g-C3N4 and ZnS@g-C3N4-1 were estimated to be 2.46 and 
2.33 eV, respectively. Compared to the pristine g-C3N4, the 
Eg of ZnS@g-C3N4-1 has been reduced, which is consis-
tent with the enhancement of visible-light absorption. The 
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enhances distinctly the photocatalytic activity owing to 
improve the adsorption capacity and inhibit the recombina-
tion of photogenerated electron/hole pairs.

The recycling experiments of ZnS@g-C3N4-1 compos-
ite photocatalysts were performed in order to investigate 
the stability of ZnS@g-C3N4 composite photocatalysts. As 
shown in Fig. 6, the degradation rate of RhB remains at 
87.2 % after five runs of photocatalysis. Moreover, as shown 
in Fig. S2, XRD pattern of the ZnS@g-C3N4-1 composite 
photocatalysts recovered after the fifth cycle did not change 
significantly compared to the fresh sample. The recycling 
experiments show that ZnS@g-C3N4 composite photocata-
lysts would be suitable for repeated applications.

3.3  Photocatalysis Mechanism

In order to probe into the photocatalysis mechanism 
of ZnS@g-C3N4 composite photocatalysts during 

28.0 %. The specific surface areas of primary g-C3N4 and 
ZnS@g-C3N4-1 were 76.0 and 63.1 m2 g−1, respectively. 
The specific surface area of ZnS@g-C3N4 composite photo-
catalysts decreases due to the loading of ZnS nanoparticles, 
but ZnS@g-C3N4-1 still have a larger adsorption capac-
ity, which suggested the crushing and exfoliated nanosheet 
structures could provide more active sites to adsorb RhB 
molecules [44]. The higher adsorption capacities of 
ZnS@g-C3N4 composite photocatalysts could promote pho-
tocatalytic activities. In a blank experiment, 4.8 % of RhB 
has been degraded in the absence of any photocatalysts after 
visible-light irradiation of 80 min, which indicated self-
photodegradation of RhB is negligible for the evolution of 
photocatalytic activities. Moreover, the degradation rate of 
RhB can reach 52.1 % within 80 min in the presence of pri-
mary g-C3N4 under visible-light irradiation, which could be 
attributed to its stronger visible-light absorption properties 
[36, 37]. The photocatalytic activities of ZnS@g-C3N4 com-
posite photocatalysts have been further improved. Among 
various composite photocatalysts, the ZnS@g-C3N4-1 
composite photocatalysts reach hightest degradation rate 
(95.3 %) within 80 min under visible-light irradiation.

In order to further quantitatively compare the photocata-
lytic activities of the various photocatalysts, the experimental 
data in Fig. 5a were analyzed by the pseudo-first-order model:

Here, k is the rate constant, t is reaction time, C0 is the initial 
concentration of RhB and C is the concentration of RhB at 
reaction time t. Fig. 5b exhibits the kinetic analysis results. 
The photocatalytic activities of all the photocatalysts are 
in the following order: ZnS@g-C3N4-1 > ZnS@g-C3N4-1.
5 > ZnS@g-C3N4-0.1 > ZnS@g-C3N4-0.5 > g-C3N4. The 
results indicated that the present of ZnS nanoparticles 
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form photogenerated electron/hole pairs owing to narrow 
bandgap energy [29]. However, ZnS has no visible-light 
response owing to its wide bandgap [46]. Due to the more 
positive CB position of ZnS [46] with respect to the CB 
position of g-C3N4 [29], the photogenerated electrons can 
be transferred from the CB of g-C3N4 to the CB of ZnS. 
Further, the photogenerated electrons can react with O2 
to produce O2

·−. Meanwhile, owing to the more negative 
VB position of g-C3N4 [46] with respect to the VB of ZnS 
[29], the photogenerated holes are unable to migrate from 
the VB of g-C3N4 to the VB of ZnS and remain in the VB 
of g-C3N4. Finally, O2

·− and hole as the reactive species 
degrade organic pollutants by oxidation. As a result, the 
matched CB edge potential and tightly coupling of ZnS 
and g-C3N4 in ZnS@g-C3N4 composite photocatalysts effi-
ciently improve the separation of photogenerated electron/
hole pairs and enhances photocatalytic activity.

4  Conclusions

We have successfully synthesized ZnS@g-C3N4 composite 
photocatalysts by an in situ thermal polycondensation route. 
It is found that the monodispersed ZnS nanoparticles in the 
diameter of tens of nanometers uniformly were distributed on 
the surfaces of crushing and exfoliated g-C3N4 nanosheets. 
The existence of ZnS nanoparticles obviously suppressed 
the recombination of photogenerated electron/hole pairs in 
the ZnS@g-C3N4 composite photocatalysts. Compared to 
pristine g-C3N4, the ZnS@g-C3N4 composite photocatalysts 
exhibited superior visible-light responsive photocatalytic 
activity for RhB degradation. The enhancement in photocat-
alytic activity of ZnS@g-C3N4 composite photocatalysts can 
be ascribed to large adsorption capacity and high separation 
efficiency of photogenerated electron/hole pairs in the het-
erojunction interface between ZnS nanoparticles and g-C3N4 
nanosheets. This work provided a facile and universal route 
for the synthesis of metal sulphide@g-C3N4 composite pho-
tocatalysts, which will promote the practical application of 
g-C3N4-based composite photocatalysts.
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