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a  b  s  t  r  a  c  t

In recent  years,  exploiting  novel  photocatalysts  with  a  broad  range  of  wavelengths  photoresponse
is undoubtedly  interesting  in  photocatalytic  field.  Here,  a novel  Sb2S3/ultrathin  g-C3N4 sheets  het-
erostructures  embedded  with  g-C3N4 quantum  dots  (CNS)  was  successfully  fabricated  via  a facile
hydrothermal  process.  The  samples  were  systematically  characterized  by  the  field  emission  scanning
electron  microscopy  (FESEM),  transmission  electron  microscopy  (TEM),  X-ray  diffraction  (XRD),  X-ray
photoelectron  spectroscopy  (XPS),  UV–vis-NIR  diffuse  reflection  spectroscopy  (UV-vis-NIR  DRS)  and  pho-
toluminescence  (PL)  spectroscopy.  It  is  indicated  that the  composites  have  fast electron  transport  and
enhanced  solar  light  absorption.  Moreover,  the  CNS composite  exhibits  a  significant  photoelectric  con-
b2S3

ear-infrared
hotocatalysis

version  property  in  near-infrared  (NIR)  wavelength  range.  The  photocatalytic  activities  of  the samples
were  evaluated  by the degradation  of methyl  orange  (MO)  upon  NIR  irradiation.  The  photodegradation
rate  of  the  optimal  CNS  for MO was  0.0103  min−1, about  2.6 times  higher  than  that  of  pure  Sb2S3. The
improved  NIR  photocatalytic  activity  may  base  on the  improved  absorption  in  the  NIR  region,  efficient
electron-hole  separation  and  the  up-converted  PL  property  of  g-C3N4 quantum  dots  (CNQD).

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Solar energy, as a clean and inexhaustible resource, has long
een regarded as one of the most promising renewable clean energy
ources for environmental pollutants degradation [1–3]. In view
f efficient solar energy conversion, exploiting a semiconductor
hotocatalysts that can harvest wide spectrum of solar light, from
ltraviolet (UV) to near-infrared (NIR) wavelength, undoubtedly
emains an urgent challenge for high solar energy conversion [4,5].
owever, only a few NIR photocatalysts have been investigated,

uch as up-conversion materials involving the rare earth element,
arbon materials quantum dots and carbon nitride quantum dots

6–9]. The up-conversion property can make the photocatalysts
bsorb NIR light and emit visible light. Hence, it is desirable to

∗ Corresponding author at: College of Environmental Science and Engineering,
unan University, Changsha 410082, PR China.

E-mail address: yxz@hnu.edu.cn (X. Yuan).

ttp://dx.doi.org/10.1016/j.apcatb.2016.03.075
926-3373/© 2016 Elsevier B.V. All rights reserved.
exploit promising photocatalysts that could efficiently harvest the
visible or even NIR light.

Antimony trisulfide (Sb2S3), a significant V-VI semiconductor,
possesses unique properties such as chain-like layered struc-
ture, good photosensitivity and high thermoelectric power [10,11].
Notably, it has a suitable band gap, which matches closely the max-
imum scan from the visible to near-infrared region of the solar
spectrum [12,13]. These properties make Sb2S3 receive signifi-
cant attention for potential applications involving solar cells [14],
photosensors [15], lithium ion batteries [16], thermoelectric and
optoelectronic devices [17]. However, it still could not meet the
requirements for practical application due to the low photoelectric
conversion efficiency. Numerous strategies have been employed to
improve the photocatalytic properties of pure Sb2S3. Particularly,
integrating Sb2S3 with other semiconductors to form heterojunc-
tions was proved to be an effective and feasible strategy. Recently,

Sb2S3-based composites, such as graphene-Sb2S3 [17], Ag2S/Sb2S3,
[18], CdS/Sb2S3 [19], and TiO2/Sb2S3 [20] etc., have been devel-
oped to enhance the photocatalytic activity. However, it still suffers

dx.doi.org/10.1016/j.apcatb.2016.03.075
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2016.03.075&domain=pdf
mailto:yxz@hnu.edu.cn
dx.doi.org/10.1016/j.apcatb.2016.03.075
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Fig. 1. XRD patterns for g-C3N4, CNQD-utg-C3N4 and CNS composites.

rom some limitations including high cost, complicated synthesis
rocess, or instability during photochemical operations.

Different from metal compound photocatalyst, graphite-like
arbon nitride (g-C3N4), a nontoxic metal-free semiconductor can
e synthesized by a simple heating of urea [21], cyanamide [22], or
elamine [23]. In addition, g-C3N4 possesses a stacked 2D structure

nd outstanding optical, thermal and electrical characteristics [24].
hese unique properties make the metal-free g-C3N4 have great
otentiality in the field such as bioimaging [25], gas storage [26],
hotovoltaic and photocatalytic fields [27]. Nevertheless, bulk g-
3N4 is still limited by the relatively small specific surface area,

ow photoresponsivity and poor solubility [28–30]. Recently, 2-D
ltrathin nanosheets (utg-C3N4) have been successfully obtained
y exfoliating the counterparts into a single atomic layer [31].
ompared with bulk g-C3N4, the utg-C3N4 nanosheets with atomic-
cale thickness possess a graphite-like lamellar structure and high
pecific surface area, which can facilitate the photoresponse and
he charge transfer [32]. However, an examination in the available
xamples revealed that almost all of them are still only applied
n the visible light range. To further improve the photocatalytic
fficiency, it is imperative to fabricate the utg-C3N4-based photo-
atalysts that can be active in NIR light.

Our group has reported novel g-C3N4/NiTiO3 [33], g-C3N4/MIL-
25(Ti) [34], g-C3N4-Sb2S3/Sb4O5Cl2 [35] and SnS2-MgFe2O4/GO
eterostructures [36], which demonstrated enhanced visible light
hotocatalytic activities. In this article, a simple and environmen-
al hydrothermal method, based on the reactions of antimony
richloride and sodium sulfide, was employed to prepare novel CNS
eterojunctions. The obtained photocatalysts were characterized
y means of FESEM, TEM, XRD, XPS, UV–vis-NIR DRS and PL spec-
roscopy. By optimizing the compositions, an optimum composite
as found and showed improved photocatalytic activities towards
ethylene orange (MO) under UV, visible and NIR irradiation in

omparison with pure Sb2S3. The possible photocatalytic mecha-
ism as well as the reusability and stability of the photocatalyst
ere also investigated.

. Experimental

.1. Materials
Sodium sulfide (Na2S·9H2O, 98%), antimony chloride (SbCl3,
00%), sodium hydroxide (NaOH, 98%), hydrochloric acid (HCl, 36%-
8%) were purchased from Sinopharm Chemical Reagent Co., Ltd
vironmental 193 (2016) 36–46 37

(Shanghai, China). Methylene orange was supported by Tianjin
Damao Chemical Reagent Co, Ltd (Tianjin, China). All other reagents
and solvents were of analytical reagent grade and used as received
from commercial suppliers.

2.2. Preparation of CNS hybrid materials

The g-C3N4 was prepared by calcination with dicyandiamide
as precursor. 10 gdicyandiamide was put into a covered crucible,
and heated at 550

◦
C in a muffle furnace for 2 h. The yellow g-C3N4

powders were obtained after cooling. In brief, 1 g g-C3N4 powder
was dispersed in 150 ml  water and then subjected to ultrasound
continuously for 10 h. Finally, the suspension was  centrifuged at
3000 rpm for 10 min  to remove byproducts of large particles, and
then the supernatant containing ultrathin g-C3N4 sheets embedded
with g-C3N4 quantum dots (CNQD-utg-C3N4) was  collected.

A certain amount CNQD-utg-C3N4 was  dispersed into 50 ml
NaOH solution, and 5 mmol  Na2S·9H2O was added to obtain solu-
tion A. In another beaker solution 2 was prepared by dissolving
equal molar ratio of antimony chloride (SbCl3) in 25 ml  HCl solu-
tion. Finally, solution 2 was added drop by drop to solution 1 with
the aid of stirring, and transferred to a Teflon-lined stainless-steel
autoclave for 12 h at 100

◦
C. The obtained precipitate was collected

after washing with distilled water and dried at 60
◦
C in an oven for

12 h. The as-prepared CNS samples with expected CNQD-utg-C3N4
volume of 10, 35 and 50 ml  were labeled as CNS-1, CNS-3, CNS-5,
respectively. As reference, normal Sb2S3 was  synthesized via the
same strategy but without the addition of CNQD-utg-C3N4.

2.3. Characterization

The powder X-ray diffraction (XRD) patterns were recorded
using Bruker AXS D8 Advance diffractometer equipped with Cu-Ka
source (� = 1.541 Å). The morphologies of samples were charac-
terized by a field emission scanning electron microscopy (SEM)
(JSM-7001F, Japan) and transmission electron microscopy (TEM)
(JES-3010, Japan). The X-ray Photoelectron Spectroscopy spectrum
(XPS) (Thermo Fisher Scientific, UK) was  carried out to analyze
the surface elemental composition analyses. UV-vis-NIR diffuse
reflectance spectra (DRS) of the samples were recorded on a
UV-vis-NIR spectrophotometer (U-4100, Hitachi, Japan) with an
integrating sphere attachment within the range of 240–2600 nm.
Steady-state photoluminescence (PL) spectra were examined by
Perkin-Elmer LS-55 spectrofluorimeter. The up-convertion PL
specttra was detected by a Jobin Fluorolog-3-P fluorescent spec-
trometer coupled with a NIR laser at � = 980 nm as the excitation
source. Photocurrent measurements were performed on a CHI 660D
electrochemical workstation (Shanghai Chenhua, China) using a
three-electrode cell with the nanostructure materials on FTO as
the working electrode, saturated Ag/AgCl and platinum electrode
as the counter electrode and the reference electrode, respectively.

2.4. Photocatalytic activity measurement

Photocatalytic degradation of MO  was  conducted vertically irra-
diated by a 300 W xenon lamp (Beijing China Education Au-light
Co. Ltd) with a cutoff filter (� ≥ 420 nm)  or (� ≥ 760 nm). The light
source (14 V, 16 A, 15 cm)  far away from the photocatalytic reactor.
Typically, 100 mg  powdered catalysts were dispersed in 100 ml  of
10 mg/L MO solution. Then, the solution was magnetically stirred
for 1 h in darkness to attain adsorption equilibrium. Aliquots were
drawn out of the solution at defined time intervals, centrifuged,

and examined at 463 nm using a UV–vis spectrophotometer (UV-
2250, SHIMADZU Corporation, Japan). The MO concentration after
adsorption equilibrium is acted as the initial concentration (C0).
Five successive cyclic tests were implemented over the optimal
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Fig. 2. SEM image of g-C3N

ybrid as follows. After the every run, the sample was washed sev-
ral times with deionized water, dried at 60

◦
C in air and subjected

o the next run.

. Results and discussion

.1. Characterization

The purity and crystallinity of the parent materials and hybrids
ere confirmed by XRD shown in Fig. 1. The peak of g-C3N4 at

7.2◦ is attributed to the stacking peak of �-conjugated layers, cor-
esponding to the typical facets (002) [37]. After exfoliation, the
NQD-utg-C3N4 only reveals a weak (002) peak, demonstrating
hat layered g-C3N4 has been successfully exfoliated as expected. It
an be seen that the characteristic peaks of the as-prepared Sb2S3
atch well with those reported (JCPDS file 42–1393) in the liter-

tures [17,38,39], which include (020), (120), (220), (130), (230),
211), (221), (240), (421), (501), (332) and (132) plans. Additionally,
o other characteristic peaks of any impurity phase are observed,
uch as antimony oxides, confirming the high crystallinity of Sb2S3.
s for the CNS composites, most diffraction peaks are consistent
ith that of Sb2S3, and no defined impurity peaks are detected,

ndicating that the Sb2S3 structure remains unchanged in the
ydrothermal process. Additional, no obvious diffraction peak of
NQD-utg-C3N4 could be discerned here, probably due to the small
mounts of CNQD-utg-C3N4 introducing and high dispersion in the
omposites.

The morphology and structural changes of the samples char-
cterized via SEM, TEM, and HRTEM. As displayed in Fig. 2a, bulk

-C3N4 sample presents aggregated morphologies consisting of
rregular block-based flakiness and particles [40]. Fig. 2b shows a
ypical SEM image of the Sb2S3 rods with smooth surfaces, which
re 3–10 �m in width, 10–50 �m in thickness. After introduc-
Sb2S3 (b) and CNS-3 (c–d).

ing CNQD-utg-C3N4, surface-coarsened CNS nanorods are obtained
(Fig. 2c–d). It is worth noting that the morphology and size of
the CNS hybrid is significantly different to pure Sb2S3, the com-
ponents of which are of diverse shapes and a larger size. It can
be seen that the agglomeration morphology and the attachment
of CNQD-utg-C3N4 with different shapes on the rough surfaces of
Sb2S3 rods. This clearly exhibits that adding the CNQD-utg-C3N4
could lead to the appearing of very small sheaf-like Sb2S3 rods
which decreased to 100–500 nm and tied together. It is indicated
that the presence of CNQD-utg-C3N4 controls the crystallization
and morphology of Sb2S3. Moreover, the CNQD-utg-C3N4 nanopar-
ticles became smaller when compared with the bulk g-C3N4, which
confirmed the successfully exfoliating of g-C3N4.

In the TEM images (Fig. 3), the apparent microscopy contrast
further confirms the presence of CNQD-utg-C3N4 nanosheets on
the surface of Sb2S3 microrods. The bulk g-C3N4 (Fig. 3a) displays
two dimensional and overlaps lamellar structures. The CNS het-
erostructures (Fig. 3b–c) retain a one-dimensional morphology,
and the Sb2S3 nanorods are surrounded by a thin layer of CNQD-
utg-C3N4 shells. As shown in Fig. 3d, the small CNQD appear in the
utg-C3N4 nanosheets, and the observed diameters of CNQD are less
than 10 nm.  There are relevant reports on quantum dots obtained
by ultrasonic method, such as carbon quantum dots, grapheme
quantum dots, carbon nitride quantum dots and MoS2 quan-
tum dots [8,41–43]. Additionally, the cross-sectional atomic force
microscopy (AFM) is further conducted to investigate the structural
features of the CNQD-utg-C3N4 heterostructures (Fig. 4a). Ran-
domly measured nanosheets shows a thicknesses of only 1.3 nm
(Fig. 4b), indicating the exfoliated nanosheets consisted of less

than five C-N layers [29]. High-resolution TEM (HRTEM) analy-
sis revealed the highly crystalline features of the Sb2S3 nanorods,
with a lattice spacing of 0.58 nm (Fig. 3e), which can be assigned
to the (131) plane of the orthorhombic Sb2S3. It can be seen that
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Fig. 3. TEM images of g-C3N4 (a), CNS-3 (b and c) and corresponding HRTEM images.

Fig. 4. AFM image of CNQD-utg-C3N4 (a) and corresponding 3D height profile (b).
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esponding elemental mapping images (b–e).

t
u
C
b
c
t
t
o
t
e
f
r
e
3
N
d
a
o
2
C
p
c
b
N
5
3
r
o
h
c
S
2
[
a
a
S
s
t
t
o
t

Table 1
Values of band gap energy (Eg) and corresponding CB (ECB) and VB (EVB) edge posi-
tions of as-prepared samples.

Samples Eg(eV) EVB(VNHE) ECB(VNHE)

Sb2S3 1.26 1.76 0.5
CNS-1 1.45 1.86 0.41
CNS-3 1.36 1.81 0.45
CNS-5 1.50 1.88 0.38
Fig. 5. TEM image of CNS-3 (a) and corr

he amorphous phase around Sb2S3 nanorods corresponds to the
tg-C3N4. On the other hand, the measured interplanar spacing of
NQD is 0.333 nm (Fig. 3f), coinciding with the (002) spacing of car-
on nitride [44]. TEM element mapping (Fig. 5a–e) also shows the
orresponding distribution of various elements. It is clearly found
hat C, N, Sb and S elements are uniformly dispersed in specific por-
ion selected, further verifying the formation of CNS hybrids. Based
n the above analyses, it can be confirmed that the heterojunc-
ion between Sb2S and ultrathin g-C3N4 sheets heterostructures
mbedded with g-C3N4 quantum dots forms, which expects to
acilitate the transfer of photo-generated charge carriers.The X-
ay photoelectron (XPS) spectra were taken to probe the surface
lemental composition and electronic structure of Sb2S3 and CNS-
. Fig. 6a represents a survey spectrum, indicating the peaks of C,
, S and Sb element in CNS-3 and no obvious impurities could be
etected. The CNS-3 sample exhibits S 2p and Sb 3d signals with

 S/Sb ratio of 1.56, which is very close to stoichiometric ratio
f Sb2S3. High-resolution spectra of C1s (Fig. 6b) at 284.4 eV and
88.3 eV are assigned to the C C bonds and the tertiary carbon
-(N)3 [45–47]. The N 1s spectrum of CNS-3 sample (Fig. 6c) dis-
lays three peaks centering at 399.8, 400.1, and 405.1 eV. The N 1s
ontributions at 399.8 and 400.1 eV can be assigned to N atoms sp2-
onded to two carbon atoms (C N C) and bridging nitrogen atoms
-(C)3, respectively [48,49]. In the Sb 3d spectra (Fig. 6d), peaks at
29.8 eV and 539.1 eV for Sb2S3 are attributed to Sb 3d5/2 and Sb
d3/2, respectively, indicating that antimony bounded to sulphur
emains in Sb3+ oxidation state [17,50]. Those peaks in the spectrum
f CNS-3 shift to 530.3 eV and 539.6 eV, respectively, being 0.5 eV
igher than those of Sb2S3. Fig. 6e shows S 2p spectra of Sb2S3 in
omparison with that of CNS-3. The binding energy values of pure
b2S3 at 161.6 eV and 162.7 eV, corresponded to the S 2p3/2 and S
p1/2, which can be ascribed to a single doublet from S-Sb bonds
51]. While the shift of 0.5 eV to the higher binding energies of 162.1
nd 163.2 V, respectively, is observed for CNS-3. The spin-orbit sep-
rations of S are found to be 1.1 eV, indicating that the S is present as
2− in the sample [52]. The shift order of S 2p energy position is the
ame as that of the Sb 3d peak position, which could be explained by

he interaction between CNQD-utg-C3N4 and Sb2S3, or the forma-
ion of CNS heterojunctions. In addition, the binding energy shifts
ccurring on the XPS spectra may  be attributed to the electron
ransfer between the Sb2S3 and CNQD-utg-C3N4 nanosheets due
g-C3N4 2.70 1.57 −1.13
CNQD-utg-C3N4 2.60 1.52 −1.08

to their different electron concentration. Considering the XRD pat-
terns, SEM, TEM and XPS, it can be inferred that the CNS composite
has been successfully synthesized.

3.2. Optical and photoelectrochemical properties

The UV–vis-NIR DRS analysis was implemented to determinate
the optical property of as-prepared g-C3N4, CNQD-utg-C3N4, Sb2S3
and CNS composites. From Fig. 7, the absorption spectrum of CNQD-
utg-C3N4 nanosheets extends to the whole visible light region and
even the infrared region compared with the bulk g-C3N4. It clearly
reveals that the Sb2S3 exhibits an optical absorption in the region of
300–1000 nm.  After the assembling of CNQD-utg-C3N4 nanosheets,
the CNS hybrids not only extend to the NIR absorption but also
exhibit enhanced absorption intensity in the whole solar region.
The phenomenon clearly indicates that coupling CNQD-utg-C3N4
is beneficial to improve the light absorption of Sb2S3, particularly
in the NIR light, implying the enhanced photocatalytic activity.

The band gap energy (Eg) of g-C3N4, CNQD-utg-C3N4, Sb2S3 and
the CNS-3 composite can be estimated, respectively, according to
Eq. (1) and the diagram is shown in Fig. 8.

Eg = 1240/� (1)

where � is the wavelength (nm) of the absorption edge [53]. The
band gap energies (Eg) of as-prepared photocatalysts are presented

in Table 1. Compared with pure Sb2S3, the band gap energy of CNS-
3 increases due to the introduction of CNQD-utg-C3N4, and thus
improving the light responses. Moreover, the valence band (VB)
edge position and the conduction band (CB) edge position of the
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ig. 6. XPS spectra of CNS-3 sample: (a) survey scan, (b) C 1s, (c) N 1s, (d) Sb 3d, and

amples are also estimated using the following empirical equation
54]:

VB = X − Ee+1/2Eg (2)
CB = EVB−Eg (3)

here EVB is the valence band (VB) potential, ECB is the conduction
and (CB) potential, X is the electronegativity of the semiconduc-
p. For comparison, the survey scan, Sb 3d and S 2p of Sb2S3 sample are also shown.

tor, Ee is the energy of free electrons on the hydrogen scale (about
4.5 eV), Eg is the band gap energy of the semiconductor [55]. The
EVB and ECB of the photocatalysts are computed and have been inte-

grated in Table 1. The EVB of CNS composites decreased with the
coupling of various CNQD-utg-C3N4 amounts compared with the
pure Sb2S3, suggesting that the oxidation ability becomes stronger.
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Fig. 7. UV-vis-NIR diffuses reflectance spectra of g-C3N4, CNQD-utg-C3N4, Sb2S3 and
CNS composites.
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Fig. 9. Photoluminescence spectra of Sb2S3 and CNS hybrids (a); and the up-
conversion emission spectra of CNQD-utg-C3N4 was recorded upon 980 nm NIR
excitation (b).
Fig. 8. The band gap energy of CNQD-utg-C3N4, Sb2S3 and CNS composites.

To elucidate the behavior of photoinduced charge carriers, PL
pectra of the photocatalysts were recorded [56]. As shown in Fig. 9,
he pure Sb2S3 exhibits a strong, wide peak in the PL spectrum
nder an excitation wavelength of 370 nm.  Compared with the
ure Sb2S3, the introducing of CNQD-utg-C3N4 hardly changes the
osition of emission peak, but rather reduces its relative intensity.
his clearly suggests that the recombination rate of the photo-
enerated electrons and holes slows down for the composite. In
s-prepared CNS composites, CNS-3 possesses the lowest recom-
ination rate of photo-generated electron-hole (e−-h+) pairs. The

nset of Fig. 9 shows the up-converted PL spectra (300–700 nm)  of
NQD-utg-C3N4 with excitations at 980 nm (NIR light region). It

s interesting to observe that the emissions are located at visible
ight wavelengths from 300 nm to 700 nm.  The up-converted prop-
rty is not observed on pure g-C3N4, which has been reported some
apers concerned [45,52]. The multiphoton active process and anti-
tokes photoluminescence are two widespread mechanisms for

he upconversion emission. Considering that the energy difference
etween the excitation and emission light in upconversion process

s not a fixed value, the multiphoton active process may  be used to
xplain the up-conversion emission of CNQD [8].Hence, the CNQD
Fig. 10. The luminescence decays of the excited state levels of Sb2S3 and CNS-3.

possesses the up-converted PL behavior and could absorb the NIR
light and then convert to the visible light due to the up-conversion
property. This makes the material can in reverse be excited to form
the electron-hole pairs, which contribute to effectively harvesting
a broad spectrum of sunshine. Consequently, the up-converted PL
property of CNQD is indeed responsible for the improved photocat-
alytic properties of the CNS hybrid in the NIR range. This process
can further be investigated by the time-resolved transient PL spec-
tra (Fig. 10). The decay curves for Sb2S3 and CNS-3 can be fitted well
to a double-exponential function and the corresponding lifetimes
are obtained from the least square analysis [57]. The average inten-
sity of lifetimes of Sb2S3 and CNS-3 were estimated to be 2.94 ns
and 3.55 ns, respectively. Compared with the pure Sb2S3, the PL
lifetime of the photoexcited electron over CNS-3 is prolonged. This
facilitates the electron transport and charge-separation efficiency,
which leads to a higher photocatalytic activity [38].

The linear scan voltammetry was performed under different

light irradiation to investigate the light response of the CNS hybrid.
From Fig. 11a, the photocurrent increases as the increasing of
irradiation intensity, which contributes to enhancing density of
photo-generated electrons excited by the light irradiation. To
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Fig. 11. (a) Typical I-V curves of the CSN-3 under ultraviolet, visible and near-
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nfrared illumination, (b) I-T curves under chopped light illumination of Sb2S3 (black
urve) and CNS-3 (red curve). (For interpretation of the references to colour in this
gure legend, the reader is referred to the web  version of this article.)

learly investigate the variation trend of photocurrent for the
NS hybrid and the pure Sb2S3 with and without light irradia-
ion, the photocurrent with chopped light is presented in Fig. 11b.
he change of the photocurrent over the CNS-3 hybrid is signifi-
ant under UV, visible light and NIR irradiation. The CNS-3 hybrid
xhibits a higher response than the pure Sb2S3 under UV, visi-
le light and NIR irradiation. This excellent photoelectrochemical
erformance may  be ascribed to that CNQD-utg-C3N4 nanosheets
isperse uniformly onto the Sb2S3 nanorods, which contributes to
romoting the electron transfer between Sb2S3. Based on the above
esults, it is reasonable to believe that CNS photocatalysts have
reat potentiality in photocatalytic removal of pollutants, espe-
ially in the NIR-responsive photocatalysis.

.3. Photocatalytic MO  degradation
The MO photodegradation via the as-prepared CNS hybrids are
valuated under the UV, visible and near-infrared light irradia-
ion. As the reference, g-C3N4 and Sb2S3 are tested under the
vironmental 193 (2016) 36–46 43

same experimental conditions. Before the photocatalysis, the solu-
tion including MO and photocatalysts is stirred in the dark for 1 h
to obtain the adsorption equilibrium. Under the NIR irradiation
(Fig. 12a), the degradation efficiency of MO by pure Sb2S3 is 36%
while that of g-C3N4 and CNQD-utg-C3N4 have nearly no obvious
change within 120 min. When assembling CNQD-urg-C3N4 on the
surface of Sb2S3 nanorods, the NIR-driven photocatalytic activity
of CNS hybrids are better than that of both g-C3N4 and Sb2S3. This
phenomenon can be explained by the synergistic effect between
CNQD-urg-C3N4 and Sb2S3 as obtained by chemical synthesis. In
particular, the optimal heterojunction photocatalysts, CNS-3, can
remove 70% of MO after NIR irradiation within 120 min. To further
demonstrate the relation between the photocatalytic activity of the
CNS composites and excitation light, the degradation of MO under
UV and visible irradiation has also been performed (Fig. 12b and
c). As expected, the composites also exhibit higher photoactivity
in both UV and visible irradiation, suggesting that the CNS has a
wide spectral range of photocatalytic activity. The enhanced pho-
tocatalytic activity may  be attributed to the stronger absorption
of CNS in the light region and the efficient electron-hole separa-
tion. It is known that water itself is an absorber of electromagnetic
radiation in the IR region and converts it into heat, which leads to
the thermolysis of MO  species. To exclude the effect of tempera-
ture, the control experiment as reference is carried out with MO
solution over CNS-3 at 80 ◦C in the dark. Fig. 12a indicated that the
decolorization rate of MO over the CNS-3 heterostructure at 80 ◦C
is 16%. This further confirms that the near-infrared photocatalytic
property of the CNS mainly due to the photocatalysis, not tem-
perature effect or photochemical reaction caused by the NIR light.
Moreover, the recycling and stability test of CNS-3 for the photocat-
alytic degradation of MO is depicted in Fig. 13a. It can be seen that
the photocatalytic performance had no significant decrease after
five cycles. This suggests that CNS-3 keeps its photocatalytic per-
formance without distinct photocorrosion. Additionally, the XRD
pattern of the CNS-3 after five times reuse is also shown in Fig. 13b.
No obvious differences in the diffraction peaks are observed, con-
firming a very stable crystal structure. As a result, CNS-3 can be used
as efficient photocatalyst for application in wastewater treatment.

To quantitatively understand the reaction kinetics of the MO
degradation, the pseudo-first-order kinetics model is used to fit
the photodegradation data, the equation for which is:

−ln
(

Ct/C0
)

= kt (4)

where k (min−1) and t (min) are the apparent first-order rate con-
stant and irradiation time, C0 (mg/L) and Ct (mg/L) are the initial
and remaining concentrations of MO at each time, respectively. The
model fitting plots and corresponding k values are shown in Fig. 14.
The order of MO  degradation rate is shown in Table 2. The CNS
hybrids show higher activity than that of pure Sb2S3 and g-C3N4
under the UV, visible and NIR light irradiation. It is noteworthy
that with the increase of CNQD-utg-C3N4 content, the photocat-
alytic activity of the hybrids for MO  degradation exhibits a rise first
followed by a decline, indicating that the concentration of CNQD-
utg-C3N4 exerts a profound influence on the photocatalytic activity.
This may  be caused by the fact that the excessive CNQD-utg-C3N4
would hinder the electrons transferring from the CNQD-utg-C3N4
to Sb2S3, and thus reducing its photocatalytic performance [35].
Several reasons may  account for the improved photodegradation
activity. On the one hand, the CNS composites exhibit the stronger
absorption than the pure Sb2S3 in the NIR light region, which con-
tributes to providing more electron-hole pairs. On the other hand,

the match of lattice and energy level between the utg-C3N4 and
Sb2S3 facilitates a fast electron transport, which is favorable for the
efficient separation of photogenerated carriers. More importantly,
CNQD can absorb NIR light, and then emit the shorter wavelength
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Fig. 12. MO degradation photocatalytic performance of photocatalysts under near-infrared (NIR) (a), ultraviolet (UV) (b), visible (Vis) irradiation (c). Effect of different reactive
species  scavengers on MO photodegradation by CNS-3 under NIR irradiation (d). The “Heat” represents the heated sample of CNS-3 at 80 ◦C under the darkness.

Fig. 13. Recycling tests of CNS-3 under NIR irradiation (a); The XRD patterns of the CNS-3 before and after irradiation (b).

Table 2
The corresponding k values of the model fitting plots.

Samples Sb2S3 CNS-1 CNS-3 CNS-5 g-C3N4 CNQD-g-C3N4 Heat

k (min−1) 0.0039 0.0051 0.0103 0.0057 0.0001 0.0008 0.0015
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alues (b) of g-C3N4, CNQD-g-C3N4, Sb2S3 and CNS composites.
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Fig. 14. The model fitting plots (a) and corresponding k v

ight due to its up-conversion PL property, which leads to the sub-
equent excitation of utg-C3N4 and Sb2S3, and thus enhancing the
hotocatalytic activities.

.4. Photocatalytic mechanism

To investigate the possible photocatalytic mechanism, the effect
f main reactive species, such as photo-generated holes (h+),
ydroxyl radicals (OH) and superoxide radical (O2−), are explored

n the photocatalytic process. Trolamine (TEA), isopropyl alcohol
IPA) and nitrogen (N2) are served as the scavengers of h+, hydroxyl
adical (OH) and superoxide radical (O2−), respectively [34,58,59].
fter being trapped, the active species will be efficiently quenched

n the MO  photodegradation, and the degradation efficiency thus
ecame lower. As shown in Fig. 12d, the photocatalytic degradation
f MO is apparently suppressed after the addition of TEA and N2.
he rate constant reduces from 0.0103 min−1 in the photocatalytic
ystem without any scavengers to 0.0016 min−1 or 0.0068 min−1,
hen h+ is removed by TEA or O2− is not formed by N2, respec-

ively. Besides, ignorable inhibition is exhibited by IPA, implying
he absence of OH species. Herein, the reactive species, including
2− and h+, could efficiently facilitate the MO degradation.

The band-edge potential levels play a vital role in photoexcited
harge carriers in a heterojunction. To explore the mechanism of
nhanced photocatalytic activity of the CNS composite, the rela-
ive band positions of the two semiconductors were investigated.
he minimum CB of Sb2S3 is more positive than that of the g-
3N4, indicating that the CNS hybrid is beneficial to the separation
nd transportation of charge carriers. The possible mechanism is
xhibited in Fig. 15, revealing the utilization of short and long wave-
engths in the spectrum. When irradiated by UV and visible light
rradiation, both the Sb2S3 and utg-C3N4 can be excited and gener-
te photo-induced electrons and holes. Meanwhile, the CNQD can
bsorb NIR light, and then emit the shorter wavelength light due to
he up-conversion property, which leads to the subsequent excita-
ion of utg-C3N4 and Sb2S3. This enables the CNS hybrids to absorb
he UV and visible light up-converted from CNQD, and thus pro-
ucing the e−/h+. The electrons are injected from the conduction
and of g-C3N4 to that of Sb2S3 due to the intimate contact between
hem. Instead, the holes left on the Sb2S3 valence band transferred
o that of g-C3N4. The transfer of charge carrier may  allow the
harge separation, and then efficiently hindering the recombina-
ion of the photogenerated electrons and holes. Subsequently, the

xcited electrons can be captured by the O2 adsorbed on the surface
f Sb2S3 to form O2−, which are one of the main oxidizing species
o decompose MO.  On the other hand, the MO molecules absorbed
n the photocatalyst surface could be degraded by the separated
Fig. 15. Proposed mechanism for the MO  degradation on the CNS composites under
NIR  irradiation.

holes via direct holes oxidation. The analyses are consistent with
the experiment results upon the influence of radical scavengers.
The above process can be described as the follows:

CNQD+hv(NIR) → hv(Vis) (5)

utg − C3N4/Sb2S3+hv → utg − C3N4
(

e−+h+) /Sb2S3
(

e−+h+) (6)

utg − C3N4
(

e−+h+) + Sb2S3
(

e−+h+) → utg − C3N4
(

h+) /Sb2S3
(

e−

(

e−+O2 → •O2− (8)

h+ + MO → otherproducts (9)

•O2 − +MO → otherproducts (10)

4. Conclusions

A series of novel CNQD-utg-C3N4/Sb2S3 composites was  fabri-
cated via a facile hydrothermal method using sodium sulfide and
antimony chloride as the precursors. The CNS hybrids presented
the improved photocatalytic performance for the MO degradation
under UV, visible and NIR irradiation. The CNS-3 hybrid exhibited
the highest NIR photocatalytic activity with MO degradation rate

of 0.0103 min−1, which was  higher than that of g-C3N4, CNQD-utg-
C3N4 and Sb2S3, respectively. The improved absorption in the NIR
region, the efficient electron-hole separation and the up-converted
PL property of CNQD were the main reasons for the improved
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IR-photocatalytic performance. The reactive species (O2− and h+)
ormed in the photocatalytic process led to the MO  degradation.
esides, cyclic experiments indicated the photocatalysts possessed

 high reusability and stability towards MO degradation. Hence, it
an be concluded that the CNQD-utg-C3N4/Sb2S3 composite was a
romising candidate for water treatment.
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