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ABSTRACT: The discharge of toxic dye effluents from industry is a major concern for
environmental pollution and toxicity. These toxic dyes can be efficiently removed from
waste streams using a photocatalysis process involving visible light. Due to its simple
synthesis procedure, inexpensive precursor, and robust stability, graphitic carbon nitride
(g-C3N4, or CN) has been used as a visible light responsive catalyst for the degradation
of dyes with mediocre performance because it is limited by its low visible light
harvesting capability due to its wide bandgap and fast carrier recombination rate. To
overcome these limitations and enhance the performance of g-C3N4, it was coupled
with a narrow bandgap copper tin sulfide (CTS) semiconductor to form a p−n
heterojunction. CTS and g-C3N4 were selected due to their good stability, low toxicity,
ease of synthesis, layered sheet/plate-like morphology, and relatively abundant
precursors. Accordingly, a series of copper tin sulfide/graphitic carbon nitride
nanocomposites (CTS/g-C3N4) with varying CTS contents were successfully
synthesized via a simple two-step process involving thermal pyrolysis and coprecipitation for visible-light-induced photocatalytic
degradation of methyl orange (MO) dye. The photocatalytic activity results showed that the 50%(wt/wt) CTS/g-C3N4 composite
displayed a remarkable degradation efficiency of 95.6% for MO dye under visible light illumination for 120 min, which is higher than
that of either pristine CTS or g-C3N4. The improved performance is attributed to the extended light absorption range (due to the
optimized bandgap), effective suppression of photoinduced electron−hole recombination, and improved charge transfer that arose
from the formation of a p−n heterojunction, as evidenced by electrochemical impedance spectroscopy (EIS), photocurrent, and
photoluminescence results. Moreover, the results of the reusability study showed that the composite has excellent stability, indicating
its potential for the degradation of MO and other toxic organic dyes from waste streams.

1. INTRODUCTION
Chromophoric dyes are usually used in the textile and paper
industry due to their robust chemical stability.1−3 Industrial
wastewater containing dyes discharged into surface and
groundwater environments affects the health of both humans
and animals.4,5 To mitigate the effects of these pollutants and
comply with regulations, various physical,6,7 biological,3,8

chemical,9,10 catalytic, and photocatalytic techniques have
been developed for the removal and degradation of dyes in
wastewater.
Photocatalysis, with ideal photoactive materials, has been

attractive for the complete degradation of pollutant dyes.7

Photocatalytic materials such as metal oxides (TiO2
11,12 and

ZnO1,13), metal sulfides (CdS14 and ZnIn2S4
15), and non-

metallic nitrides such as graphitic carbon nitride16,17 have been
employed. TiO2 has been widely used in photocatalysis due to
its remarkable catalytic performance, low cost, nontoxicity, and
excellent stability under ultraviolet light illumination, which
comprises 4% of the solar spectrum. However, it is not effective
under solar light illumination due to its wide bandgap of 3.2
eV.11,12 On the contrary, metal sulfides such as CdS and

ZnIn2S4 are responsive to visible light and are considered the
best due to their narrow bandgaps and acceptable light
absorption coefficients in the visible range of the solar
spectrum.15 However, several factors, including photoinst-
ability, photocorrosion, aggregation, and high charge recombi-
nation rates, limit their applicability as photocatalysts. In
addition, the use of toxic and rare earth elements is
unsatisfactory on environmental and economic scale-up.18

Accordingly, graphitic carbon nitride (g-C3N4, denoted as
carbon nitride (CN)) is a promising metal-free 2D semi-
conductor material that has been used as a visible light
photoresponsive catalyst for the degradation of dyes and can
be considered an excellent alternative due to its simple
synthesis procedure, low toxicity, and robust chemical and
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photostability.16,17 Unfortunately, CN is not as efficient as
other photocatalysts due to its poor absorption of visible light,
wider bandgap (2.75 eV), higher carrier recombination rate,
and low electrical conductivity.19−24 This limitation can be
overcome by forming a p-n heterojunction composite with a
narrow bandgap semiconductor such as CTS. The coupling of
p- and n-type semiconductors has been shown to enhance
photocatalytic activity due to the buildup of an internal electric
field across the junction which helps minimize the recombi-
nation of charge carriers by promoting the directional flow of
photoinduced electrons and holes.25−27 Recently, the synthesis
of CTS (Cu3SnS4, Cu2SnS3), a p-type semiconductor, has been
fascinating as an emerging material in the fields of photo-
voltaics28,29 and photocatalysis30−38 owing to its high visible
light absorption coefficient (∼104 cm−1),35,39 excellent
electrical conductivity (with a hole density reaching up to
∼1022 cm−3),36 narrow bandgap (<1.8 eV),35,36 layered
morphology, and reliable chemical and photostability.32,33 In
addition, CTS is composed of elements that are less toxic and
more abundant in the Earth’s crust, making it a viable
candidate for economic and environmental scale-up. In recent
years, several studies have demonstrated the photocatalytic
activity of CTS compounds for the degradation of methyl
orange (MO) dye with promising results, with Cu3SnS4
exhibiting the highest performance.35,39−41

Coupling of CTS with CN results in a narrowed bandgap-
inducing improved light harvesting, in addition to reinforced
charge separation and transport across the junction through
the formation of a p−n heterojunction.39 Hence, compared
with either pristine CN or CTS, the CTS/CN composite
exhibited an enhanced photocatalytic efficiency for the
degradation of the MO dye. Currently, there are few works
related to the synthesis and application of CTS/CN
composites for the photocatalytic degradation of pollutants.
For example, Tian et al. reported the application of a CN/CTS
composite for the photocatalytic degradation of methyl blue
dye with an 82.7% degradation efficiency achieved under
visible light irradiation for 3.5 h, which is higher than that of
either pristine CTS (52.4%) or CN (24.4%).38 Olalekan and
Olatunde also reported the use of CTS/CN composite for the
degradation of tetracycline under ultraviolet (UV) light
illumination, achieving a maximum degradation efficiency of
85.2%.42 Both studies showed that the performance of the
composite was enhanced relative to that of the pristine
components, but such an efficiency was obtained at the
expense of extended irradiation time. To the best of our
knowledge, no work has been reported on the facile synthesis
approach and application of CTS/CN composites for the
photocatalytic degradation of the MO dye.
In this article, we report the synthesis of a CTS/CN

composite nanomaterial as an efficient photocatalyst for the
degradation of MO dye under visible light illumination. CN,
CTS, and CTS/CN composites with various ratios of CTS (%
wt/wt) ranging from 20 to 60% were synthesized to investigate
their photocatalytic activity. Apart from the photocatalytic
activity, the recyclability potential was also evaluated by
subjecting the best performing composite to five consecutive
photocatalytic cycles. It can be concluded from this study that
the CTS/CN composite material is a remarkably efficient and
stable visible light responsive photocatalyst for the degradation
of the MO dye.

2. EXPERIMENTAL SECTION
2.1. Materials. Urea, tin(IV) chloride tetrahydrate (SnCl4·

4H2O; 98%), copper(II) acetate monohydrate (Cu-
(CH3COO)2·H2O; >98%), sodium sulfide nonahydrate
(Na2S·9H2O; 98%), methyl orange dye (97%), hydrogen
peroxide (H2O2, 30%(v/v)), ethanol (99%), dimethylforma-
mide (DMF; 99.8%), fluorine-doped tin oxide (FTO) glass
substrate (1 cm × 1.5 cm) potassium hexacyanoferrate (II)
trihydrate (K4[Fe(CN)6]·3H2O; 98.5%), potassium hexacya-
noferrate (III) (K3[Fe(CN)4]; 99%), potassium chloride (KCl,
99%), and sodium sulfite (Na2SO3; 98%) were used for
synthesis and characterization. Reactive species scavengers,
isopropanol (IPA), EDTA tetrasodium salt, and p-benzoqui-
none (PBQ) were also used for reactive species identification.
All reagents were of analytical grade, used without further
purification, and acquired from JDH Chemicals, China.
Deionized (DI) water was used throughout all of the
experiments.

2.2. Synthesis of CN. CN was synthesized via the pyrolysis
of urea with slight modifications to previously reported
procedures.43,44 Briefly, 20 g of urea was first placed in a
porcelain crucible, covered with a lid, and then sealed by
wrapping it with multiple layers of aluminum foil. The sealed
precursor was then placed directly in a muffle furnace, heated
to 550 °C at a rate of 15 °C/min, held at that temperature for
4 h, and finally allowed to cool to room temperature. The
crucible was then unwrapped of the aluminum foil, and a fluffy
pale-yellow powder was obtained.

2.3. Synthesis of CTS. CTS was synthesized via
coprecipitation of Cu2+ and Sn4+ precursors using sodium
sulfide as a precipitating agent following the procedure
reported in refs 45 and 46. Briefly, 0.299 g of Cu-
(CH3COO)2·H2O and 0.176 g of SnCl4·4H2O were added
to a 250 mL beaker, containing 100 mL of distilled water, and
stirred vigorously for 30 min using a magnetic stirrer. The
solution was then heated to 80 °C, followed by the slow
addition of a 0.1 M Na2S solution from a buret while stirring
continuously. The mixture was then allowed to cool and digest
for 3 h. The solution was then centrifuged to separate the
precipitate, and the precipitate was then washed three times
successively with ethanol and deionized water, respectively.
Finally, the precipitate was dried overnight in a vacuum oven at
60 °C.

2.4. Synthesis of CTS/CN Composites. The CTS/CN
composite photocatalysts were prepared by the coprecipitation
method. Briefly, for preparing 20%wt/wt CTS/CN composite,
0.70 g of CN and stoichiometric amounts of SnCl4·4H2O and
Cu(CH3CO2)2·H2O were added to 250 mL beaker, dissolved
in 100 mL of distilled water, and sonicated for 30 min to
disperse the precursors uniformly. The mixture was then
heated to 80 °C, followed by the slow addition of a 0.1 M Na2S
solution from a buret while stirring continuously. The mixture
was allowed to cool and digest for 3 h. The solution was then
centrifuged, and the isolated precipitate was subjected to the
same washing procedure described above. Finally, the
precipitate was dried overnight in a vacuum oven at 60 °C.
A series of CTS/CN composites with varying contents of CTS
(20−60%wt/wt) were prepared and labeled as CTS/CN,
20CTS/CN, 30CTS/CN, 40CTS/CN, 50CTS/CN, and
60CTS/CN.

2.5. Material Characterization. Powder X-ray diffraction
(XRD) analysis was performed on a Shimadzu Maxima 7000
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X-ray diffractometer (Shimadzu, Japan) using Cu Kα radiation
(λ = 0.15406 nm) operating at 40 kV, with 2θ ranging from
10° to 80° at a scanning rate of 3°/min. The surface
morphology and elemental composition were determined from
scanning electron microscopy (SEM) images taken on a
Hitachi S4800 scanning electron microscope fitted with an
EDS detector (Hitachi, Japan). High-resolution transmission
electron microscopy (HRTEM) images of the samples were
recorded on an FEI Tecnai F20 microscope with a beam
energy of 300 kV (Thermo Fischer, USA). Nitrogen
adsorption−desorption isotherms for analysis of the surface
area and pore size were recorded with a Micromeritics ASAP-
2020 instrument (Micromeritics Instrument Corporation,
USA). The specific surface area was determined by the
Brunauer−Emmett−Teller (BET) method. Pore size distribu-
tions were determined using the Barrett−Joyner−Halenda
(BJH) method. XPS was performed on a Thermo ESCALAB
250 Xi XPS spectrometer (Thermo Scientific, USA) equipped
with monochromatic Al Kα radiation (1486.6 eV), an X-ray
source, and a hemispherical analyzer to determine the surface
atomic composition and oxidation state. The optical properties
and hence the bandgaps of the materials were determined from
the absorption spectra recorded on an Azzota;, SM-1600
ultraviolet−visible spectrophotometer (Azzota Corp., USA).
Photoluminescence (PL) measurements were carried out using
an Agilent fluorescence spectrometer (Agilent, USA). Fourier
transform infrared (FT-IR) spectra of the materials were
recorded on a PerkinElmer FT-IR spectrometer (PerkinElmer,
USA).
2.6. Electrochemical Characterization. Mott−Schottky,

photocurrent, and electrochemical impedance spectroscopy
(EIS) measurements for the determination of flat band
potentials (Efb) and charge-transfer resistance (RCT) of the
materials were carried out in a three-electrode system using an
IVIUMSTAT potentiostat (Ivium Technologies, Netherlands).
In the three-electrode system, Ag/AgCl was used as the
reference electrode, platinum wire was used as the counter
electrode, and a sample coated on an FTO substrate was used
as the working electrode. The Mott−Schottky measurements
were carried out in a 0.5 M aqueous Na2SO3 electrolyte in a
potential range of −1.5 to +1.5 V, while EIS measurements

were recorded in an electrolyte containing an aqueous solution
of K4[Fe(CN)6) and K3[Fe(CN)4] in KCl. Transient photo-
current measurements were made in an aqueous Na2SO3
electrolyte using a 300 W tungsten halogen lamp to illuminate
the working electrode. The light source was made on/off at 30
s intervals. The working electrodes were prepared by
dispersing 50 mg of the synthesized material in DMF,
depositing 20 μL of the mixture on a 1 cm2 area of the FTO
substrate, and drying it for 24 h in air.

2.7. Photocatalytic Activity Studies. The photocatalytic
activities of the synthesized materials were evaluated by the
degradation of the MO dye in an aqueous solution under
visible light irradiation. The reaction was performed in a
photochemical reactor using a 300 W tungsten halogen lamp
(see Figure S6b). In a typical photocatalytic experiment, a 50
mg sample of the photocatalyst was added to 100 mL of a 15
mg/L aqueous solution of MO and stirred in the dark for 30
min using a magnetic stirrer. The mixture was then illuminated
with visible light under continuous magnetic stirring for 120
min. To determine the rate of degradation of the dye, 3 mL
samples were drawn from the reaction mixture at regular
intervals of 30 min and centrifuged (4500 rpm for 10 min) to
separate the photocatalyst. The concentration of the MO
solution was then determined by measuring the absorbance at
a wavelength of 464 nm with a UV−visible spectrophotometer.
The photocatalytic degradation efficiency of the photocatalyst
material was evaluated using the following eq:

D
C C

C
%

( )
100o

o
= ×

(1)

where %D is the percent degradation, C is the concentration of
the dye after each irradiation time, and Co is the initial
concentration of the dye. A recyclability experiment for the
best performing material was carried out for five cycles under
conditions similar to those described above.

3. RESULTS AND DISCUSSION
3.1. Synthesis. The CN (g-C3N4) synthesized through the

pyrolysis of urea is a fluffy lightweight powder with a pale-
yellow color, while the CTS (Cu3SnS4) synthesized through
the coprecipitation process is a black precipitate with a slight

Figure 1. Schematics illustrating the synthesis of (a) CN, (b) CTS, and (c) CTS/CN composites.
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greenish tint and is insoluble in water. Schematics of the typical
synthesis procedures for CN, CTS, and CN/CTS composites
are illustrated in Figure 1a−c.
For the synthesis of the CTS/CN composites, a known

amount of CN was added to a precursor solution used for the
synthesis of CTS (SnCl4 and Cu(ac)2 dissolved in distilled
water) and sonicated for 30 min, followed by precipitation with
the addition of the precipitating agent. A series of CTS/CN
composites with varying contents of CTS (20, 30, 40, 50, and
60% wt/wt). were prepared and labeled -20CTS/CN, 30CTS/
CN, 40CTS/CN, 50CTS/CN, and 60CTS/CN. The purpose
of preparing CTS/CN composites with different weight ratios
of CTS was to optimize the bandgap.
3.2. Structure and Morphology. Figure 2a shows the

powder XRD patterns of CN, CTS, and their composites. For
pristine CN, two major peaks were observed at 2θ angles of
27.9° and 13.4°. The intense diffraction peak at 2θ = 27.9° has
a d-spacing of 0.3183 nm and is assigned to the (0 0 2)
reflection of a graphitic-like aromatic structure of CN. The
relatively weak peak observed at 2θ = 13.4° with a d-spacing of
0.660 nm represents the (1 0 0) reflections of the in-plane
repeating motifs of the continuous heptazine network. These
two characteristic peaks are always assigned to CN and match
well with those reported in the literature.19,47 The XRD pattern
for CTS (Figure 2a) revealed the existence of a mixed phase
consisting of orthorhombic Cu3SnS4 and rhombohedral
Cu4SnS6. The peaks at 2θ values of 27.3°, 48.2°, and 57°
correspond to the (2 0 0), (0 0 20), and (3 2 12) diffraction
planes, respectively, and can be indexed to petrukite, the syn
phase of orthorhombic Cu3SnS4 (ortho-CTS) with a Pmn21
space group (ICDD: 00-036-0217).33 The peaks at 2θ values
of 29.6°, 32.5°, and 52.8° with the (1 0 4), (0 0 12), and (1 0
16) diffraction planes, respectively, can be indexed to
rhombohedral Cu4SnS6 (rhombo-CTS) with the R3m space
group (ICDD: 00-036-0053). The major peaks of both CN
and CTS are observable in the XRD patterns of the CTS/CN
composites, with no appreciable shift in position, indicating
that the crystal structures of both CTS and CN were
maintained during the synthesis process. The intensity of the
(0 0 2) peak of CN decreased gradually with the increasing
content of CTS in the composite.
To corroborate the existence of ortho-CTS and rhombo-

CTS, density functional theory (DFT) calculations with the
Perdew−Burke−Ernzerhof (PBE) exchange correlation func-
tion and ultrasoft pseudopotentials (UPPs) were used.
Through DFT calculations, the crystal structures of both
ortho- and rhombo-CTS were optimized and their XRD

patterns were simulated. As shown in Figure S1, the simulated
XRD patterns of the two crystal structures showed good
agreement with the XRD patterns of the synthesized CTS
sample, confirming the existence of a mixed phase.
The crystallite size (D) of the synthesized materials was

calculated using the Scherrer equation (eq 2), where K is a
constant (0.94), λ is the wavelength of the X-ray, β is the full
width at half-maximum (fwhm), and θ is the diffraction angle.
The calculations yielded average crystallite sizes of 6.51, 13.12,
and 15.35 nm for CN, 50CTS/CN, and CTS, respectively,
indicating a slight decrease in the size of the CTS/CN
composite relative to that of pristine CTS.

D K
cos= (2)

The FT-IR spectra of the synthesized materials were
recorded in the wavenumber range of 4000−500 cm−1 for
the presence of functional groups and the structural
conformation of CN. Figure 2b shows the FT-IR spectra of
the CN, CTS, and CTS/CN composites. The peaks observed
between 1200−1650 cm−1 are attributed to the stretching
vibration modes of the C=N, C=C, and C−N functional
groups in heptazine heterocycles, while the peak centered at
around 3200 cm−1 is indicative of the N−H functional group
and the adsorbed water molecules. Furthermore, the typical
peak at 809 cm−1 is indicative of the presence of the s-triazine
ring unit, while the absorption band at 890 cm−1 corresponds
to the deformation mode of the N−H bond. These findings are
consistent with values reported for CN in other studies.44,48

For pristine CTS, the peaks around at 540 and 669 cm−1 could
be attributed to the vibration of the Sn−S bond,49,50 while the
peak centered around 613 cm−1 is due to the vibrational mode
of the Cu−S bond.50,51 It could also be observed that the
characteristic peaks of CN appeared in CTS/CN composites,
but the characteristic peak due to the s-triazine ring vibration
of CN nanosheets (at 809 cm−1) is shifted to 808 cm−1 for the
composite, indicating the possibility of interactions between
CN and CTS in the composite.52

SEM and transmission electron microscopy (TEM) imaging
techniques were used to elucidate the morphological and
microstructural features of the CN, CTS, and 50CTS/CN
composites. The corresponding SEM images shown in Figure
3a−c revealed that the pristine CTS exhibited nanoplate-like
morphology with some degree of agglomeration of plates (see
inset of Figure 3a), while pristine CN shows thin sheet-like
morphology wrinkled and folded at the edges. For the CTS/

Figure 2. (a) Powder XRD patterns of CN, CTS, and 50CTS/CN with standard diffraction patterns of petrukite phase orthorhombic CTS and
rhombohedral CTS. (b) FT-IR spectra of pristine CN, CTS, and the CTS/CN nanocomposite.
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CN composite, the CTS nanoplates were deposited on the
slightly exfoliated CN nanosheets (Figure 3c,d).
Figure 3d,e shows low- and high-resolution TEM images of

the 50CTS/CN composite. The TEM and HRTEM images
show the presence of CTS NPs on the CN sheet, with a lattice-
fringe d-spacing of 0.326 nm which is indexed to the (2 0 0)
reflection plane of orthorhombic CTS. The results are also
consistent with d-spacing values reported in the XRD results.
Figure 3f−h represents FFT and IFFT images of Figure 3e
generated by Gatan software used for the estimation of d-
spacing values of CTS. Moreover, the surface compositions
and distributions of the elements in the 50CTS/CN composite
were determined through energy-dispersive X-ray (EDS)
elemental mapping technique carried out along SEM and
TEM characterizations (see Figure S2 for SEM-EDS elemental
maps). As shown in Figure 3i−n, the STEM-EDS elemental
maps of the 50CTS/CN composite showed the existence of
the elements Cu, S, Sn, C, and N with a uniform distribution
on the surface, as also evidenced by the existence of the CTS
NPs on the surface of CN, as shown in the TEM image
depicted in Figure 3d. In addition, the intimate contact

between the CN and CTS nanoparticles is clearly observed in
Figures 3d and S3, which could favor the formation of a
junction between the two semiconductors, thus improving the
charge separation and therefore the photocatalytic activity.

3.3. Oxidation States and Composition. The surface
elemental composition and oxidation state of elements in the
50CTS/CN composite were analyzed through the XPS
characterization technique. Figure 4 presents the survey XPS
spectra along with high-resolution core-level spectra of Cu, Sn,
S, C, and N. The survey spectrum displayed in Figure 4a
demonstrates the existence of elements Cu, Sn, S, C, and N in
the composite, which is consistent with the EDS results. Figure
4b depicts a high-resolution Cu 2p core-level spectrum
depicting the Cu 2p3/2 and Cu 2p1/2 core levels. The two Cu
2p peaks are doublets and can be deconvoluted into two
separate peaks, representing the existence of both Cu+ and
Cu2+ species in CTS, as reported in other works.37 The peaks
centered at 932.0 and 952.0 eV correspond to Cu+, whereas
the peaks centered at 933.5 and 953 eV of the corresponding
core levels indicate the existence of Cu2+.34,53 Besides, the
satellite peak centered at 942.8 eV also belongs to Cu2+,
signifying the existence of both Cu+ and Cu2+ states in
CTS.34,54−56 Moreover, since Cu3SnS4 is a charge neutral
compound, it should have Cu in both Cu+ and Cu2+ states, and
the formula expressed as (Cu+)2Cu2+Sn4+ (S2−)4. Figure 4c
displays a high-resolution XPS spectrum of the Sn 3d state.
The two strong peaks centered at around 487.2 and 495.65 eV
with splitting of 8.5 eV correspond to Sn 3d5/2 and 3d3/2 core
levels, respectively, indicating the existence of Sn4+.34,53 The S
2p core-level spectrum shown in Figure 4d displays two peaks
centered at 162.7 and 169.4 eV. The peak centered around 162
eV corresponds to the 2p core-level, confirming the existence
of sulfur in the S2− state.34,53 The additional peak centered at
169.4 eV represents S in SO4

2−, most likely formed due to the
oxidation of sulfur by oxygen adsorbed to the surface.57 Thus,
the XPS analysis of CTS reveals the existence of the elements
Cu, Sn, and S in the oxidation states of Cu+, Cu2+, Sn4+, and
S2−.37

Figure 3. SEM images of (a) pristine CTS, (b) pristine CN, (c)
50CTS/CN composite, (d) TEM image, (e−h) HRTEM image and
IFFT profile, and (i−n) STEM-EDS elemental mapping images of the
50CTS/CN composite.

Figure 4. XPS spectra of 50CTS/CN composite: (a) survey, (b) Cu 2p, (c) Sn 3d, (d) S 2p, (e) N 1s, and (f) C 1s.
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For the CN, the C 1s spectra in Figure 4f show two major
peaks centered around 288 and 284 eV. When deconvoluted,
they resolve into three peaks centered at 288.1, 284.8, and
286.1 eV, representing carbon in three different environments.
The major peak centered at 288.1 eV is attributed to sp2-
bonded carbon (N−C=N), and the other peaks centered at
286.1 and 284.8 eV represent C in C−NH2 and C=C bonds,
respectively, which are usually observed on the XPS spectra of
CN.19,47 These findings are consistent with the three types of
carbons in CN elucidated in the FT-IR analysis. The
deconvoluted high-resolution N 1s spectra depicted in Figure
4e reveal three distinct peaks centered at 398.4, 399.1, and
401.0 eV. The peak centered at 398.4 eV belongs to sp2
hybridized aromatic nitrogen bonded to carbon (C−N=C).
The peak centered at 399.1 eV is assigned to the nitrogen in
N−(C)3, while the weak peak with a binding energy of 401.0
eV corresponds to the N in C−N−H.19,47
3.4. Surface Area Analysis. To understand the adsorption

capability of the synthesized materials, the surface areas and
distribution of pore size of the synthesized materials, including
pristine CTS, CN, and 50CTS/CN, were determined based on
the N2 gas adsorption−desorption isotherm measured at a
temperature of 77 K. The Brunauer−Emmett−Teller (BET)
method was employed to calculate specific surface areas, while
the Barret−Joyner−Halender (BJH) method was used to
determine the pore size distribution and pore volume. As
shown in Figure S4, the materials displayed a type IV isotherm
with an H4 hysteresis loop, which is indicative of the existence
of mesopores.21 The average pore size and cumulative pore
volumes of the synthesized materials were determined from the
BHJ desorption data. The pore size distribution graph (inset of
Figure S4) shows a range of pore size distribution extending
from 2−123 nm, further confirming the presence of mesopores
and macropores, especially in CTS and 50CTS/CN composite
material, which can also be evidenced by the higher adsorption
observed around the relative pressure (P/P0) range close to
1.31

The calculated BET surface areas (SBET) and pore
parameters of CTS, CN, and 50CTS/CN are presented in
Table 1. The data show that CN exhibited the highest BET

surface area and pore volume of 56.76 m2/g and 0.399 cm3/g,
respectively, followed by 50CTS/CN (36.37 m2/g, 0.0166
cm3/g) and CTS (8.09 m2/g, 0.063 cm3/g). The highest
specific surface area of CN can be attributed to its porous
sheet-like morphology, which is consistent with SEM findings.
In terms of the pore size, CN displayed the highest average
pore size which is due to the existence of macropores. The
incorporation of CTS into CN decreased the surface area of
CN due to the coverage of holes in CN by the CTS NPs.
In addition to surface area, the adsorptive capacity of a

photocatalyst is also dependent on the surface charge. The
surface charge of a catalyst material is dependent on the
maturity of the material and the pH of the sample solution.
Accordingly, to get insight into the surface charge exhibited by
the photocatalyst, the pH of the point of zero charge (PZC)
was determined as described elsewhere.58 As shown in Figure
S5, the results revealed pH(PZC) values of 5.54, 5.28, and 6.2
for CN, CTS, and 50CTS/CN composite material, respec-
tively, revealing the observed improved adsorption of MO dye
by CTS and 50CTS/CN (see Figure 8a).

3.5. Optical Properties. Figure 5 depicts the UV−visible
absorption spectrum of the synthesized CN, CTS, and
50CTS/CN composite. In the pristine CN (Figure 5a), the
absorption maxima is centered at 322 nm and an absorption
edge around 451 nm, suggesting that CN is not efficient in
utilizing the whole visible light spectrum.44 Meanwhile the
CTS material exhibits absorption in the UV−visible range, and
further extends into the near-infrared, with an absorption edge
around 726 nm, suggesting that this material is efficient in
utilizing the full solar spectrum (Figure 5c). As shown in
Figure 5b, the CTS/CN composite has absorption maxima
red-shifted to a longer wavelength, relative to the pristine CN
leading to a broadened light absorption range and hence a
narrower bandgap for the composite. It can be concluded that
the synergetic effect between CN and CTS allowed the
composite materials to absorb light more efficiently and
maximize visible light utilization. This trend was also observed
for composites involving CN and transition-metal sul-
fides.20,38,59

The bandgaps of the synthesized materials were determined
from the UV−vis absorption spectra by employing Tauc
equation (eq 3) and plotting (αhν)n vs hν through
extrapolation of the linear region of the plot to the x-intercept.

h A h E( ) ( )n
g= (3)

where α, h, ν, and A represent the absorption coefficient, the
Planck constant, the frequency of light absorbed, and a
constant, respectively. The value of n depends on the type of
optical transition.27 As shown in Tauc’s plots (insets of Figure

Table 1. BET Specific Surface Area, Average Pore Size, and
Pore Volume of CN, 50CTS/CN, and CTS Materials

material
SBET
(m2/g) average pore size (nm)

pore volume
(cm3/g)

CN 56.76 32.37 0.3995
50CTS/CN 36.37 13.67 0.166
CTS 8.09 26.89 0.063

Figure 5. Ultraviolet−visible absorption spectra of (a) CN, (b) 50CTS/CN, and (c) CTS materials with insets of Tauc plots and the estimated
bandgaps.
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5a−c), the bandgap (Eg) values of CTS, 50CTS/CN, and CN
were calculated to be 1.72, 2.23, and 2.75 eV, respectively. The
obtained bandgap values agree with those reported elsewhere
for both CN44,48 and CTS.35,37,60,61 Along with bandgaps, the
conduction band potential (ECB) and valence band potentials
(EVB) of CTS and CN were calculated via Mulliken
electronegativity theory using eqs 4 and 5, where ECB, EVB,
Ee, χ, and Eg refer to the conduction band potential, valence
band potential, energy of free electrons on the hydrogen scale
(4.5 eV), absolute electronegativity, and bandgap energy of the
materials, respectively. The χ in eq 4 is the Mulliken
electronegativity of the semiconductor, which can be obtained
by taking the geometric mean of the Mulliken electronegativity
of constituent atoms in the semiconductor. The χ of an atom is
the arithmetic mean of its electron affinity and the first
ionization energy.32,62

E E E0.5CB C g= (4)

E E EVB CB g= (5)

Using Eg values determined from UV−visible absorption
spectra and χ values reported in the literature: 5.16 eV for
CTS63 and 4.63 eV64 for CN; an ECB value of −0.20 eV and
EVB of 1.52 eV were obtained for CTS, while for CN, ECB and
EVB were calculated to be −1.25 and 1.50 eV, respectively.
Mott−Schottky (MS) measurements were also made to

determine the type of conductivity (p- or n-type) exhibited by
the synthesized materials, analyze their energy band structure,
and the formation of a p−n heterojunction to understand the
photocatalytic mechanism involved. As shown in Figure 6a, the
slope of the plot of the linear part of the MS curve of CTS is
negative, indicating p-type semiconductivity,61,65 while a
positive slope for CN confirmed n-type semiconducting
behavior (Figure 6b). Besides, the band edge potentials of
the synthesized materials were estimated from the flat band
potentials (Efb) obtained from the MS plots by extrapolating
the linear portion of the plot of 1/C2 vs potential to the x-
intercept (where 1/C2 = 0). Accordingly, the flat band
potentials of CN and CTS were estimated to be −1.1 and

+1.5 V, respectively, relative to the normal hydrogen electrode
(NHE). Studies27 have shown that for an n-type semi-
conductor, the ECB is 0.1 V lower than the Efb, while EVB of a p-
type semiconductor is 0.1 V higher than the Efb, resulting in
ECB of −1.2 V for CN and EVB of 1.6 V for CTS. These values
are close to the band edge values calculated using eq 4 based
on Mulliken electronegativity theory62 as summarized in Table
S1.
Besides, as shown in Figure 6c, the MS plot of the 50CTS/

CN composite has an inverted V-shape with positive and
negative slopes, representing the n-type CN and p-type CTS,
revealing the formation of a p−n heterojunction. It can be seen
that, in the CTS/CN composite, the Efb of CTS shifted upward
to a less positive value (+1.24 V vs NHE) while that of CN
shifted downward (−0.22 V vs NHE) along with the CB and
VB positions relative to the pristine materials, resulting in the
directional migration of photoinduced electrons from CB of
CTS to CB of CN and photoinduced holes from VB of CN to
VB of CTS, leading to enhanced charge separation. This
finding is consistent with those reported for composites made
of n- and p-type materials.25−27

3.6. Extent of Carrier Separation and Transfer
Properties. Photocurrent, photoluminescence (PL), and EIS
measurements were used to understand the extent of carrier
generation, separation, and transfer among the synthesized
materials. PL measurements were employed to investigate the
extent of the carrier separation efficiency of the semiconductor
photocatalyst. The extent of carrier separation efficiency
among the catalysts is usually related to the intensity of the
PL emission peak, as it is related to carrier recombination.
Figure 7a shows the PL spectra of the CN, CTS, and CTS/CN
composites obtained with an excitation wavelength of 340 nm.
As shown, CN and the CTS/CN composites displayed PL
emission peaks in the wavelength range of 434−438 nm, with
the pristine CN showing the most intense peak, revealing a
higher carrier recombination rate. Compared to the pristine
CN, the dramatic drop in the PL emission intensity of the
50CTS/CN composite reveals an enhancement in carrier
separation efficiency because of suppression of carrier

Figure 6. MS plots of (a) CTS, (b) CN, and (c) 50CTS/CN composite obtained from EIS measurements carried out at 100 Hz.

Figure 7. (a) PL spectra, (b) transient photocurrent response, and (c) EIS Nyquist plot of CN, CTS, and 50CTS/CN composite samples,
respectively.
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recombination, which could be favorable for improved
photocatalytic activity. This could be attributed to the
migration of the photogenerated electron−hole pairs between
CTS and CN as a result of the formation of a p−n
heterojunction.
EIS measurements were also performed to understand the

extent of the charge-transfer resistance at the interface between
the electrolyte and the working electrode. The extent of
charge-transfer resistance (RCT) can be inferred from the
radius of the semicircle in the high-frequency region of the EIS
Nyquist plot. Figure 7b depicts Nyquist plots of EIS
measurements recorded at a frequency of 100 Hz. The results
of the EIS measurement showed that the 50CTS/CN
composite exhibited better charge transfer efficiency than
that of pristine CN, as evidenced by the significantly smaller
semicircle compared to that of pristine CN. Additionally, the
results of the photocurrent studies depicted in Figure 7c
showed that the light-on photocurrent of the 50CTS/CN
composite was found to be 2.4 and 11 times higher than that of
pristine CTS and CN, respectively. The result demonstrated
the improved separation and transport of photogenerated
charge carriers due to the existence of a p−n heterojunction at
the interface between CTS and CN.
3.7. Photocatalytic Activity. The performances of the

synthesized materials were evaluated for the degradation of the
MO dye in an aqueous solution under irradiation by visible
light. The pristine CN, CTS, and CTS/CN composites were
evaluated for visible light-induced degradation of the MO dye.
A small amount of H2O2 (100 μL) was added to the reaction
mixture to initiate the degradation of MO.20,35,66 Before
irradiation, to establish the dark adsorption equilibrium, the
adsorption of the 5OCTS/CN composite in the dark was
recorded. As shown in Figure S7, the composite material
exhibited a good adsorption capability, and the dark adsorption
equilibrium was established after 30 min.
The progress of degradation of MO dye over time was

monitored by measuring the UV−visible absorption (at λ =
464 nm) of the reaction mixture removed from the reactor at a

predefined time interval (30 min) as the reaction progressed.
As shown in Figure S6a, the absorption peaks of the MO dye
decreased gradually as the reaction progressed, indicating the
degradation of the MO dye. Figure 8a displays the progress of
the removal of MO by the synthesized materials through
adsorption and photocatalysis. The results revealed that all the
CTS/CN composites exhibited enhanced performance relative
to either the pristine CN or CTS. For the pristine CTS and
CN, only 60.99 and 32.8% of MO were degraded after
irradiation for 120 min. In contrast, all the CTS/CN
nanocomposites displayed improved activity (higher than
that of both CN and CTS), with the 50CTS/CN composite
displaying a 95.6% degradation efficiency (Figure S6c,d).
As shown in Figure 8b, the photocatalytic reaction was

found to fit with pseudo-first-order kinetics (ln(C0/C) = kt)
with R2 > 0.99, where C represents the concentration of MO at
any time, t, during the reaction, Co represents the initial
concentration of the dye, and k represents the rate constant of
the reaction. The corresponding slope of the linear fit plot of
ln(C0/C) vs kt represents the value of the rate constant, k. The
calculated pseudo-first-order kinetic rate constants of CN,
CTS, and 50CTS/CN were 0.0032, 0.0079, and 0.0259 min−1,
respectively (see Figure 8c). The rate of reaction for the
50CTS/CN composite photocatalyst was found to be 3.28 and
8 times that of pristine CTS and CN, respectively, showing
enhanced performance of the 50CTS/CN composite over
either the pristine CN or CTS.
The stability/reusability of the CTS/CN composite photo-

catalyst was tested by employing it for five consecutive
photodegradation reaction cycles. The results displayed in
Figure 8d showed that after five cycles of use, the photocatalyst
retained 92.2% of its initial capacity, indicating the good
stability and reusability of the photocatalyst. XRD analysis of
the 50CTS/CN composite was carried out after its usage for 5
consecutive cycles. As shown in Figure S8b, the XRD pattern
of the used 50CTS/CN composite revealed that the phase and
structure remain intact. These results indicated that the
heterostructure composite photocatalyst is sufficiently stable

Figure 8. (a) Adsorption and photocatalytic degradation of MO over the synthesized materials under visible light irradiation; (b) pseudo-first-order
kinetic fitting of the photodegradation of MO; (c) fitted pseudo-first-order kinetic constants for MO photodegradation; and (d) stability test of
50CTS/CN for MO photodegradation.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02414
ACS Omega 2024, 9, 28463−28475

28470

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02414/suppl_file/ao4c02414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02414/suppl_file/ao4c02414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02414/suppl_file/ao4c02414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02414/suppl_file/ao4c02414_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02414?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02414?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02414?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02414?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


during the photodegradation of MO dye. Compared to other
related studies involving CN, CTS, and related materials for
visible light-induced degradation of MO, the composite
material reported in this work performed well. A summary of
the photocatalytic performance of various materials for MO
degradation reported in this study, along with similar materials
reported in other studies,21,23,24,35,40,41,67 is presented in Table
2.
The enhanced photocatalytic performance of the composite

can be ascribed to the optimized bandgap that led to
broadening of the light absorption range, efficient charge
separation, and transfer at the interface between CTS and CN
due to the formation of a p−n hetrojunction. The improved
charge separation (decreased charge recombination rate) of
the composite catalyst was demonstrated from the decreased
intensity of the PL emission peaks of the pristine CN after
forming composites with CTS. Furthermore, EIS and photo-
current results revealed improved photoinduced charge
generation, separation, and transfer for the composite as
compared to either of pristine CTS or CN.
3.8. Mechanism behind the Improved Photocatalytic

Performance. A photocatalytic process mainly depends on
the excellent charge separation efficiency, smooth transfer of
photoinduced charge carriers within the semiconductor, and
suitable band edge positions of the photocatalyst. From the
results of UV−visible and MS measurements discussed earlier,
the Fermi level and the band edge positions of CN were higher
than those of CTS before contact. After contact, a p−n
heterojunction was formed between p-CTS and n-CN. As a
result, electrons migrated from the CB of CN toward the CB of
CTS, while hole transfer occurred from the VB of CTS to the
VB of CN, leading to the accumulation of negative charge on
CTS and positive charge on CN. The accumulation of
electrons over CTS could raise the Fermi level of CTS and
lower the Fermi level of CN, along with the band edge
potentials in the CTS/CN composite.26 The MS measure-
ments for the CTS/CN composite have confirmed the
formation of a p−n heterojunction between CTS and CN
(Figure 6c), which resulted in the shift of the band edge
potentials of both p-CTS and n-CN until the Fermi level
equilibrium was reached through band bending. This resulted
in EVB of 1.24 eV and ECB of −0.48 eV for CTS and EVB of 2.53
eV and ECB of −0.22 eV for CN, leading to the directional flow
of photoinduced electrons from the CB of CTS toward the CB
of CN and photoinduced holes from the VB of CN to the VB
of CTS, effectively preventing the recombination of the charge
carriers along with the internal electric field established across
the junction due to the spontaneous diffusion of electrons and
holes near the interface between CTS and CN. Figure 9
depicts the energy band schematic diagram for p-CTS and n-
type CN before and after contact.

With visible light illumination, both CTS and CN could be
excited to generate photoinduced electron (e−)−hole (h+)
pairs (eq 6). Due to a more negative CB of CTS, the
photoinduced electrons on the CB of CTS migrate toward the
CB of CN, while photoexcited holes migrate from the higher
VB potential of CN toward the lower VB potential of CTS. As
the ECB of CN (−0.22 V vs NHE) is more negative than the
standard redox potential of the O2/O2

·− (−0.18 V vs NHE),58
the photoinduced electrons that accumulate on the CB of CN
will be captured by O2 to yield peroxide radical (O2

·−) and
hydroxy radical (HO·) through eqs 7−9. Meanwhile, as the VB
potential of CN is more positive than the HO−/HO· couple
(1.90 V vs NHE),58 the photoinduced holes on the VB of CN
will trap the surface attached HO− to form HO· through eq 10.
The generated O2

·− and HO· radicals would thus participate in
the oxidative degradation of MO dye as depicted in eqs 11 and
13. Besides, as the redox potential of MO (0.955 V vs NHE)58

is lower than the EVB of both CTS and CN, photoinduced
holes on the VB of CTS and CN can directly attack and
degrade the MO dye (eq 12). To further confirm the proposed
mechanism, the primary reactive species involved in the
photodegradation of the MO dye were explored through
scavenger experiments conducted by introducing isopropyl
alcohol (IPA), benzoquinone (BQ), and EDTA to the reaction
mixture as scavengers for hydroxyl radicals (HO·), superoxide
radicals (O2

·−), and hole species (h+), respectively. As shown
in Figure S8a, the addition of the hole scavenger EDTA
suppressed the degradation of MO strongly followed by BQ.
However, with the addition of the HO· scavenger, IPA, the
degradation of MO was only slightly depressed, suggesting h+
and O2

·− as the major reactive species responsible for the
degradation of MO dye.21,22,68

hCTS/CN e h+ + + (6)

Table 2. Comparison of Photocatalytic Degradation of MO by Various CTS-Based and Other Types of Materials

material [MO] (mg/L) catalyst dosage (mg) removal efficiency, % (min) ref

CN/NiFe2O4 10 24 CN:53 (210) NiFe2O4:32(210) CN/NiFe2O4: 100 (210) 21
CN-@NiAl-LDH 99 (180) 24
CN/α-Fe2O3 100 10 CN:41 (300) α-Fe2O3:30 (300) CN/α-Fe2O3:97 (300) 23
CN/TiO2 20 100 TiO2:46 (80) CN:28 (80) CN/TiO2:97 (80) 67
Cu2SnS3 5 50 Cu2SnS3:80 (240) 41
CTS/rGO 20 20 CTS:82 (120) CTS/rGO:97 (120) 35
Cu2SnS3/rGO 10 50 Cu2SnS3:57.3 (180) Cu2SnS3/rGO:94.3 (180) 40
CTS/CN 20 50 CTS:60.99 (120) CN:32.8 (120) CTS/CN:95.6 (120) this work

Figure 9. Schematics illustrating the possible charge transfer
mechanism before and after contact for enhanced photocatalytic
degradation of MO by a p−n heterojunction CTS/CN composite
photocatalyst.
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O e O2 2+ · (7)

O 2H H O2 2 2+· + (8)

H O O HO HO O2 2 2 2+ + +· · (9)

HO h HO+ + · (10)

MO O degraded products2+ · (11)

MO h degraded products+ + (12)

MO HO degraded products+ · (13)

4. CONCLUSIONS
A novel p−n heterojunction copper tin sulfide/graphite carbon
nitride (CTS/CN) nanocomposite along with the pristine
CTS and CN were successfully synthesized through pyrolysis
and a simple coprecipitation method and evaluated for the
photocatalytic degradation of an aqueous solution of MO dye
under visible light illumination. Characterization results
showed that CTS nanoplates were dispersed on the wrinkled
sheet-like surface of CN. Among the composites, the 50CTS/
CN composite displayed the highest photocatalytic efficiency
of 95.6% for the degradation of MO dye under visible light
illumination for 120 min, which is 2.9 times that of pristine
CN. This enhanced performance exhibited by the 50CTS/CN
composite could be attributed to the extended and improved
visible light absorption range due to the optimized bandgap;
enhancement in carrier separation efficiency due to the
formation of a p−n heterojunction; and efficient transport of
photogenerated electron−hole pairs as evidenced by PL,
photocurrent, and EIS results. Recyclability studies also
showed high photostability and activity, where the 50CTS/
CN composite retained 92.2% of its initial capacity after five
consecutive runs, showing its potential for the removal of the
MO dye from an aqueous solution. The results of this study
showed that the CTS/CN composite is a stable and efficient
promising visible light responsive photocatalytic material for
the removal of MO and other toxic dyes.
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