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sites under visible light irradiation. Hexagonal CdS nanocrystals were uniformly distributed in the
bulk C3Na. After coupling with CdS the basic C3N4 structure was mostly unchanged. The visible light
absorption properties of the hybrid materials were enhanced. The as-prepared C3N4/CdS hybrid
photocatalyst exhibited superior degradation performance under visible light irradiation compared
with pure C3Ns. The well-matched band energy improved the transfer efficiency of the photoin-
duced carriers and this was responsible for the enhanced photocatalytic activity and stability of the
hybrid photocatalysts.
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1. Introduction carriers [3], energy storage materials [4], sensors [5], organic

catalysts [6], and photocatalysts [7-10]. As a visible light re-

Graphite carbon nitride (g-C3N4) has attracted much atten-
tion as a metal-free polymer semiconductor in the field of func-
tional materials. In 2009, Wang et al. [1] were the first to report
that C3N4 can be used as a photocatalyst for hydrogen evolution
from water. This nonmetal semiconductor has attracted much
interest. Based on its low cost, availability, simple synthesis
process, suitable energy band structure, visible light response,
environmentally friendly nature and the absence of secondary
pollution, it has become the focus of much research in the ma-
terials and chemistry disciplines. Several studies have shown
that C3N4 has potential application in many fields such as pre-
cursor materials for the preparation of nitrides [2], catalyst

sponse catalyst, C3N4 is widely discussed in the fields of energy
photocatalysis, environmental photocatalysis, selective organic
optical synthesis, and the photocatalytic preparation of poly-
mers.

However, because of the nature of the polymer material
(high exciton binding energy of 1.5-2 eV), the photogenerated
electron-hole pairs in C3N4 semiconductor separate with diffi-
culty. The poor carrier mobility in this polymer material results
in a low quantum efficiency during the photocatalytic reaction
process. Additionally, the band gap of C3N4 is about 2.7 eV and
thus it can only be excited by light with wavelengths less than
460 nm during photocatalytic applications. This does not allow
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for the full use of visible light. The band positions of C3N4 are at
about -1.3 and 1.4 V (vs NHE, pH = 7) with regard to the con-
duction band (CB) and the valence band (VB), respectively.
From the thermodynamic analysis, the oxidation capacity of
C3N4 is limited by its high oxidation potential. Hydroxyl radicals
are therefore not generated from water during pho-
to-oxidation. This results in insufficient oxidation capacity and
inefficient photocatalytic degradation of organic pollutants in
wastewater. Therefore, the limited visible light absorption, the
high recombination rate of photogenerated charges and the
low oxidation potential are serious impediments for the appli-
cation of C3N4 in environmental purification [11-13].

Based on this analysis of the disadvantages of C3N4, the de-
sign, synthesis, and modification of novel C3Ns based photo-
catalysts are inevitable for researchers. Currently, much work
has been carried out on C3Ns modification such as precious
metal deposition [14], doping with metal/nonmetal ions
[15,16], and semiconductor compositions [17,18]. Coupling
other semiconductors (typically TiOz) [19] with C3N4 is a sim-
ple method to improve its photocatalytic performance and ad-
vantage is taken of current mature semiconductor materials.
Diverse semiconductors (ultraviolet or visible light response)
coupled with C3N4 have also been investigated. For example, a
C3N4/ZnO heterojunction was obtained by different methods
and the results showed that the photocatalytic activity and
stability of this composite were higher than those of the single
components [20]. Fu and co-workers [21] prepared BiOBr-
g-C3N4 hybrid material and this composite was able to separate
and transfer photogenerated charge effectively. The photo-
catalytic degradation efficiency of this new material toward
Rhodamine B (RhB) improved 17.2-fold compared with pure
C3N4, and after 8 cycles it retained its good stability and its ac-
tivity did not decrease. Multiple composite materials based on
C3N4 have also been reported. Ternary Ag/AgsP04/g-C3N4 hy-
brid photocatalysts were prepared and they showed enhanced
photodegradation activity toward RhB in solution [22].

Cadmium sulfide (CdS) has always been considered a visible
light response semiconductor material with good photoca-
talytic performance. However, a photocorrosion phenomenon
because of serious self-oxidation by photogenerated holes
greatly limits its application in the field of photocatalysis. Re-
search interest in this material has never subsided. The synthe-
sis of CdS nanocrystals or the construction of heterojunction
structures to accelerate the migration rate of photogenerated
holes has been successful in overcoming this problem [23-26].
A comparison of the band gap edges of C3N4 and CdS revealed
that their band structures matched well and a heterojunction
could be constructed between these materials to improve the
separation and transfer efficiency of photoinduced carriers.
The preparation of novel photocatalyst C3N4/CdS composite
materials is promising in overcoming the disadvantages of C3N4
and CdS. Recently, a composite consisting of C3N4 and CdS cou-
pled quantum dots was synthesized by Ge et al. [27]. Their re-
sults showed that this catalyst extended the range of visible
light absorption to 550 nm and its fluorescence intensity de-
creased significantly compared with C3Na. This indicates a sig-
nificant induced recombination of photogenerated electrons

and holes. The catalytic efficiency of this hybrid sample was
much higher than that of the single components. A C3Ns/CdS
material was also obtained by Fu et al. [28] using the deposi-
tion-precipitation method, and its activity toward the visible
light photocatalytic degradation of methyl orange and 4-amino
benzoic acid increased significantly. All these study results
show that C3N4/CdS composites are efficient materials and they
have research and application value in the photocatalytic deg-
radation of environmental pollutants.

However, few reports exist in which C3N4 has been coupled
with CdS nanocrystals in a template-free one-step route. In our
previous report, ammonium thiocyanate was used to synthe-
size C3N4 but with sulfur loss during the preparation process.
Herein, we describe a new preparation method for the
C3N4/CdS hybrid material containing CdS nanocrystals. A de-
tailed investigation into the catalytic activity was carried out
with RhB as a model contaminant. We found that the C3N4/CdS
hybrid system exhibited superior photocatalytic performance
toward RhB degradation with good stability under visible light
irradiation compared with individual C3N4 components. Its
enhanced photoactivity can be attributed to improved visible
light absorption and rapid electron-hole pair separation. This
work is a continuation of our commitment to the development
of C3Ns4 based composite semiconductors with high efficiency
and stability for use in environmental purification by photo-
catalytic techniques.

2. Experimental
2.1. Catalyst preparation

All the materials were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) and used as received with-
out further purification.

C3N4/CdS samples were synthesized by mixing NH4aSCN (15
g) with different amounts of CdClz-2.5H20 in 15 mL water with
stirring at 80 °C to remove water. After thorough drying in an
oven at 60 °C, the resultant solids were calcined at 550 °C for 2
h at a ramp rate of 8 °C/min in N2 atmosphere to yield yellow
samples [29]. The obtained samples were denoted C3N4/CdSx-1,
where x (x = 0, 0.1%, 0.3%, 0.5%, 1%, 2%) refers to the initial
mass ratio of NH4SCN/CdCl2:2.5H20 and T refers to the calc-
ination temperature. The yield of C3N4 obtained using NH4SCN as a
precursor was about 12% and according to the elemental anal-
ysis results, the real mass ratio of CdS to C3N4 in the composites
was about 2% for C3N4/CdS1%-s50, for example. Catalysts were
prepared at 550 °C unless otherwise noted.

2.2. Catalyst characterization

X-ray diffraction (XRD) measurements were obtained on a
Bruker D8 Advance diffractometer with Cu K. radiation (A =
0.15406 nm). Fourier transform infrared (FTIR) spectra were
recorded using a Nicolet Magna 670 FTIR spectrometer in KBr
at a concentration of ca. 1 wt%. UV-Vis diffuse reflectance
spectra (DRS) were obtained on a Varian Cary 500 Scan
UV-visible system. The chemical compositions of the prepared
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samples were measured by elemental analysis (Vario MICRO)
and ICP (Ultima2). X-ray photoelectron spectroscopy (XPS)
data were obtained on a Thermo ESCALAB250 instrument with
a monochromatized Al Ky line source (200 W). Transmission
electron microscopy (TEM) was carried out using a JEOL model
JEM 2010 EX instrument. The photoluminescence (PL) emis-
sion spectra were obtained on a FS/FL920 time-resolved flu-
orescence spectrometer.

2.3.  Photocatalytic tests

The degradation of RhB solution (10-5 mol/L) was used as a
model reaction to evaluate the photodegradation behavior of
the C3N4/CdS hybrid photocatalyst. The light source for the
photocatalytic reaction was a 500-W halogen lamp. Combined
cutoff filters were used to remove wavelengths below 420 nm
and above 800 nm. In each experiment, 40 mg photocatalyst
was added into 80 mL model pollutant solution. After reaching
the adsorption-desorption equilibrium within 0.5 h, 3 mL of the
suspensions were collected at different irradiation time inter-
vals and then centrifuged to remove the photocatalyst particles.
The change in RhB concentration was determined by UV-Vis
spectroscopy using a Cary 50 UV-Vis spectrophotometer.

3. Results and discussion
3.1. Structural characterization

Fig. 1 shows XRD patterns of the CdS/C3N4 hybrid photo-
catalysts that were prepared at 550 °C with different CdS con-
tents. For all the samples, the distinctive diffraction peaks of
C3Ns were present at 13.0° (d = 0.618 nm) and 27.4° (d =
0.326 nm). These correspond to (001) in-planar repeat
tri-s-triazine units and the (002) interlayer reflection of C3Ns
[30]. With an increase in the proportion of CdS in the composite
material, the CdS diffraction peaks became stronger and that of
C3N4 became broader and weaker. This indicates that the de-
gree of C3N4 polymerization was hindered to some extent be-
cause of the participation of CdS crystals, however, its main
structure remained unchanged.
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Fig. 1. XRD patterns of different CsN4/CdSx samples.
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Fig. 2. FTIR spectra of different C3N4/CdSx samples.

The diffraction peaks of CdS were not clear in C3N4/CdSo.1%.
This may be due to the low amount and highly dispersed CdS of
small particle size. With an increase in the content of CdS in the
composite samples, new CdS diffraction peaks appeared. For
C3N4/CdS1%, strong peaks that correspond to the (002), (110),
and (112) planes of the hexagonal phase CdS (JCPDS 77-2306)
were present. The weak peak intensity and the wide half peak
width imply small CdS nanoparticles. These results indicate
that hexagonal phase CdS nanocrystals were well mixed with
the bulk C3N4 from this one-step synthesis route.

FTIR spectra of the as-synthesized C3N4/CdS hybrid photo-
catalysts are shown in Fig. 2. The broad absorption band at
3100-3300 cm-! can be assigned to the stretching modes of
secondary and primary amines and their intermolecular hy-
drogen-bonding interactions. The band at 810 cm-! belongs to
s-triazine ring modes and the bands at 1200-1600 cm-! are
characteristic of aromatic carbon nitride heterocycles. All the
products synthesized in solution at different temperatures are
characterized by a series of bands in the 1200-1700 cm-1! re-
gion and a strong peak at approximately 800 cm-1[31]. These
IR bands are typical molecular vibration modes of triazine
rings. Symmetric and antisymmetric -NHz stretching modes
were found in the high-frequency region at approximately
3300 cm-L These results indicate that the structure of C3N4 was
not changed upon the inclusion of CdS nanocrystals.

TEM was used for a comprehensive analysis of the texture
and crystal structure of the hybrid samples. From Fig. 3, the
presence of CdS crystal particles with clear lattice fringes was

Fig. 3. Typical HRTEM images of C3N4/CdSi%. Inset shows correspo-
nding fast Fourier transforms of the patterns.
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evident and they were well dispersed in the hybrid sample. The
particle size was uniform at about 3-8 nm.

For the crystal particles, notable diffraction spots with a
cmm symmetry distribution were found using a high-resol-
ution Fourier transform. A further analysis of these diffraction
spots indicated that they belonged to the (101), (110) and
(103) planes of CdS. The crystal plane spacings were 0.32, 0.21,
and 0.16 nm, respectively. This is typical of hexagonal CdS
crystals and confirms the presence of CdS nanocrystals in the
hybrid catalysts, which is consistent with the XRD patterns.

XPS studies were carried out to investigate the structural
environments of the constituent elements in the C3Ns/CdS
samples. Fig. 4 shows XPS spectra of C3N4/CdS1%. Signals from
C, N, O that belong to C3N4 are present in the spectrum (Fig.
5(a)) but signals for CdS are not present. This indicates that the
CdS nanocrystals were well dispersed in the C3N4 bulk and that
not much coupling occurred on the surface of C3N4. Higher res-
olution spectra were obtained for the Cl1s, N1s and Cd 2p re-
gions. The C1s spectrum contains two peaks centered at 288.0
and 284.6 eV. The main contributing peak at 288.0 eV origi-
nates from sp? hybridized carbon in the aromatic ring. The C1s
peak at 284.6 eV is typically assigned to graphitic carbon or sp2
C-N [32]. The N1s spectra can be deconvoluted into three
peaks. The main component centered at 398.2 eV is attributed
to sp?z N from the triazine rings whereas the contribution at
400.1 eV corresponds to the bridging N atoms N-(C)3 [33]. The
peak at 404.1 eV comes from charging effects or positive charge
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localization in the heterocycles [34]. The high-resolution fitting
peaks for C and N are consistent with our previous work. They
indicate that the presence of CdS particles did not change the
composition or the basic chemical structure of C3N4. Additionally,
the characteristic Cd 3d peak was present at 405.7 eV. This peak
was lower than the standard XPS binding energy (408.0 eV) for
Cd2+ 3d, which indicates an increase in the electron density of
CdS [35]. This may be caused by electron transfer from C3Ns to
CdS because of the energy difference between them.

The optical features of the as-prepared hybrid C3Ns/CdS
materials were examined by UV-Vis DRS, as shown in Fig. 5. It
is obvious that all the curves had a steep absorption edge at
about 465 nm, which means that all the samples undergo sem-
iconductor absorption in the visible light region. In contrast to
the spectrum of pure C3Ns4 the absorption band edge
red-shifted slightly and the absorption of visible light improved
for the C3N4/CdS samples, especially from 460 to 520 nm. Alt-
hough not very significant, the improvement in light absorption
may improve the efficiency of visible light utilization. This is
attributed to the narrow band gap of CdS and the strong heter-
ogeneous interaction between C3N4 and CdS. The band gap of
C3N4 is about 2.7 eV, which corresponds to an absorption band
edge around 465 nm. The band gap of CdS is about 2.4 eV,
which corresponds to a wavelength of about 520 nm [36,37].

Room temperature PL spectra were obtained using excita-
tion light of 365 nm to investigate the efficiency of charge- car-
rier separation/recombination in the hybrid materials. As
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Fig. 4. XPS survey spectrum of C3N4/CdSi« (a) and corresponding high-resolution XPS spectra of C 1s (b), N 1s (c) and Cd 2p (d).
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Fig. 5. UV-Vis absorption spectra of the C3N4 and different C3N4/CdSx
samples.

shown in Fig. 6, all the samples exhibited a broad emission
peak centered around 460 nm and this can be attributed to the
band-band PL phenomenon with the light energy approxi-
mately equal to the band gap energy (2.7 eV) of C3N4 [38]. The
PL intensity of C3N4 decreased after coupling with CdS nano-
crystals, and it continuously decreased as the CdS content in-
creased. In principle, PL quenching indicates a suppressed re-
combination rate of photoinduced charge carriers. The main
benefit comes from the construction of the heterojunction
structure, which hastens the mobility of the free charge carriers
[39-41]. The lower recombination rate of the charge carriers
facilitates heterogeneous photocatalysis.

3.2.  Photocatalytic performance

The photocatalytic activity of the hybrid C3N4/CdS catalysts
with different CdS contents was determined by an analysis of
the degradation of the organic dye RhB under visible light irra-
diation. The results are shown in Fig. 7. In contrast to pure
C3N4, the photocatalytic degradation activity of C3N4/CdS im-
proved with an increase in CdS composite content. However,

C3N4

C5Ny/CdSye,

CiNJ/CdSzn

Intensity

1 L 1 L 1 L 1
450 500 550 600
Wavelength (nm)

Fig. 6. PL spectra of the CsN4 and C3sN4/CdS samples.
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Fig. 7. Photocatalytic degradation of RhB over different C3N4/CdSy sam-
ples obtained at 550 °C under visible light irradiation.

the catalysts with higher CdS content did not possess higher
activity. In this work, the CdS nanocrystals hybridized uni-
formly in the C3N4 bulk instead of coupling to the surface of
C3N4 as reported before. Therefore, heterojunction structures
were present throughout the material, not just on the surface of
the catalysts. Therefore, a small amount of CdS improved the
photocatalytic activity obviously. The C3N4/CdS1y catalyst gave
the best degradation activity. With an increase in CdS content
the photocatalytic activity of C3N4/CdSz% decreased. This may
be due to the formation of recombination centers of photoin-
duced carriers in the bulk of the catalyst.

In this work, controlled experiments were also carried out
to demonstrate the heterojunction effect in the hybrid catalyst.
1 mg CdS and a mechanically mixed composite of 39 mg C3Na
and 1 mg CdS were used as photocatalysts for the RhB degra-
dation tests. Only ~10% of the RhB was removed by CdS over
the same irradiation time. The degradation rate of the mixed
catalysts was almost the same as that of pure C3N4. Although
pure CdS had good photocatalytic activity toward the photo-
catalytic degradation of pollutants, its own catalytic action was
almost negligible because only trace amounts of CdS were pre-
sent in this hybrid catalyst.

To determine the influence of preparation conditions on the
photocatalytic activity of C3Na/CdS, the C3N4/CdSi% samples
were synthesized at different temperatures. Their corresp-
onding photocatalytic activity was determined and the results
are shown in Fig. 8(a) and 8(b). The results show that the pho-
tocatalytic activity of the two samples synthesized at 500 °C
below was low with little difference. However, when the calci-
nation temperature was increased (> 550 °C), the activity of
these two types of catalysts improved. In particular, the cata-
lytic activity of C3sN4/CdS was much higher than that of pure
C3N4 that was prepared at the same temperature.

The RhB degradation process was fit using quasi first-order
kinetics, and the rate constants are listed in Fig. 8(c). For pure
C3Ng, the catalytic activity increased for the higher calcination
temperature samples but the effect was limited. For the
C3N4/CdS materials, the improvement in photocatalytic activity
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was more significant. For the samples synthesized at 600 °C
below, the rate constant for RhB degradation over C3Ns/CdS
was about 1.5 times that of pure C3Na4. Based on our previous
studies, the defects that promote electron localization can in-
crease in bulk C3N4 prepared at higher temperature [42].

To determine the photostability of the hybrid catalysts, the
photocatalytic degradation of RhB over C3Ns/CdSi%-600 was
repeated for up to five cycles under the same conditions. After
five successive operations, the catalyst retained its high photo-
catalytic RhB degradation activity and no apparent decrease in
photocatalytic activity (Fig. 9) was evident. A composition
analysis of the used catalyst also showed that the CdS content
was mostly unchanged (Table 1). These results indicate that
the hybrid photocatalyst was stable under the experimental
reaction conditions.

A proposed mechanism for the separation and transport of
the photogenerated charges at the interface of C3N4/CdS during
the photocatalytic process is shown in Fig. 10. From literature,
the CB and VB potentials of CdS are estimated to be -0.4 and
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Fig. 9. Stability of C3N4/CdSi%-s00 during RhB degradation under visi-
ble light irradiation.

1.8 eV while the CB and VB potentials of C3N4 are -1.3 and 1.4
eV [14]. The band positons of C3N4 and CdS meet the require-
ments of well-matched heterostructures. Under visible light
irradiation (A > 420 nm), both C3N4 and CdS can be excited to
produce photogenerated electrons (e-) and holes (h*). With the
closely connected interfaces and the well-matched overlapping
band structure, the electrons in the CB of C3Ns can transfer to
the CB of CdS directly, and the holes in the VB of CdS can move
to the VB of C3N4 spontaneously. The active oxygen species #02-
(generated from Oz and e-) and the holes can then oxidize the
organic substrates resulting in decomposition products. In this
process, an improved charge separation efficiency reduces the
probability of charge recombination. The self-oxidation of CdS
by holes is thus mostly prevented. As a result, the photocatalyt-
ic activity and stability of this composite material increases.

Table 1
Composition ratio of the elements in the as-prepared samples.

Sample w(@% wlN)% wH)% w(Cd)% w(S)%
C3Na 35.6 55.4 2.5 — 0.09
C3N4/CdSo.5%-550 34.8 54.7 2.4 1.6 0.4
C3N4/CdS1%-s50 345 54.1 2.4 2.5 0.7
C3N4/CdSa2%-550 34.6 53.6 2.5 4.7 1.2
C3N4/CdS1%-600 334 51.8 2.4 2.6 0.7

C3N4/CdS1%-600 used 33.2 51.6 2.5 2.5 0.7

0,

f‘ substrates

products prod ucts
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Fig. 10. Schematic of photogenerated charge transfer in the CsN4/CdS
system under visible light irradiation.
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In-situ synthesis of C3N4/CdS composites with enhanced
photocatalytic properties

Yanjuan Cui*
Jiangsu University of Science and Technology

C3N4/CdS nanocomposites with CdS nanocrystals uniformly dispersed in the bulk
of C3N4 were synthesized using a one-step calcination method. They were shown
to be stable hybrid photocatalysts for the degradation of organic pollutants un-

der visible light irradiation.

4. Conclusions

A hybrid catalyst C3N4/CdS with low CdS content was succe-
ssfully synthesized by a template-free one-step method using
NH4SCN and CdClz as precursors. In this composite material,
hexagonal CdS nanocrystals with a particle size of about 5 nm
were uniformly distributed in the bulk of C3Ns. A well-con-
structed heterojunction between C3N4 and CdS resulted in the
visible light absorption intensity of the hybrid materials im-
proving and the separation rates of the photo-excited carriers
accelerating because a good match was obtained for the energy
band structure between them. Under visible light irradiation,
the photocatalytic degradation of RhB on the hybrid samples
improved compared with the pure C3N4 catalyst. The composite
content of CdS and the preparation temperature greatly influ-
enced the photocatalytic activity of the C3N4/CdS samples.
C3N4/CdS19%-600 gave the best photocatalytic activity under the
experimental conditions and good stability was maintained
during repeated use. This work demonstrates that a one-step
synthesis of carbon nitride based composite semiconductors
modified with small amounts of metal sulfides giving high pho-
tocatalytic efficiency and good stability is possible. In this work,
the improvement in photocatalytic degradation activity was not
particularly significant, and further work is required to opti-
mize the composite structure of the catalyst.
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