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a  b  s  t  r  a  c  t

CdS/TiO2 composites  were  successfully  prepared  by hydrothermal  treatment  at  a considerably  low  tem-
perature  (180 ◦C). The  effects  of  four different  synthetic  procedures  on the microstructures  of CdS/TiO2

composites,  such  as morphology,  crystal  structure,  porous  property  and  optical  response,  were  investi-
gated in  detail.  It  was  found  that  CdS/TiO2 composites  consisted  of  anatase  TiO2 and  cubic  phase  CdS.
The  hydrothermal  treatment  of  mixed  reactant-containing  solution  improved  the  crystallinity  of both
CdS  and  TiO2.  The  abundant  pores  in  catalyst  particles  formed  by  CO2 gas  bubbles  due  to  hydrothermal
decomposition  of  the  urea  molecules  increased  the  specific  surface  area  and  pore  volume  of  the  catalysts.
Meanwhile,  the  absorption  edges  of  CdS/TiO2 samples  were  drastically  extended  to  around  550  nm.  The
photocatalytic  activities  of these  prepared  samples  were  evaluated  by the  photocatalytic  decoloration
of  rhodamine  B and  methyl  orange  under  visible  light  irradiation  (� >  420  nm),  respectively.  The sample
hotocatalytic activity prepared  by  hydrothermal  reaction  with  CdS  and  TiO2 in  the molar  ratio  of 0.25:1  showed  the  highest
photocatalytic  activity  under  visible  light  irradiation  among  all samples  in  this  work,  which  could  be
attributed  to  the  synergic  effects  of  some  factors,  such  as  the  excellent  crystallinity,  high  specific  surface
area, large  pore  volume  and strong  absorption  in  the  visible  light  region.  Based  on  the  results  of  the

le  me
present  study,  a reasonab
proposed.

. Introduction

Textile and other dye-related industries produce various organic
ollutants. If these pollutants are discharged into the surrounding
nvironment without any further treatment, it not only introduces
olor to water but also causes extensive toxicity to the aquatic and
ther forms of lives because they can be reduced to potential car-
inogenic substances under anaerobic conditions [1–3]. In order to
liminate the potential danger of these recalcitrant organic dyes,
any technologies, such as flocculation [4],  adsorption [5],  ultra-

ltration [6],  reverse osmosis [7] and extraction [8],  have been
eveloped to treat these pollutants. However these techniques are
ondestructive since they simply transfer the pollutant from one
hase to another [9].  Therefore, it is very important to develop new
ethods of decomposing these organic dyes completely.

Over the past few years, several advanced oxidation pro-

esses, such as ultraviolet light (UV), hydrogen peroxide, ozonation,
enton, photocatalysis and the combination of these technologies,
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chanism  of photocatalysis  on  CdS/TiO2 composite  under  visible light was

© 2012 Elsevier B.V. All rights reserved.

have been proposed as alternative routes for water purification
[10–13]. Among these technologies, heterogeneous photocataly-
sis seems to be the most attractive method to decompose harmful
organic pollutants to final non-toxic products [14,15]. Titanium
dioxide (TiO2) is the most popular photocatalyst used in hetero-
geneous photocatalysis for its excellent properties, such as high
stability, low cost and environmental friendliness [16]. However, a
major drawback of TiO2 is that only UV in the solar spectrum (about
3–5%) can be utilized to initiate the photocatalytic redox processes
because of the large band gap of anatase TiO2 (3.2 eV) [17]. Another
major limiting factor is the high rate of recombination of the pho-
togenerated electron–hole pairs, which results in a poor rate of
electrons (and holes) that reaches the interface between photocat-
alyst and liquid, where the photocatalytic degradation takes place
[18]. These two factors strongly inhibit the large-scale application
of the naked TiO2 in solar-driven water purification.

The above problems can be solved, in part, if TiO2 is coupled
by a smaller band gap semiconductor with a higher conduction
band (CB) than that of TiO2 [19]. Firstly, semiconductor with nar-

row band gap can improve the efficiency of solar energy absorption.
Secondly, the electron generated in the CB of the narrow band gap
semiconductor can be injected into that of TiO2, which can there-
fore reduce the recombination probability of electrons and holes

dx.doi.org/10.1016/j.molcata.2012.01.001
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:shchen@iue.ac.cn
mailto:l.wang@uq.edu.au
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y keeping oxidation and reduction processes in different reaction
ites [20]. For instance, TiO2 coupled by CdS have been extensively
nvestigated in photoelectrochemistry and water splitting systems
ue to the suitable band gap (2.4 eV) and excellent optical property
f CdS [21–24].

To date, CdS/TiO2 composites with different structures, such
s nanoparticle [25], nanorod [26], nanotube [22], film [27] and
ore–shell [28] have been prepared successfully. Moreover, various
ynthetic methods, such as reverse micellar route [28], precipita-
ion [29], chemical bath deposition [30], dipping and deposition
echnique [21] and other unnamed methods [31,32] have been
sed. Most of these methods are performed at high temperatures,
ypically from 300 to 600 ◦C, which leads to the increase of the crys-
allite size and the decrease of the specific surface area, and thus
ampers the enhancement of photocatalytic activity [33]. Further-
ore, CdS in CdS/TiO2 composite can be oxidized during thermal

reatment for the crystallinity of TiO2 [31]. Therefore, it is highly
esirable to synthesize CdS/TiO2 composite with high visible-light
hotocatalytic activity by low-temperature method. However, gen-
rally, the low-temperature preparation of photocatalyst brings
ew problem: poor crystallinity, which is detrimental to photo-
atalytic activity, so the preparation of CdS/TiO2 composite by
ow-temperature method (below 200 ◦C) has been rarely reported
p to now. To our knowledge, only two papers mentioned the syn-
hesis of CdS/TiO2 composite at low temperature in the literature
34,35]. Wu et al. [34] prepared CdS coupled with TiO2 nanocrystal
y a microemulsion-mediated solvothermal method at a relatively

ow temperature (200 ◦C); however, long-time solvothermal treat-
ent (at least 12 h) was required for improving the crystallinity

f the two components. Ghows and Entezari [35] synthesized
dS/TiO2 nanocrystal with core–shell structure at low temper-
ture by micro-emulsion under ultrasound, but the crystallinity
f products was still unsatisfactory. Furthermore, the influences
f synthetic conditions on the microstructures and photocatalytic
ctivity of CdS/TiO2 composite under visible light have not been
eported yet.

In the present work, CdS/TiO2 composites with better crys-
allinity were successfully synthesized with a hydrothermal
eaction at 180 ◦C for 6 h. The effects of different synthetic pro-
edures on the microstructures of CdS/TiO2 composites, such as
orphology, crystal structure, porosity and optical response, were

nvestigated in detail. Their photocatalytic activities were further
valuated by the photocatalytic decoloration of two kinds of com-
on dyes, rhodamine B (RhB) and methyl orange (MO) under

isible light irradiation (� > 420 nm), respectively.

. Experimental

.1. Synthesis of CdS

0.52 g of CdCl2 and 0.68 g of Na2S·9H2O were introduced into
wo beakers containing 10 mL  of ethanol and 5 mL  of deionized
ater, respectively. After stirring for 30 min, the sodium sulfide

olution was added dropwise into the cadmium chloride solution
nder magnetic agitation. The resultant mixture was  continuously
tirred for 60 min  at ambient temperature to form an orange floc
marked as A). The floc was  centrifuged to obtain solid deposition,
hich was then re-dispersed, washed, and centrifuged in water and

n ethanol for three cycles, respectively. Finally, the as-obtained
roduct was dried at 80 ◦C for 12 h in an oven, resulting in CdS
hotocatalyst.

.2. Synthesis of TiO2
3.4 mL  of titanium (IV) isopropoxide and 4.8 mL  of glacial acetic
cid were first dissolved in 30 mL  of ethanol to form a clear solution,
.6 g of polyethylene glycol (PEG, molecular weight 2000) and 0.6 g
ysis A: Chemical 356 (2012) 53– 60

of urea (CO(NH2)2) were then added to the clear solution under
magnetic stirring at 40 ◦C to form a transparent solution (marked
as B). Then, the transparent solution B was  transferred into a Teflon-
lined stainless steel autoclave with 80 mL  capacity. Afterwards, the
autoclave was  heated at 180 ◦C for 6 h and then cooled to ambient
temperature naturally. The obtained product of the hydrothermal
reaction was  centrifuged, washed, and re-dispersed in water and
in ethanol for three cycles, respectively. Finally, the product was
dried at 80 ◦C for 12 h in an oven, resulting in TiO2 photocatalyst.

2.3. Synthesis of CdS/TiO2 composite

2.3.1. Procedure 1
The floc A (prepared by the route described in Section 2.1) was

added into the solution B (prepared by the route described in Sec-
tion 2.2)  dropwise at room temperature under magnetic agitation.
After stirring for 60 min, a yellow sol of mixed CdS and TiO2 was
formed. The sol was transferred into a Teflon-lined stainless steel
autoclave, and the autoclave was  sealed and heated at 180 ◦C for
6 h. After cooling to ambient temperature naturally, the product of
the hydrothermal reaction was  collected and washed with water
and ethanol for three times, respectively. Finally, the product was
dried at 80 ◦C for 12 h in an oven, resulting in CdS/TiO2 compos-
ite. Different ratios of CdS and TiO2 were obtained by adjusting the
dosage of the precursors. The CdS/TiO2 sample synthesized by this
procedure was denoted as S1(X), where X represented the molar
ratio of CdS and TiO2. For instance, if the molar ratio of CdS and
TiO2 was 0.25:1, the sample was  denoted as S1(0.25).

2.3.2. Procedure 2
The sample S2(X) was obtained by calcining sample S1(X) at

400 ◦C in air for 2 h. The purpose of heat treatment was to compare
the influence of low-temperature synthesis and high-temperature
heat treatment on the microstructures and the photocatalytic activ-
ities of CdS/TiO2.

2.3.3. Procedure 3
Procedure 3 was similar with procedure 1, while no hydrother-

mal  treatment was used. The yellow CdS and TiO2 mixed product
was directly collected and washed with water and ethanol. Then,
the final product was  dried at 80 ◦C for 12 h in an oven. The sample
synthesized according to this procedure was  denoted as S3(X).

2.3.4. Procedure 4
TiO2 particles prepared according to the method described in

Section 2.2 were dispersed in the orange floc A. Secondly, the
obtained mixture was  transferred to a Teflon-lined stainless steel
autoclave, and the autoclave was then heated at 180 ◦C for 6 h.
After cooling to ambient temperature, the product was  centrifuged,
washed, and re-dispersed in water and in ethanol for three times,
respectively. Finally, the product was dried at 80 ◦C for 12 h in
an oven. The sample synthesized according to this procedure was
denoted as S4(X).

2.4. Characterizations

Scanning electron microscopy (SEM) images were obtained
by a JEOL 6300 (Tokyo, Japan) equipment. The surface elements
composition over the desired region of sample were detected
by an energy dispersive X-ray spectrometer (EDX) attached to
the SEM. Transmission electron microscope (TEM) tests were
carried out on a JEM 2100 (JEOL, Japan) equipment. X-ray diffrac-

tion (XRD) patterns were recorded on a Rigaku MiniFlex powder
diffractometer using cobalt K� radiation. The nitrogen adsorp-
tion measurements were carried out at 77 K using a Micromeritics
ASAP 2010, and the pore size distributions and specific surface
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Fig. 1. SEM images of samples: (a) TiO2; (b) S1(

reas were calculated according to the Density Functional The-
ry (DFT) [36] and the Brunauer–Emmett–Teller (BET) model,
espectively. Ultraviolet–visible (UV–vis) absorption spectra of all
amples were recorded by a Shimadzu spectrophotometer (UV-
450, Japan) equipped with an integrating sphere, and the baseline
orrection was done using a calibrated sample of barium sulfate.
TIR spectra of samples were investigated by using a Nicolet FTIR
pectrometer (Magna-750) at ambient conditions.

.5. Experimental procedures of photocatalytic degradation

The photocatalytic experiments were carried out by adding
00 mg  of photocatalysts into 100 mL  of 20 mg/L dye (RhB or MO)
olution. The suspension was ultrasonicated for 30 min, and then
tirred for 30 min  in dark to obtain the saturated adsorption of

ye molecules before illumination. The suspension was irradiated
ith a 300 W Xe lamp equipped with a 420 nm cut-off glass
lter (removing the UV irradiation below 420 nm wavelength).
uring the irradiation, the suspension was stirred continuously.
 (c) S2(0.25); (d) S3(0.25); (e) S4(0.25); (f) CdS.

For comparison, TiO2, CdS and the commercial Degussa P25 were
also examined under the same conditions. At given time interval,
3 mL  of suspension was  taken out and immediately centrifuged
to eliminate the solid particles. The absorbance of the filtrate
was measured by a spectrophotometer (UV-2450, Japan) at the
maximum absorbance peak (554 nm for RhB and 465 nm for MO).
Note that in order to remove the possible organic substance in the
samples completely, the samples were directly irradiated under a
300 W Xe lamp in an oxygen atmosphere [37] for 3 h before they
were used as photocatalysts (FTIR result, see Fig. A.1) confirmed
that the possible organic residues were completely removed).

3. Experimental results and discussion
3.1. Morphology

Fig. 1 shows the SEM images of TiO2, CdS, and CdS/TiO2 pre-
pared by four different procedures. It can be observed from Fig. 1a
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40 nm.  These pores were formed by the accumulation of nanopar-
Fig. 2. XRD patterns of the samples.

hat TiO2 prepared by hydrothermal reaction presented slippery
pherical morphology with uniform diameter of about 2 �m.

After CdS was introduced, the spherical morphology was
hanged and the surface of particles became relatively rough
Fig. 1b). Agglomeration happened after CdS/TiO2 sample was
alcined at 400 ◦C for 2 h, and the sizes of some particles were
ncreased to about 10 �m (Fig. 1c). When CdS/TiO2 sample was
repared according to procedure 3, agglomerates with irregular
orphology and size ranging from few micrometers up to tens of
icrometer are observed in Fig. 1d. In order to obtain more infor-
ation of the big chunks in Fig. 1d, a higher resolution SEM with

DX is provided in Fig. A.2, and the result of EDX confirmed the sur-
ace of S3(0.25) contained titanium, oxygen, cadmium, sulfur, and

 little adventitious carbon, as it was expected. The morphology
f CdS shown in Fig. 1f looked exactly similar to that of CdS/TiO2
ample displayed in Fig. 1d because no hydrothermal process was
pplied during the synthesis of the two samples. In Fig. 1e, we  can
bserve that TiO2 still maintained spherical morphologies, and CdS
articles were deposited.

.2. Crystal phase composition

To determine the crystal phase composition of the prepared
amples, XRD measurements were carried out (Fig. 2). It can be
bserved that all CdS/TiO2 samples consisted of two  kinds of crys-
al phases: anatase TiO2 and cubic CdS [34]. No extra peaks except
or anatase phase were observed in the XRD pattern of TiO2 sample,
nd no extra peaks except for cubic CdS were found in CdS sample.
n comparison with other CdS/TiO2 samples and the results of Wu
t al. [34] and Ghows and Entezari [35], CdS in sample S1(0.25) pre-
ented a better crystallinity with sharper and stronger XRD peaks.
ompared the XRD pattern of S1(0.25) with that of S2(0.25), it can
e concluded the crystallinity of anatase TiO2 was not improved
y the heat treatment at 400 ◦C in air; on the contrary, the crys-
allinity of cubic CdS was reduced, which may  be due to the partial
xidation of CdS in CdS/TiO2 composite during thermal treatment.
he crystallinity of anatase TiO2 and that of cubic CdS in sample
3(0.25) both were not good due to the absence of hydrothermal
rocess. The weak XRD peaks of anatase TiO2 in S4(0.25), which

s expected to be as strong as TiO sample, were caused by the
2
overage of CdS with poor crystallinity, like what can be observed
n Fig. 1e. From the above experimental results, it can be inferred
hat hydrothermal process is the necessary condition in the current
0

Fig. 3. Nitrogen adsorption–desorption isotherms of the samples.

work to obtain good crystallinity. With the hydrothermal treat-
ment, the crystallinity of both CdS and TiO2 was increased.

As we well know, crystallinity plays a very important role in the
photocatalytic activity of TiO2. Better crystallinity can decrease the
crystal defect, which is supposed to be the recombination center
of photo-generated electrons and holes [38–43].  Therefore, bet-
ter crystallinity can improve the photocatalytic activity of TiO2
[44–47].  The charge transfer in CdS/TiO2 photocatalyst is different
from that in TiO2. In CdS/TiO2 photocatalyst, the photogenerated
electrons in CdS are transferred to the TiO2 particles while the
holes remain in the CdS particle, which can lead to efficient charge
separation, and reduce the recombination of electrons and holes
[34,48]. However, electron–hole recombination in the bulk of CdS
is still difficult to avoid. Well crystallized CdS might facilitate the
transfer of photo-generated electrons from bulk to surface and thus
inhibit their recombination with photo-generated holes, leading to
the enhancement of quantum efficiency.

The crystal size of anatase was estimated based on the full width
at half-maximum (FWHM) of the (1 0 1) peak of anatase according
to the Scherrer equation shown as follows:

D = K�

 ̌ cos �
(1)

where K is a constant (shape factor, about 0.89), � is the X-ray wave-
length,  ̌ is the FWHM of the diffraction line, and � is the diffraction
angle. The calculated results are shown in Table 1. It can be observed
that the average particle sizes of all samples prepared in this work
were about 10 nm,  implying that the effects of different synthetic
procedures on the crystal size of anatase were trivial.

3.3. Nitrogen adsorption–desorption isotherm and porous
structure

In order to investigate the porous properties of the as-prepared
samples, nitrogen adsorption–desorption isotherms were mea-
sured. It can be seen from Fig. 3 that the isotherms of all samples
revealed a typical type IV sorption behavior with the hysteresis
loops, representing the predominant mesoporous structure char-
acteristic according to the classification of IUPAC [49–51]. The pore
size distributions of samples are expressed in Fig. 4. TiO2 pre-
sented a very uniform pore diameter with a sharp maximum at
ticles (see the TEM images shown in Fig. A.3), which created a large
number of inter-nanoparticle voids in structure to increase the spe-
cific surface area and total pore volume of samples. CO2 bubbles
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Table 1
Calculation results of some parameters.

Sample SBET (m2/g) Total pore volume (cm3/g) Crystal size of anatase TiO2 (nm) Band gap energy (eV)

P25 53.3 0.105 24.7 3.04
TiO2 128.0 0.297 10.6 3.17
S1(0.25) 117.7 0.331 11.1 2.14
S2(0.25)  74.7 0.252 14.2 2.29
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The cation dye of RhB is one of the most commonly used
S3(0.25)  63.6 0.142 

S4(0.25)  109.2 0.239 

CdS  71.6 0.251 

ue to hydrothermal decomposition of the urea molecules accord-
ng to the reaction equation CO(NH2)2 + 3H2O = 2NH3·H2O + CO2
52], played a role to avoid the accumulation of nanoparticles too
ense. Moreover, the dissolution of PEG molecules, as a structure-
irecting agent [52,53],  during the repetitious washing by water
nd ethanol from the formed particles was the other reason of
orous structure formation in the sample. The diameters of pores
ormed in S3(0.25) were mainly in 20–30 nm.  Some larger pores,
ven macropores (50–60 nm), were formed in the other samples.
ompared with S1(0.25), more macroporous structure (60–90 nm)
ppeared in S2(0.25), and the quantity of smaller pores decreased,
hich indicated that some pores collapsed during calcination

54,55].
Table 1 shows the specific surface area (SBET) and total pore vol-

me  of all samples. It can be seen that these samples (TiO2, S1(0.25)
nd S4(0.25)) prepared by hydrothermal reaction possessed larger
BET and total pore volume than those samples (S3(0.25) and CdS)
ithout hydrothermal process. There was a significant decrease in

he SBET of S2(0.25) due to the collapses of some pores during heat
reatment.

Specific surface area and total pore volume play important roles
n determining the activity of photocatalyst because heterogeneous
hotocatalysis is a surface-based phenomenon [56–58].  Sample
ith larger specific surface area and total pore volume can pre-

dsorb more organic molecules on the surface of sample, which
elps to reduce the recombination of photogenerated electron and
ole, and improves the efficiency of photocatalytic degradation
59]. Furthermore, the surface area can be correlated with the num-
er of effective active sites. The increase of surface area means
he increase of active sites on which organic molecules and inter-

ediate products are adsorbed [60,61].  Therefore, the larger SBET

f S1(0.25) indicates the resultant CdS/TiO2 composite could be
ery promising in the application of photocatalytic degradation of
rganic pollutants.
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ig. 4. Pore size distributions of the samples obtained from the desorption branch.
9.9 2.06
12.3 2.19
NA 2.03

3.4. Optical response

Fig. 5 shows the UV–vis absorption spectra of all samples,
together with those of P25, TiO2 and CdS as comparison. The
CdS/TiO2 samples exhibited strong absorption in the visible region.
In comparison with P25 and TiO2, the absorption edge of CdS/TiO2
was drastically extended to around 550 nm due to the addition of a
small portion of CdS. Furthermore, the spectra of CdS/TiO2 pho-
tocatalysts showed a combination of the two  spectra from CdS
and TiO2, respectively. Compared with other CdS/TiO2 samples,
the absorption intensity of sample S2(0.25) in the visible region
decreased by a third due to heat treatment. The absorption onset
was determined by linear extrapolation from the inflection point
of the curve to the baseline [34,62], and the band gap energy of
samples was estimated by the following formula [63–65] and the
results are shown in Table 1.

Eg = 1240
�onset

(2)

where Eg is the band gap energy and �onset is the absorption onset.
It can be observed that the band gap of CdS/TiO2 photocatalysts
decreased significantly in comparison with P25 and TiO2, indicating
that CdS/TiO2 samples can be excited by visible light. As is known,
the absorption of visible light is the basis of the photocatalytic activ-
ity under visible light. The optical absorption data implies that the
CdS/TiO2 compounds synthesized in this work could be promising
in visible light photocatalysis [66].

3.5. Photocatalytic activity
xanthenes dyes for textile industry and is well-known for its
good stability [67]. RhB has been widely chosen as a model pol-
lutant to evaluate the photocatalytic activity of TiO2 or other
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Fig. 5. UV–vis spectra of the samples.
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hotocatalysts [68,69].  In the current work, the photocatalytic
ctivities of CdS/TiO2 samples were evaluated by the decoloration
f RhB solution without investigating the degradation interme-
iates in detail. For comparison, the photocatalytic activities of
25, TiO2 and CdS were also tested. The discoloration of RhB
olution versus photocatalytic time under visible light irradiation
� > 420 nm)  is shown in Fig. 6. Although P25 and TiO2 could not
espond to visible light, RhB can be decomposed slowly under vis-
ble light irradiation in the presence of P25 or TiO2, which can be
ttributed to the photosensitized capability of RhB. S1(0.25) pre-
ented the optimal efficiency of photocatalytic decoloration among
ll samples.

MO is a very stable azo dye and has been used as a probe for pho-
ocatalytic decolorization [70,71].  In order to further confirm the

hotocatalytic activities of these samples under visible light irra-
iation, the photocatalytic decoloration of MO  solution by these
amples was also carried out under the same conditions and the
esults are shown in Fig. 7. Compared with RhB, MO solution was
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Fig. 8. Decoloration curves of MO solution by the CdS/TiO2 samples with different
ratio  of CdS and TiO2 under visible light irradiation (� > 420 nm).

more difficult to be decolorized because of its stabilization and low
photosensitized property [72]. However, as shown in Fig. 7, the
CdS/TiO2 samples presented higher photocatalytic activity and the
MO solution can be decolorized under visible light irradiation. Sim-
ilarly, the sample S1(0.25) showed the highest activity among all
samples.

In addition, in order to investigate the optimal molar ratio of
CdS and TiO2, we prepared CdS/TiO2 samples with different molar
ratio of CdS and TiO2 according to procedure 1 and evaluated their
photocatalytic activities by the photocatalytic decoloration of MO
under the same conditions. It can be observed from Fig. 8 that the
S1(0.25) sample showed the highest activity among all CdS/TiO2
samples, indicating that the optimal molar ratio of CdS and TiO2 was
0.25:1 for the CdS/TiO2 photocatalysts synthesized by procedure 1.

As described above, both the decoloration of the RhB and MO
over the photocatalysts prepared in this work show similar trends:
the sample S1(0.25) possesses the highest photocatalytic activity
under visible light irradiation among all samples, which can be
attributed to the synergic effects of a number of factors, such as the
excellent crystallinity, high specific surface area (117.7 m2/g), large
pore volume (0.331 cm3/g) and strong absorption in the visible
light region. Furthermore, the latter is probably the most impor-
tant factor as the absorption of visible light is the basis of the
photocatalytic activity under visible light. In addition, the intimate
contact between CdS and TiO2, which was confirmed by the HRTEM
of S1(0.25) (see Fig. A.4), may  be the other reason why  S1(0.25)
possessed the highest photocatalytic activity. The intimate contact
between CdS and TiO2 favors the formation of junctions between
the two components and, as a result, improves the charge separa-
tion and therefore the photocatalytic activity [73].

3.6. Proposed mechanism

The mechanisms of visible light-induced photocatalytic activ-
ity of the CdS/TiO2 have been discussed in early reports
[34,48,66,74,75], and the photocatalytic degradation mechanisms
of RhB and MO on TiO2 or other photocatalysts have also been

proposed [76–81].  Based on previous publications and our experi-
mental results, we  attempt to propose the reaction mechanism for
the degradation of dyes on CdS/TiO2 under visible light irradiation
as follows, which is also schematically summarized in Fig. 9.
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ig. 9. Photocatalytic mechanism on the CdS/TiO2 photocatalyst under visible light
rradiation.

Firstly, some dye molecules adsorbed on photocatalyst are stim-
lated to the excited state by absorbing visible light due to the
ensitization mechanism (Eq. (3)). Secondly, an electron will be
njected into the CB of CdS or TiO2 from the excited dye molecule
Route I or II shown in Fig. 9), and at the same time, the dye molecule
s converted to the cationic dye radical (Eqs. (4) and (5)). Mean-

hile, CdS is readily excited under visible light irradiation to yield
lectron–hole pairs due to its narrow band gap (∼2.4 eV) (Eq. (6)).
he electrons existed in the CB of CdS, are quickly transferred to the
B of TiO2 because the CB of CdS is −0.5 eV is more negative than
hat of TiO2 (Route III, Eq. (7)). Subsequently, because the ECB of
iO2 (−0.45 V vs. NHE) is more negative than E(O2/•O2

−) (−0.33 V
s. NHE) and E(O2/H2O2) (+0.28 V vs. NHE), the electrons existed
n the TiO2 CB can be scavenged by molecular oxygen to produce
he superoxide radical anion •O2

− (Eq. (8)) and hydrogen peroxide
2O2 (Eq. (9)). These newly formed intermediates can inter-react

o produce hydroxyl radical OH• (Eq. (10)). Finally, dye molecule is
xidized by these oxidants and is mineralized into final products
tep by step (Eq. (11)). Moreover, because the EVB of CdS (1.45 V) is
ore negative than E(•OH/OH−) (2.38 V vs. NHE) and E(•OH/H2O)

2.27 V vs. NHE), the photo-generated hole formed in the VB of
dS cannot oxidize hydroxyl groups and H2O molecule to produce
ydroxyl radicals, but can oxidize dye molecules to reactive inter-
ediates, and further to final products (Route IV, Eq. (12)). With

egard to the photo-corrosion of CdS, an approach is still pursuing
nd will be discussed in our next work.

yeads + h� → Dyeads
∗ (3)

yeads
∗ + CdS/TiO2 → Dyeads

•+ + CdS(e−)/TiO2 (4)

yeads
∗ + CdS/TiO2 → Dyeads

•+ + CdS/TiO2(e−) (5)

dS/TiO2 + h� → CdS(e− + h+)/TiO2 (6)

dS(e− + h+)/TiO2 → CdS(h+)/TiO2(e−) (7)

dS(h+)/TiO2(e−) + O2 → CdS(h+)/TiO2 + •O−
2 (8)

dS(h+)/TiO2(e−) + O2 + H+ → CdS(h+)/TiO2 + H2O2 (9)

2O2 + •O2
− → OH• + OH− + O2 (10)

ye + •O2
− (or H2O2 or OH•) → PRODUCTS (11)
dS(h+)/TiO2 + Dyeads → CdS/TiO2 + Dyeads
•+

→ CdS/TiO2 + PRODUCTS (12)

[
[
[
[

ysis A: Chemical 356 (2012) 53– 60 59

4. Conclusions

In the present work, the CdS/TiO2 composites with better crys-
tallinity were successfully synthesized by a mild hydrothermal
reaction at 180 ◦C for 6 h. The effects of synthetic procedures on the
microstructures and photocatalytic activities of CdS/TiO2 compos-
ites under visible light irradiation were investigated in detail. From
the above experimental results and discussion, it was revealed that
CdS/TiO2 composites consisted of anatase TiO2 and cubic phase CdS.
The hydrothermal treatment of CdS and TiO2 mixed sol improved
the crystallinity of both CdS and TiO2. CO2 gas bubbles due to
hydrothermal decomposition of the urea molecules created abun-
dant pores in the photocatalyst particles, which in turn increased
the specific surface area and pore volume of catalyst. In comparison
with P25 and TiO2, the absorption edge of CdS/TiO2 was drastically
extended to around 550 nm due to the addition of a small portion
of CdS. The sample S1(0.25) showed the optimized photocatalytic
activity under visible light irradiation among all samples, which
can be attributed to the synergic effects of some factors, such as the
excellent crystallinity, high specific surface area, large pore volume
and strong absorption in the visible light region. The photocatalytic
mechanism in decoloring model dye compounds was  proposed to
elucidate the feasibility of such new heterostructured composite
photocatalysts, which may  shed light on the material design for
more efficient visible light photocatalysis.
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