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Characterization and photocatalytic mechanism of nanosized CdS
coupled TiO2 nanocrystals under visible light irradiation
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Abstract

Nanosized CdS coupled TiO2 nanocrystals were prepared by a microemulsion-mediated solvothermal method at relatively low temperatures. The
prepared samples were characterized by X-ray photoelectron spectroscopy (XPS), BET surface area analysis, X-ray diffraction (XRD), UV–vis
absorption spectroscopy (UV–vis), transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM). It
was found that the CdS coupled TiO2 materials consisted of uniform anatase TiO2 of 6–10 nm with highly dispersed cubic phase CdS nanocrystals.
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he prepared samples exhibit strong visible light absorption at about 550 nm. Meanwhile, they have high surface area in the range of 1562 g−1

nd mesoporous character with the average pore diameter of ca. 5.0–6.5 nm. The coupling between the (1 0 1) crystal planes of anata
rystal planes of CdS was observed in the HRTEM image. Ti3+ signal was observed in the electron paramagnetic resonance (EPR) spec
dS coupled TiO2 nanocrystals under visible light irradiation. It provided the evidence of an effective transfer of photo-generated electr

he conduction band of CdS to that of TiO2. As expected, the nanosized CdS sensitized TiO2 nanocrystal materials showed enhanced activi
he oxidation of methylene blue in water or nitric oxide in air under visible light irradiation. The mechanism of photocatalysis on CdS
iO2 nanocrystals under visible light is also discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

TiO2 is the most widely used photocatalyst for effective
ecomposition of organic compounds in air and water under

rradiation of UV light with wavelength shorter than that cor-
esponding to its band gap energy[1–10]. However, only about
–5% of the solar spectrum falls in this UV range. This limits the
fficient utilization of solar energy for TiO2. The efficient use of
unlight has thus become an appealing challenge for developing
hotocatalytic technologies[11–14]. To improve the response of
iO2 to visible light, transition metal[15–20]or non-metal atom

21–27]doped TiO2 and dye[28–32]or metal complex[33–36]
ensitized TiO2 have been developed. Alternative approach for
chieving this objective is to couple TiO2 by using a narrow
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band gap semiconductor with a higher conduction band
than that of TiO2. In this sensitized TiO2, charge injection from
the CB of the narrow band gap semiconductor to that of TiO2 can
lead to efficient and longer charge separation by minimizing
electron–hole recombination. For instance, CdS coupled2
colloids have been extensively studied in photoelectrochem
and water splitting systems[37–44]. However, only bulk CdS
mixed TiO2 particles were developed for visible light pho
catalysis[45]. The bulk nature may decrease the coupled ab
of CdS. Utilization of nanosized CdS to couple nanocrysta
TiO2 could improve its photocatalytic efficiency due to th
high surface area and high dispersibility in a solution.

It would be desirable to directly prepare TiO2 nanocrys
talline particles with homogeneously dispersed CdS nano
tals, because the direct formation of these two semicondu
would provide a strong coupling between them. There
we developed a new approach to facilitate the direct fo
tion of nanocrystalline TiO2 coupled by highly dispersed Cd
nanocrystals at a considerably lower temperature by a com
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microemulsion and solvothermal method[46]. This method can
prevent the oxidation of CdS in CdS/TiO2 nanocomposite dur-
ing thermal treatment for the crystallization of TiO2 [47]. A
microemulsion is thermodynamically stable, commonly consist-
ing of two immiscible components (aqueous and oil phases) and
a surfactant[48,49]. In a water-in-oil microemulsion, water is
highly dispersed in oil phase (continuous phase) as nanodroplets
stabilized by a monolayer of interfacial surfactant film. These
tiny water droplets in the oil phase can be used as chemical
reactors for the synthesis of nanoparticles. Therefore, water-in-
oil microemulsions have been used as microreactors to prepare
monodispersed nanoparticles and to control particle size and
crystal structure by adjusting concentrations of reactants, pH
values, reactive temperature and so on[50–52]. On the other
hand, a solvothermal method is very useful in the synthesis of
versatile inorganic materials. The advantageous aspects of the
solvothermal synthesis route are the formation of homogeneous
samples of complex mixed-metal solids, the control of crystal
form and the isolation of metastable phases in low temperature
[53,54].

Here, we in detail report synthesis, characterization and vis-
ible light photocatalysis of the nanosized CdS coupled TiO2
nanocrystal (CdS/TiO2) photocatalysts. The experiment results
clearly give the evidence of an effective transfer of photo-
generated electrons from the conduction band of CdS to that
of TiO and also show well coupling between TiOand CdS.
M sam
p blue
i he
m
a

2

2

ium
s of
C lved
t -100
( co
s illi-
p
2 ta-
n sion
( as
g ts fo
3 A
u into
t h at
r ncor
p on
o nty
fi in-
i ess
s from
t

The yellow slurry obtained was centrifuged and washed with
ethanol and water before finally being kept in a desiccator for
drying. Samples S1 and S3 (CdS at 1 and 5 mol% nominal val-
ues, respectively), pure TiO2 and CdS were also synthesized by
similar procedures.

2.2. Characterization

X-ray photoelectron spectroscopy (XPS) measurements were
done with a PHI Quantum 2000 XPS System with a monochro-
matic Al K� source and a charge neutralizer; all the binding
energies were referenced to the C 1s peak at 284.8 eV of the sur-
face adventitious carbon. The Brunauer–Emmett–Teller (BET)
surface area (SBET) and pore size distribution were determined
using a Micromeritics ASAP 2010 nitrogen adsorption appa-
ratus. All the samples were degassed at 180◦C prior to BET
measurements. UV–vis absorption spectra were recorded on a
Varian Cary 100 Scan UV–vis system equipped with a labsphere
diffuse reflectance accessory. XRD patterns were obtained on a
Bruker D8 Advance X-ray diffractometer with Cu K� radiation
at a scan rate of 0.02◦ 2θ S−1. The accelerating voltage and the
applied current were 40 kV and 40 mA, respectively. The crys-
tallite size was calculated from X-ray line broadening by the
Scherrer equation:D = 0.89λ/β cosθ, whereD is the crystal size
in nm,λ the Cu K� wavelength (0.15406),β the half-width of
the peak in radians andθ is the corresponding diffraction angle.
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eanwhile, photocatalytic active evaluations show that the
les have high activity on the oxidation of both methylene

n water and nitric oxide in air under visible light irradiation. T
echanism of photocatalysis on CdS/TiO2 under visible light is
lso discussed.

. Experimental

.1. Synthesis

Titanium tetraisopropoxide (TTIP) was used as a titan
ource. Cd(NO3)2 and (NH4)2S were used as precursors
dS. A typical synthesis of sample S2 (CdS at 3%) invo

he use of cyclohexane (0.9 mol) as oil phase, Triton X
0.028 mol) as surfactant and 1-hexanol (0.056 mol) as
urfactant. Three microemulsions containing 1 mL of M
ore water (A), 1.5 mL of 0.3 M Cd(NO3)2 solution (B) and
.5 mL of 20 wt% (NH4)2S solution (C) were prepared. Ti
ium isopropoxide (14.55 mmol) was added into microemul
A) under continuous stirring. After titanium isopropoxide w
radually hydrolyzed and condensed in water nanodrople
0 min, microemulsion B was mixed with microemulsion
nder vigorous agitation. Microemulsion C was then added

he mixture. This new microemulsion was stirred for 24
oom temperature. In this process, cadmium sulfide was i
orated into the TiO2 colloids by simultaneous coprecipitati
f Cd(NO3)2 and (NH4)2S in the water nanodroplets. Seve
ve millilitres of the resulting microemulsion colloids conta
ng CdS and TiO2 was placed in a 100 mL Teflon-lined stainl
teel autoclave and bubbled with Ar gas to remove air
he colloids, then solvothermally treated at 200◦C for 12 h.
-

-

r

-

EM and HRTEM images were taken on a Philips CM-
lectron microscopy instrument and a JEOL2010 transmi
lectron microscopy instrument at an accelerating voltag
00 kV, respectively. A suspension in ethanol was sonic
nd a drop was dropped on the support film. The powder

icles were then supported on a carbon film coated on a
iameter fine-mesh copper grid. EPR spectrum was rec
n an X-band EPR spectrometer (JEOL, JES-TE100) at
he CdS/TiO2 sample was placed into a quartz tube, which
vacuated and then refilled with oxygen gas and sealed. The
le was irradiated by a 500 W superhigh-pressure mercury
Ushio, USH500D) equipped with a bandpass filter of 424
Toshiba, Y-44). The settings for the EPR spectrometer
enter field, 323.366 mT; sweep width, 25 mT; microwave
uency, 9.075 GHz; power, 449�W.

.3. Photocatalytic activity

Visible-light photocatalytic activities of the samples w
easured by the decomposition rate of methylene blue
queous solution. Air was bubbled into the solution throu
ut the entire experiment. A 300 W tungsten halogen lamp
ositioned inside a cylindrical Pyrex vessel and surrounded
irculating water jacket (Pyrex) to cool the lamp. A cut-off fi
as placed outside the Pyrex jacket to completely remov
avelengths less than 400 nm to ensure irradiation with vi

ight only (light region I: >400 nm). Moreover, a saturated cu
cetate solution as a filter was put in front of a reactor to o
light source with a region (II) 400–580 nm. 0.15 g of ph

atalyst (pure CdS is 8 mg which is the same amount of
resent in sample S2) was suspended in a 200 mL aqueou
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tion of 2.2× 10−5 M methylene blue. Prior to irradiation, the
suspensions were magnetically stirred in the dark for ca. 40 min
to ensure establishment of an adsorption/desorption equilibrium
among the photocatalyst, methylene blue and atmospheric oxy-
gen. At given irradiation time intervals, 4 mL of the suspensions
were collected, then centrifuged and filtered through a Millipore
filter (pore size, 0.22 in.) to separate the photocatalyst particles.
The degraded solutions of MB were analyzed by a Varian Cary
100 Scan UV–vis spectrophotometer and the absorption peak at
660 nm was monitored.

The photocatalytic activity of sample S2 was also evaluated
by oxidation of NO in an air flow under visible light irradiation. A
constant 3 L/min of air mixture containing about 1000 ppb of NO
was supplied through the inlet to a gas flow photo-reactor, while
the concentration of NO was detected at the outlet of the reactor.
0.3 g of sample S2 as a photocatalyst coated in three Petri dishes
was placed in the reactor. A NOx analyzer was used to measure
NOx concentrations on line. When the NO concentration of the
gas flow was steady in the reactor, a lamp was turned on for
irradiation. A 300 W tungsten halogen lamp with a 400 nm cut
off filter and a 15 W daily fluorescent light lamp were used as
light sources though the Pyrex glass window of the reactor to
irradiate the photocatalyst.

3. Results and discussion
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Table 1
Summary of the physicochemical properties of the samples

Sample CdS (mol%) SBET
c

(m2 g−1)
Mean pore
sized (nm)

Total pore
volumee

(cm−3 g−1)

Crystal
sizef (nm)

N1
a N2

b

S1 1 1.07 263 5 0.38 5.6
S2 3 2.8 201 6.5 0.37 8.8
S3 5 5.36 156 6 0.30 9.8

a Nominal value.
b Measured by XPS.
c BET surface area calculated from the linear part of the BET plot.
d Estimated using the BJH desorption branch of the isotherm.
e Single point total pore volume of pores atP/P0 = 0.97.
f Calculated by the Scherrer equation.

of 0.30–0.38 cm−3 g−1. FromTable 1, it is obviously observed
that the surface area, average pore diameter and total pore vol-
ume decrease with the increase of CdS amount in the samples.
This may be caused by more CdS particles covered TiO2 surface
and larger particle size.

The X-ray photoelectron spectroscopy (XPS) was carried out
to determine the chemical composition of the prepared sam-
ples and the valence states of various species present therein
[57]. As shown inTable 1, CdS was successfully dispersed into
TiO2 at 1.07, 2.80 and 5.36 mol% for samples S1, S2 and S3,
respectively.Fig. 2 shows high-resolution XPS spectra of the
four elements of sample S2. The spin–orbit components (2p3/2
and 2p1/2) of the Ti 2p peak were well deconvoluted by two
curves at approximately 459.2 and 464.9 eV, corresponding to
Ti4+ in a tetragonal structure (Fig. 2a). Also, the full width at
half maximum (FWHM) of the Ti 2p3/2 peak is equal to 1.02 eV,
consistent with that of TiO2 powders[58,59]. Similarly, the O
1s XPS spectrum (Fig. 2b) shows a narrow peak with a bind-
ing energy of 530.4 eV (FWHM = 1.2 eV) and slight asymmetry.
This peak was attributed to the Ti–O in TiO2 and H2O or OH
groups on the surface of the sample[60,61]. The Cd 3d5/2 and Cd
3d3/2 peaks are centered at 405.4 and 412.1 eV with a spin–orbit
separation of 6.7 eV, and FWHM of the Cd 3d5/2 peak equal
to 1.16 eV (Fig. 2c). These peaks can be assigned to Cd2+ of
CdS[57]. The S 2p peak was observed at 161.9 eV (Fig. 2d),
c 2−
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.1. Nitrogen adsorption and XPS analysis

Fig. 1 shows pore size distribution curves calculated f
he desorption branch of the nitrogen adsorption–desor
sotherms by the Barrett–Joyner–Halenda (BJH) method an
orresponding isotherms (inset) of samples. The sharp de
n desorption curves and the isotherms of type IV with
ysteresis-loop are indicative of mesoporosity[55,56]. The
ore size distributions exhibit the narrow range of 2.0–11.0
ith the average pore diameter of ca. 5.0–6.5 nm.Table 1
hows that the samples have high surface area in the ran
56–263 m2 g−1 and single point total pore volume in the ran

ig. 1. N2 adsorption–desorption isotherms (inset) and BJH pore size dis
ions: (©) sample S1, (�) sample S2, (�) sample S3.
orresponding to S of CdS nanoparticles[57,62,63].

.2. XRD analysis and TEM images

X-ray diffraction (XRD) patterns of the prepared CdS/T2
amples were shown inFig. 3. The five distinctive TiO2 peaks
re found at 25.43◦, 37.92◦, 48.09◦, 54.58◦, 62.81◦ correspond

ng to the anatase (1 0 1), (1 0 3, 0 0 4 and 1 1 2), (2 0 0), (
nd 2 1 1), (2 0 4) crystal planes (JCPDS 21-1272), respect
eanwhile, the additional peaks at 26.5◦, 30.6◦, 43.9◦, 52.1◦
ere also observed inFig. 3a and b, which can be assigned

he CdS cubic phase (1 1 1), (2 0 0), (2 2 0) and (3 1 1) cr
lanes (JCPDS 89-0440), respectively. No extra peaks e

or TiO2 anatase were observed inFig. 3c. This may be due t
he small amount of CdS in sample S1.Fig. 3a and b also sho
hat the peak intensity of cubic phase CdS increased wi
ncrease in the amount of CdS in the samples. Other pha
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Fig. 2. High-resolution XPS spectra of sample S2: (a) titanium, (b) oxygen, (c) cadmium and (d) sulfur.

TiO2 and CdS were not observed in the XRD patterns of the
prepared samples. The average particle sizes as calculated by
the Scherrer formula from (1 0 1) crystal plane of TiO2 anatase
were 5.6, 8.8 and 9.8 nm for samples S1, S2 and S3, respectively.
The XRD patterns clearly show that TiO2 anatase and cubic CdS
nanocrystals co-existed in the samples.

A representative TEM image shown inFig. 4a reveals that
nanoparticles in the prepared powder are uniform. Some aggre-

F
a

gations among the particles are also observed inFig. 4a. The
average diameter of particles is estimated to be about 8 nm, in
agreement with that obtained from XRD. The electron diffrac-
tion pattern of sample S2 in the selective area shown in the
inset ofFig. 4a indicates that the powders are highly crystalline
nanoparticles. No cadmium element was detected by the anal-
ysis of EDX. This implies that the coupled cadmium sulfide
is highly and homogeneously distributed in the TiO2 particles.
HRTEM examination of sample S2 also reveals the presence
of highly crystalline nanoparticles with random orientation and
mesopores (Fig. 4c). The fringes appearing in the micrographs
allow for the identification of the crystallographic spacing of
the TiO2 and CdS nanocrystallites. The fringes most frequently
observed correspond, respectively, to the (1 0 1) crystal planes of
TiO2 anatase. The fringes ofd = 3.7 and 3.2̊A observed inFig. 4b
match those of the (1 0 1) and (1 1 1) crystal planes of anatase
TiO2 and CdS cubic phase, respectively. The CdS particles
being in close contact with TiO2 particles are easily observed in
HRTEM images, indicating the existence of CdS/TiO2 coupling
between the distinct phase domains as well as confirming XPS
and XRD results.

3.3. UV–vis diffuse refection spectroscopy

The diffuse reflectance UV–vis absorption spectra of the
C
C visi-
b iO
ig. 3. XRD patterns of the samples: (a) S3, (b) S2, (c) S1 ((©) anatase TiO2
nd (�) CdS cubic phase).
dS/TiO2 samples, pure TiO2 and CdS are shown inFig. 5. The
dS/TiO2 samples exhibit strong absorption peaks in the
le region, while the absorption intensity for the three CdS/T2
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Fig. 4. TEM images of sample S2: (a) TEM image (inset is electron diffraction patterns), (b) HRTEM image of the selective area and (c) HRTEM image.

samples increase with an increasing amount of CdS, in agree-
ment with the progressively intense yellow color of the powders.
The absorption onsets were determined by linear extrapolation
from the inflection point of the curve to the baseline. The edges of
the absorption of the CdS/TiO2 samples were shifted to approx-
imately 550 nm, corresponding to a band gap energy of 2.25 eV.
For comparison, the absorption onsets for anatase TiO2 and CdS
are 410 and 556 nm, corresponding to band gap energies of 3.02
and 2.23 eV, respectively.

3.4. EPR spectroscopy

By comparison of the electron paramagnetic resonance spec-
trum (EPR) shown inFig. 6, two obvious signals A and B were
produced under visible light irradiation on sample S2 at 77 K in
the presence of oxygen inFig. 6a. Signal B at ag-tensor value

F )
s

of 1.991 can be identified and assigned to the presence of Ti3+

on irradiated TiO2 [64–66]. Meanwhile, no ESR signal of Ti3+

could be detected on pure TiO2. This strongly suggests an effec-
tive transfer of photo-generated electrons from the conduction
band of CdS to that of TiO2. Signal A consist of a relatively
sharp signal atg = 2.003–2.007 and a broad weak signal around
g = 2.029 in this spectrum. The signal withg1 = 2.024,g2 = 2.009
andg3 = 2.003 was assigned to Ti4+–O2

− on anatase by some
researchers[65–68]. Therefore, we think that signal A in our
measurement is produced by O2

− radical signals on CdS/TiO2.

3.5. Photocatalytic activity

Photocatalytic activities of the samples were evaluated by
measuring the degradation of methylene blue (MB) in aque-
ous solution under visible light irradiation. Temporal changes
in the concentration of MB were monitored by examining the
variations in maximal absorption in UV–vis spectra at 660 nm.
Fig. 7a shows the results of degradation of MB in the presence
of different samples. In the presence of pure TiO2, degradation
of MB was not observed. Similarly, the degradation of MB with
pure CdS was not significant. However, in the presence of the
CdS/TiO2 samples, the degradation of MB obviously increased.
Among the three CdS/TiO2 samples, sample S3 exhibited the
highest visible light photocatalytic activity. In order to check
t ation
r th:
4 MB
w our
e

ted
f pro-
c rption
i th
ig. 5. UV–vis absorption spectra of the samples: (a) TiO2, (b) sample S1, (c
ample S2, (d) sample S3 and (e) CdS.
he self sensitization on MB, we also measured the degrad
ate of MB on sample S3 by using light region II (waveleng
00–580 nm). It was found that the self sensitization of
as negligible in comparison with CdS sensitization under
xperimental conditions.

As shown inFig. 7b, the absorption peak gradually shif
rom 660 to 610 nm with a decrease in absorption during the
ess of photocatalytic degradation. Such blue-shifted abso
s characteristic ofN-demethylation derivative(s) of MB. Wi
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Fig. 6. EPR spectra of sample S2.

Fig. 7. (a) MB reduction in UV–vis absorption spectra at 660 nm as a function of visible light irradiation time in the prepared photocatalysts. (b) Temporal absorption
spectral patterns of MB during the photodegradation process in the sample S2.

the photocatalytic degradation of MB, the absorption peak at
610 nm turned broadened and the absorption peak at 660 disap-
peared due to the formation of a mixture ofN-demethylated
analogs (Azure B, Azure A, Azure C and Thionine) of MB
[69,70]. This result suggested that demethylation process was
likely to be a major step in the photocatalytic oxidation of MB.

We also evaluated the photocatalytic activity of sample S2
for the oxidation of NO in air under visible light irradiation. As
Fig. 8shows, under irradiation of both daily fluorescent lamp and
UV lamp cut-off 400 nm light, the NO concentration in air flow
decreases and the NO removal percentage was about 16–18%
for both light sources. NO2 concentration increases slightly at
the initial irradiation stage, then decreases to a constant level.
The reason for the initial increase is that the NO2 is converted
to NO3− by reacting with absorbed water accumulated on the
catalyst surface[71].

3.6. Mechanism proposal

The interparticle electron transfer between colloid CdS and
TiO2 semiconductor system was investigated[40]. The excited
electrons from the CdS particle are quickly transferred to a TiO2

particle since the conduction band of CdS is−0.5 more neg-
ative than that of TiO2. In our nanosized CdS coupled TiO2
nanocrystalline system, coupling of two such semiconductor
has a beneficial role in improving charge separation and extends

Fig. 8. The decrease of NO concentrate in air flow vs. irradiation time: (�)
300 W tungsten halogen lamp and cut off filter with 400 nm; (�) 15 W daily
fluorescent light.
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Fig. 9. Redox potentials of the valence and conduction bands of CdS sensitized
TiO2 nanoparticles and various redox processes occurring on their surface at pH
7.

TiO2 in response to visible light. The ESR result indicates that
the electrons from excited CdS are injected into the conduction
band of TiO2 and then scavenged by molecular oxygen O2 to
yield the superoxide radical anion O2

− in oxygen-equilibrated
media. Based on literature reports[4,6,72]and our experiment
results, we propose a mechanism for the degradation of pollu-
tants on CdS coupled TiO2 catalyst under visible light irradiation
as shown inFig. 9. In the system of CdS/TiO2, anatase TiO2 can
be coupled by interparticle electron transfer from irradiated CdS
nanocrystals (Eqs.(1) and(2)) to its conduction band. The elec-
trons are then scavenged by molecular oxygen O2 to yield the
superoxide radical anion O2− (Eq. (3)) and hydrogen perox-
ide H2O2 (Eq. (4)) in oxygen-equilibrated media. These new
formed intermediates can interreact to produce hydroxyl radica
OH• (Eq. (5)). It is well known that the OH• radical is a pow-
erful oxidizing agent capable of degrading most pollutants (Eq.
(6)) [4,6,73]. This vectorial transfer of charge should therefore
enhance the photo-oxidation of the adsorbed organic substrat
However, the photo-generated holes in CdS nanocrystals cann
oxidize hydroxyl groups to hydroxyl radicals due to its valence
band potential. This results in the photocorrosion of CdS, form-
ing cadmium cations. An approach is still pursued to make CdS
photocatalyst stable.

CdS–TiO2
hv−→CdS(e− + h+)–TiO2 (1)

C

e

2

H

• 6)

4

size
C ong
c d Cd
a al-
y
r
d tron

visible light absorption at about 550 nm. The coupling between
the (1 0 1) crystal planes of anatase and (1 1 1) crystal planes of
CdS is also clearly observed in the HRTEM image. The forma-
tion of Ti3+, as observed in ESR spectrum, confirms an effective
transfer of photo-generated electrons from the conduction band
of CdS to that of TiO2. The coupled samples exhibit high effi-
ciency for the decomposition of pollutants in water or air under
visible light irradiation. The experiment results also revealN-
demethylation of MB is a key process for degradation of MB
under visible light irradiation.
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