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In  this  work,  a  low-temperature  solvothermal  method  has  been  developed  to synthesize  visible-light-
responsive  S-doped  TiO2 nanocrystal  photocatalyst,  using  thiourea  as  the  sulfur  source  to  enhance  sulfur
incorporation  into  TiO2 lattice.  The  effects  of  different  S:Ti molar  ratio  on  the  crystal  structure,  chem-
ical  composition,  surface  property  and  catalytic  performance  have  been  studied.  X-ray  photoelectron
spectroscopy  (XPS)  analysis  and  Fourier  transform  infrared  (FT-IR)  spectra  displayed  that  the  TiO2 was
modified  by  the  S element  incorporated  into  the  TiO2 network  to  form  Ti O S  bond,  which  therefore  led
eywords:
ulfur
oping
iO2

isible light

to  the  formation  of  intermediate  energy  level  just  above  the  O 2p valance  band,  and  caused  the  absorp-
tion edge  of  TiO2 to  shift  into  the  visible  light  region  up to  500  nm.  Characterization  results  show  that
the  pure  nanocrystal  anatase  structure,  with  both  the  degree  of  S doping  and  oxygen  vacancies  makes
contribution  to  the  exceptional  photocatalytic  activity  of  TONS  in visible-light  degradation  of  Methylene
Blue  (MB)  and  phenol  molecules.
hotocatalysis
olvothermal

. Introduction

In the past decade, photocatalytic degradation of organic pollu-
ants and water splitting by some semiconductors, such as TiO2
1],  ZnO [2] and SnO2 [3],  have been attracting lots of atten-
ion, which is considered as a promising technique to solve the
nvironmental and energy problem [1–5]. Among these photoma-
erials, titanium dioxide (TiO2) materials have been extensively
tudied due to its stability and low cost, in addition to its
otential application in solar energy conversion and environ-
ental purification [4–6]. Recently, nanostructured TiO2 with

arge surface areas and well anatase crystalline have proved
o be excellent candidates for these applications [7],  not only
ue to the novel properties and functions associated with indi-
idual nanostructure but also because of the new collective
roperties and advanced tunable functions arising from nanostruc-
ure ensembles [8].  However, the main drawback is that TiO2
anoparticles may  only be excited by ultraviolet (UV) light (wave-
ength � < 388 nm)  owing to their wide band gap. Therefore, the
verall efficiency of TiO2 remains too lower under natural sun-
ight irradiation, as the UV only accounts for about 4% of the

∗ Corresponding author. Tel.: +86 532 86981296; fax: +86 532 86981295.
∗∗ Corresponding author. Tel.: +44 1865 272660; fax: +44 1865 272690.

E-mail addresses: zfyancat@upc.edu.cn (Z. Yan), Xiao.tiancun@chem.ox.ac.uk
T.  Xiao).

169-4332/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apsusc.2011.12.092
© 2011 Elsevier B.V. All rights reserved.

incoming solar energy on the Earth’s surface [9].  Nevertheless,
a rapid recombination rate of light-excited charges also greatly
reduces the quantum efficiency of TiO2 and further limits its appli-
cation [10].

In order to enhance photocatalytic activity of TiO2 and shift its
absorption from the UV region into the visible-light region, lots of
researches have been carried out in the field of visible-light induced
TiO2 by impurity doping [11], novel metal deposition [12,13] and
composite semiconductor [14,15]. Among these, a promising strat-
egy involves low-level doping of TiO2 with nonmetal such as N
[16], F [17] and C [18] has been intensively investigated and used
to extend the optical absorption edge of wide band gap semi-
conductors. Compared to the other nonmetals, doping with sulfur
has been much less studied. Thus, in attempt to improve the
visible-light photocatalytic performance, various physicochemical
methods have been applied to modify TiO2 photocatalyst doped
with S element. Chen and Burda [19] demonstrated that S-doped
TiO2 prepared with a high-temperature oxidation method by oxi-
dizing titanium carbide, exhibits strong absorption in visible light
region, due to the nonmetal element doping of TiO2 leads to an
increase of the density of states just above the TiO2 valence band
edge. Li et al. [20] treated the TiO2 precursor under supercritical
conditions with CS2/ethanol as a fluid to synthesize S-doped TiO2,

it was found that their samples of S-modified TiO2 showed a red-
shifted absorption spectrum and exhibited much higher activity
than the undoped TiO2 in photocatalytic degradation of Methylene
Blue (MB).

dx.doi.org/10.1016/j.apsusc.2011.12.092
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:zfyancat@upc.edu.cn
mailto:Xiao.tiancun@chem.ox.ac.uk
dx.doi.org/10.1016/j.apsusc.2011.12.092
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1.5 samples are determined as 11.8, 11.1 and 11.4 nm, respectively,
which are much smaller than that of undoped TiO2. This observa-
tion displayed that S doping could efficiently restrict the growth

Table 1
Crystal size and phase composition of S-doped TiO2 with different starting S:TiO2

molar ratios.

Sample S/TiO2

molar ratio
Phase composition Average crystallite

size (nm)
G. Yang et al. / Applied Surfa

Herein, we  developed a simple preparation method for the syn-
hesis of S-doped TiO2 nanomaterial at low temperature whereby
n ethanol–water solvothermal method with thiourea as the sul-
ur source to enhance sulfur incorporation into TiO2 lattice is used.
he prepared TiO2 materials are characterized by XRD, XPS, Raman
pectroscopy, FT-IR, SEM and UV–vis DRS spectrophotometer. The
hotocatalytic activity of the S-doped TiO2 photocatalyst was  eval-
ated using the decomposition of Methylene Blue and phenol
olution as a model reaction. Characterization results show that the

 doping level has a remarkable effect on the crystalline phase, opti-
al absorption, surface composition and catalytic performance of
oped TiO2 samples. The activity of obtained photocatalysts under
isible light illumination can be enhanced significantly for photo-
atalytic degradation of organic pollutants.

. Experimental

.1. Catalyst preparation

The S-doped TiO2 samples were prepared according to the fol-
owing procedure. Typically, 0.01 mol  Ti(OBu)4 was  dispersed into
0 ml  of absolutely ethanol, while 1 ml  of acetic acid was added in
he above mixture to form solution A. Under vigorous stirring, the
esired amount of thiourea (CH4H2S, the molar ratio of S to Ti = 0.5,
.0 and 1.5) was dissolved into 20 ml  of ethanol for 1 h to form
uspension B. The two solutions were then mixed for 10 min, and

 ml  of deionized water was added into the mixture with a further
0 min  stirring. After that, the resultant slurry was transferred into a
eflon-lined autoclave and heated at 120 ◦C for 24 h. Then the auto-
lave was taken out from the oven and cooled to room temperature
aturally. The S-doped TiO2 was collected by centrifugation, wash-

ng and then dried at 80 ◦C overnight prior to annealing at 450 ◦C
or 3 h in air. Finally, the obtained doped catalyst with different S:Ti

olar ratios of 0.5, 1.0 and 1.5 were denoted as TONS-0.5, TONS-1.0
nd TONS-1.5, respectively. The undoped TiO2 was prepared by the
ame approach. The commercial Degussa P25 TiO2 was used here
s a reference without any treatment.

.2. Material characterization

The crystalline structure and phase component of the TiO2 sam-
les were determined with X-ray diffraction (XRD) using a Philips
-PeRT Pro Alpha 1 diffractometer operating with Cu K� radia-

ion (� = 1.5406 Å) at a tube current of 40 mA  and a voltage of
5 kV. Data were collected over 2� values from 20◦ to 80◦ at a
peed of 1◦/min. The X-ray photoelectron spectroscopy (XPS) mea-
urements were carried out using a PerkinElmer RBD upgraded
HI-5000C ESCA system with monochromatic Mg  K� excitation
nd a charge neutralizer. All bonding energies were calibrated to
he C 1s peak at 284.8 eV of the surface adventitious carbon. Laser
aman spectra were obtained using a PerkinElmer Ramanstation
00F Raman spectrometer. UV–vis diffuse reflectance was  recorded

n a PerkinElmer Lambda 750S UV–vis spectrometer equipped with
n integrated sphere. The geometry and morphology of the S-doped
iO2 materials were investigated by JSM840F scanning electron
icroscopy (SEM). Fourier transform infrared (FT-IR) spectra were

arried out Bruker Vertex-70 by diffused reflectance accessory
echnique.

. Activity test
Photocatalytic reactions were conducted in an open reactor with
 cooling-water-cycle system keeping the reaction temperature
onstant. The light source was a 300 W Xenon lamp (Trusttech,
eijing, China), emitting UV and visible light simultaneously. For
Fig. 1. XRD patterns of S-doped TiO2 and pure TiO2 samples, (a) P25 TiO2,  (b) TONS-
0.5, (c) TONS-1.0, (d) TONS-1.5. All samples were calcined at 450 ◦C for 3 h.

visible light measurements, a 420 nm cut-off glass filter was
mounted before the output of light source to remove UV light and
admit only visible light to enter into the reactor. The synthesized
S-doped TiO2 catalyst (100 mg)  was  suspended in 100 ml  of Methy-
lene Blue and phenol (10 mg  L−1) solution, respectively. Before the
photoreaction, the suspension was  stirred in the dark for 240 min  to
make sure the mixture had achieved adsorption/desorption equi-
librium, then 3 ml  of the solution was taken from the reactor in a
constant time, the sample powder was separated from the solution
by a centrifugation method. The concentration of the remaining
transparent liquid was  analyzed in a UV–vis spectrophotometer. It
should be noted that no sacrificial agent and oxygen were added
into the solution during the reaction process.

4. Results

Fig. 1 shows the X-ray diffraction data of S-doped TiO2 pre-
pared with different molar ratios of sulfur to titanium, including
the undoped commercial TiO2. Degussa P25 is composed of 75–80%
anatase phase and 20–25% rutile phase, with average size of 33 nm,
and used here as a reference. All the doped samples showed a
unique anatase phase, no other phases such as S containing com-
pounds can be found in the XRD patterns, suggesting that no
impurity species were formed during the doping process. The main
Bragg diffractions of S-doped TiO2 is observed to become sharp with
the increase of the S doping level, indicating that TONS series sam-
ple have highly crystallinity. The average particle size of S-doped
anatase TiO2, estimated by Scherrer equation were listed in Table 1.
It can be seen that the grain sizes of TONS-0.5, TONS-1.0 and TONS-
TONS-0.5 1/2 Anatase 11.8
TONS-1.0 1/1 Anatase 11.1
TONS-1.5 3/2 Anatase 11.4
P25  (reference) – Anatase, rutile 33.0
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f grain size owing to the incorporation of the S dopant into TiO2
attice.

The phase evolution of the oxides prepared in this work was

lso investigated using Raman spectroscopy. As shown in Fig. 2,
he Raman spectrum of doped TiO2 exhibits five bands at 143 cm−1

Eg), 197 cm−1 (Eg), 399 cm−1 (B1g), 514 cm−1 (A1g) and 639 cm−1

Eg). All the bands could be attributed to Raman resonances anatase
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phase [21,22],  with no peaks arising from the rutile phase. In addi-
tion, S doping did not cause the appearance of any additional bands,
and these results are consistent with the XRD analysis. It was

reported that the Raman scattering can be used to estimate the
crystallize size of doped TiO2 [23,24]. The inset of Fig. 2 shows the
expanded views of Eg Raman band. It was  found that increasing
S doping had a little effect on the frequencies of the fundamental
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Fig. 7 shows the corresponding UV–vis diffuse reflectance spec-
tra of undoped TiO2 and S-doped TiO2 prepared with different
molar ratios of sulfur to titanium. It was  seen that the undoped
Fig. 4. Coordination models between SO4
2− and TiO2..

ibrations, and that the Eg band at 143 cm−1 in bulk anatase shifts
o higher wavenumber with increasing S doping. This suggests that
he particle size of doped samples decreases with increasing S dop-
ng, and also confirms that the oxides are obtained with particle in
he nanometric size [25].

The surface composition and chemical states of S-doped TiO2
ere measured by XPS. In Fig. 3, we present the XPS spectra of

ONS-1.0 sample. It can be seen from Fig. 3a that the XPS survey
pectra displays the S-doped TiO2 contained predominantly Ti, O,

 and S elements. No evidence for the corresponding peak of N
lement is seen, suggesting that nitrogen is not incorporated into
he TONS system under our synthetic conditions.

Fig. 3b shows the XPS spectra of the S 2p region. The S 2p peak
ocated at around 169.5 eV can be assigned to the SO4

2− species
26]. It could be found that the binding energy of S 2p peaks shift
lightly toward high binding energy by 0.5 eV in comparison with
hat of sulfur in pure SO4

2− (169.0 eV). The shifting of S 2p bind-
ng energy can be ascribed to the doping of the S specie into TiO2
attice. Xu et al. [27] demonstrated that there are two  possible coor-
ination models between SO4

2− and TiO2 as shown in Fig. 4. It
an be seen that the S6+ substituted for Ti4+ cation and eventu-
lly formed a Ti O S bond in the doped TiO2 samples through the
wo proposed coordination models [28,29]. These results indicated
hat electrons partially transferred from oxygen to sulfur in sample
ONS-1.0 due to the existence of Ti4+. In addition, no peaks were
etected around 160–163 eV in the S 2p XPS spectra, which corre-
ponds to the Ti S bond formed when the oxygen atoms in the TiO2
attice are replaced by S atoms. This suggests that the substitution
f Ti4+ by S6+ is chemically more favorable than replacing O2− with
2− under our synthetic conditions, which is also confirmed by the
revious studies of S-doped TiO2 [28]. The formation of cationic
-doped TiO2 could create a charge imbalance in the lattice of cat-
lyst, and the extra positive charge is probably neutralized by the
ydroxide ions.

In Fig. 3c, we show the XPS spectra of Ti 2p in S-doped TiO2.
s can be seen that the peaks centered at 459.1 and 464.9 eV due

o the 2p3/2 and 2p1/2 spin–orbital splitting photoelectron, with
o shifting of Ti 2p binding energy was observed, indicating the Ti
lement mainly existing as the chemical state of Ti4+. These data are
n agreement with the previously reported XPS data for S-doped
iO2 [20]. Fig. 3d shows the O 1s XPS spectrum of TONS-1.0. The
eak at 530.3 eV can be ascribed to the lattice oxygen of TiO2, which

s consistent with previous studies of TiO2 [30].
The FT-IR spectra of S-doped TiO2 catalysts prepared by

olvothermal method with varying molar ratio of sulfur to tita-
ium are shown in Fig. 5, which can provide the information of

unctional groups on the surface of materials. The spectra of FT-
R reveal that all the as-obtained TiO2 samples including undoped
ample show the same absorbance band at 1630 cm−1 indicative of
he O H bending vibration [31,32]. These species play a vital role
n photocatalytic activity since it could act as an active oxidizer to
ead to the decomposition of organic pollutants. All the samples
resent similar spectra that a strong absorbance band appeared in

he range of 800–550 cm−1, which can be attributed to the stretch-
ng vibration of Ti O Ti bond [16,33]. In comparison with the
ndoped TiO2 catalyst, the S-doped TiO2 samples show additional
wo absorbance peaks around 1135 and 1040 cm−1, respectively,
Fig. 5. FT-IR spectra of the S-doped TiO2 samples with different starting S:Ti molar
ratio.  (a) undoped TiO2, (b) TONS-0.5, (c) TONS-1.0, (d) TONS-1.5.

indicating that the formation of some new S species in TiO2 dur-
ing nonmetal doping process. Moreover, the two  peaks present on
the FT-IR spectra of S-doped TiO2 suggest the presence of more
than one sulfur species. The peak at 1135 cm−1 corresponds to the
physical adsorbed SO2, while the peak at 1040 cm−1 is resulted
from the vibration of Ti O S bond [34], which clearly indicates the
incorporation of S atom into the TiO2 lattice, it therefore resulted
in the narrow of the TiO2 energy band gap and the enhancement
of the visible light-induced photocatalytic performance, and is in
well agreement with the XPS analysis above. In addition, the char-
acteristic peak of Ti O S bonds were not observed in the undoped
TiO2.

Fig. 6 shows the representative SEM morphology of TONS-1.0
sample after being calcined at 450 ◦C for 3 h. It is obvious that
the surface of the S-doped TiO2 catalyst is smooth and uniform.
Moreover, the TONS-1.0 sample presents large aggregates of TiO2
nanoparticles morphology. While observation of aggregate sizes
over 3 �m may  not give an accurate indication of TiO2 average size
(see Fig. 6, spectrum 1 and spectrum 2 position).
Fig. 6. SEM microphotographs of S-doped TiO2 prepared by solvothermal method
with S:Ti molar ratio of 1/1.
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ig. 7. UV–vis absorbance spectra of pure TiO2 and S-doped TiO2 (a) pure TiO2 (P25),
b)  TONS-0.5, (c) TONS-1.0, (d) TONS-1.5.

iO2 displays no significant absorbance in visible light region
hich could be easily understood by considering its wide band

ap (3.2 eV). The optical absorption spectra show that all the doped
amples have remarkable absorption in the visible area between
90 and 500 nm.  Meanwhile, the adsorption edges of all the doped
iO2 photocatalysts are similar, and a red-shift of about 408 nm
as observed on the UV–vis DRS spectra, which corresponds to

 band-gap energy of 3.04 eV. Comparison with pure commercial
iO2 shows that S-doped TiO2 has an obvious narrow band gap; this
s just due to the doping of S species into TiO2 lattice, thus altering
ts crystal and electronic structures [35], and leading to the appear-
nce of intermediate energy level via forming Ti O S bond in TiO2
nd harvests visible light absorption for the doped samples.

The photocatalytic activity of S-doped TiO2 was probed by pho-
odegradation of Methylene Blue and phenol. A 300 W xenon lamp
as used as the light source, which equipped with 420 nm cut-off

lass filter to completely remove the UV light and ensures illumina-
ion by visible light only. Fig. 8 shows the corresponding adsorption

urve of MB solution over the S-doped TiO2 and pure TiO2 in dark
nvironment. After 30 min  adsorption, the adsorption curves of
he two photocatalysts become parallel, suggesting that Methylene
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ig. 8. MB adsorption curves on different catalysts. Adsorption conditions: 0.050 g
atalyst, 50.0 mL  0.010 g/L MB, temperature = 283 K.
MB  vs. photoreaction time in the presence of TONS-1.0 sample. Reaction conditions:
C0 = 10 ppm, catalyst loading: 1 g/L.

Blue absorption over the doped and undoped titania samples have
completely reached equilibrium. Meanwhile, it also can be seen
that the MB  adsorption yield for TONS-1.0 sample is only 2.3% in
240 min  absorption, which is much lower than that of undoped TiO2
(the adsorption yield of MB  is about 8%).

Fig. 9a shows the photocatalytic activity of the undoped TiO2 and
S-doped TiO2 evaluated by degradation of Methylene Blue solution
under visible light irradiation, and Fig. 9b shows the absorption
spectra variation of MB  versus irradiation time on the TONS-1.0
sample. A weak photodegradation of MB  on undoped TiO2 and P25
sample were observed as shown in Fig. 9a, which can be attributed
to the dye-sensitized photocatalysis, as the pure TiO2 has large
energy band-gap, and that cannot be activated by visible light.
S-doped TiO2 showed the enhanced photocatalytic activity under
visible light irradiation as compared with the references, suggesting
that the S doping level had an obvious influence on the photocat-
alytic activity of the TiO2 samples. TONS-1.0 shows the highest
activity among the S-doped TiO2 samples, on which about 85%
MB was  degraded within 240 min  of visible-light irradiation. The
characteristic absorption band of MB  at 664 nm diminished quickly
(Fig. 9b), accompanied by a slight concomitant blue-shift from 664

to 640 nm of the maximum absorption band, which indicated that
MB had not only been decomposed but also mineralized in the
presence of S-doped TiO2.
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In order to avoid the photosensitized process of MB  molecules,
he activity of the as-prepared catalysts was also evaluated by pho-
ocatalytic degradation of phenol under visible lights irradiation
� > 420 nm). Fig. 10 shows the degradation of phenol over pure
itania and S-doped TiO2 with varying S doping level. It is evident
hat all the S-doped TiO2 samples are more active than commer-
ial TiO2. After 6 h of irradiation, the values of decomposed Phenol
re, respectively, 67%, 74% and 64% for TONS-0.5, TONS-1.0 and
ONS-1.5 catalysts. It was seen that the TONS-1.0 sample exhibits
he highest activity among all S-doped TiO2 samples. As described
bove, both the degradation of Methylene Blue and phenol solution
ver the S-doped TiO2 samples show similar trends: S-doping can
nhance visible light activity. This observation displays that some
hanges have occurred in the excitation energy gap by doping with
, the doping samples becoming able to absorb light in the visible
egion.

In the present study, FT-IR spectra of the TONS-1.0 sample before
nd after the photodegradation experiments were also collected

sing Bruker Vertex-70 FT-IR spectrometer to examine their struc-
ure and the functional group on the surface of doped material.
ig. 11 shows the FT-IR spectra of S-doped TiO2 before and after
he photodecomposition of MB  solution. No significant changes
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have been found for the S-doped TiO2 sample after 240 min  of
photocatalysis reaction, and the peaks attributed to the stretch-
ing vibration of the Ti O Ti bonds and the vibrations of Ti O S
bonds are remaining existence, suggesting the TONS-1.0 sample
has well crystallized anatase structure and excellent durability.
Compared to the fresh photocatalyst, the FT-IR spectra of the used
TiO2 revealed that, besides the absorbance peaks from TiO2, the
TONS-1.0 sample exhibits two  additional absorbance peaks, which
were located at 1155 and 1210 cm−1, respectively, indicating the
formation of some new species on the surface of S-doped TiO2
after the photoreaction, and it is thought that these peaks might
either come from the formation of SO2Cl2 species during the pho-
toreaction, or arise from the C O C bond that produced by the
photodegradation MB  experiment.

5. Discussion

The improvement in the visible light-induced photocatalytic
activity of TiO2 by doping with S element has been reported in
several publications. Most of them pointed out that this improve-
ment is mainly attributed to the stronger optical absorbance of
S-doped TiO2 system in the visible light area due to the decrease of
band gap. According to XRD, XPS and FT-IR results in the present
work, it can be inferred that S atom was successfully doped into
the lattice of our TONS system by substituting the Ti4+ sites to
form Ti O S bonds, and thus causes the generation of interme-
diate energy level in TiO2, which are located above O 2p valence
band, and as a consequence of narrowing the energy gaps of
TiO2 and shifting the optical absorption from UV region to visible
region.

In addition, the photocatalytic performance of S-doped TiO2
nanoparticles is also largely dependent on its crystalline structure,
crystallinity, surface area, porosity, morphology and architecture.
Firstly, X-ray diffraction patterns of the as-synthesized nanocrys-
tal samples reveal that TiO2 in the samples are well crystallized
anatase structure, which might facilitate the transfer of photoelec-
trons from bulk to surface and thus promoting charge separation,
leading to the enhanced quantum efficiency. On the other hand,
the particle size of the as-synthesized samples seems to play a
key role in the photodegradation of MB,  because the smaller par-
ticle size, the larger specific surface area, which would provide
stronger adsorption ability of the catalytic surface toward target
molecules and better ability to photoexcite the electron-hole pairs
in the active sites. More importantly, S doping could favor the for-
mation of oxygen vacancies on surface of TiO2, which has been
confirmed by our previous study [36]. It was  reported that the
more oxygen vacancies or defects in the TiO2 crystal might help to
capture more photoelectrons and thus inhibit the recombination
between the photoinduced electrons and holes. Meanwhile, the
absorbed oxygen at oxygen vacancy sites was active for the forma-
tion the O2

•− radical, this specie was considered to be responsible
for the decomposition of pollutant molecules in the photoreaction
experiments.

On the basis of the above discussion, we tentatively concluded
that the S-doped TiO2 powder obtained by treating the titanium
precursor with thiourea under solvothermal conditions exhibited
much higher photocatalytic activity than undoped TiO2 due to the
synergic effect of the pure anatase structure, small particle size,
high crystallization degree of the anatase, sulfur impurity, together

with oxygen vacancy [36]. Moreover, it is believed that the appear-
ance of intermediate energy level via forming Ti O S bonds is a
key factor accounting for the remarkable visible light activity of
S-doped TiO2.
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In summary, we have demonstrated that the visible light
esponsible S-doped TiO2 nanocrystal powder was  successfully
ynthesized through a simple low-temperature solvothermal
ethod. By tuning the starting molar ratio of sulfur to titanium,

ifferent S doping level photocatalysts were obtained. Based on the
PS and FT-IR analysis, we found that S anion can be doped into TiO2

attice in substitutional mode and form the Ti O S bonds, leading
o the narrower band energy gap and enhance visible light absorp-
ion of the TiO2 catalysts. In addition, the as-prepared samples
how higher visible-light photocatalytic activity for degradation
f Methylene Blue and phenol molecules, which is far superior to
hat of the commercial Degussa P25 TiO2. This is probably due to
he synergetic effect of the high crystallinity, smaller particle size,
ure anatase structure, oxygen vacancies and stronger visible light
bsorption.
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