
INTRODUCTION

Titania is the most widely used photocatalyst in photo-
degradation of organic pollutants in air and water1,2. However,
TiO2 can be activated only under UV-light irradiation due to
its large band gap value of 3.2 eV. Therefore, it is indispensable
to develop a TiO2 photocatalyst with a high level of activity
under visible light. In the past, transition metal cations have
been used as dopants to red shift the absorption edge of TiO2

to a visible-light region. However, the disadvantage of metal
cation dopants is that they can serve as recombination centers
for photogenerated electron-hole pairs, leading to a decreased
activity3. Recently, anion (C, N, S, F, B) doped TiO2 photo-
catalysts that show a relatively high level of activity under
visible-light irradiation have been reported4-8. These non-metal
elements have been proved to be beneficial doping elements
in the TiO2 through mixing their p orbital with O 2p orbital to
reduce the band gap energy of TiO2.

In order to further improve the photocatalytic activity, co-
doped titania with double non-metal elements has attracted
more attention. Li et al.9 prepared N-F-codoped TiO2 powders
by spray pyrolysis and the prepared catalyst showed the high
visible-light activity for decompositions of both acetaldehyde
and trichloroethylene. They demonstrated that the high activity
was ascribed to a synergetic consequence of several beneficial
effects induced by the N-F codoping. Liu and Gao10 synthe-
sized (S, N)-codoped TiO2 photocatalyst using a hydrothermal
method and subsequent nitridation under NH3 flow at 873 K
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for 4 h. Yu et al.11 developed N, S-codoped TiO2 by hydrolysis
of Ti(SO4)2 in a NH3·H2O solution. They demonstrated that
the photocatalytic activity of the as-prepared TiO2 powders
calcined at a temperature range of 400-700 ºC are obviously
higher than that of P25.

Hydrothermal synthesis is one of the effective approaches
to synthesizing nano-sized metal oxides12,13. It is a very simple
method and does not require any special equipment. It provides
a facile route to control particle size, particle morphology,
microstructures, phase composition and surface chemical
properties by means of adjusting synthesis conditions such as
temperature, time and pH value of solution. Moreover, hydro-
thermal reaction takes place at a relatively low reaction tempe-
rature and no post-calcination generally is needed in the
synthesis of crystalline metal oxide particles.

In the present work, a single anatase phase of N, S codoped
TiO2 photocatalyst had been prepared by a one-step low-
temperature hydrothermal method using cheaper material TiCl4

as Ti source, urea and thiourea as N and S sources. The pre-
pared co-doped TiO2 catalysts were tested in the photocatalytic
degradation of methylene blue under visible light. A possible
mechanism for the photocatalysis was also proposed.

EXPERIMENTAL

The N, S-codoped TiO2 was synthesized by hydrother-
mal method. 0.8 mL of TiCl4 was added dropwise into 20 mL
de-ionized water at 0 ºC under stirring to obtain solution A.
0.3 g thiourea and 0.2 g urea were dissolved in 10 mL deionized



water at room temperature to form solution B. The above solu-
tions were mixed and stirred for 10 min. The resulting mixture
was transferred into a 30 mL stainless steel autoclave and
heated at 120 ºC for 12 h. The yellow precipitate was washed
with deionized water, separated by centrifugation and dried at
room temperature overnight under vacuum. The obtained TiO2

powders were denoted as NS-TO. For comparison, N-TO and
S-TO were prepared by the same procedure but in the absence
of thiourea and presence of thiourea, respectively. Un-doped
TiO2 (TO) was prepared by the same precedure but in the
absence of thiourea and thiourea, simultaneously.

XRD patterns of the prepared TiO2 samples were recorded
on a Rigaku D/max-2400 instrument using CuKα radiation (λ
= 1.54 Å). UV-VIS spectroscopy measurement was carried
out on a JASCO V-550 model UV-VIS spectrophotometer,
using BaSO4 as the reflectance sample. XPS measurements
were conducted on a Thermo Escalab 250 XPS system with
Al Ka radiation as the exciting source. The binding energies
were calibrated by referencing the C 1s peak (284.6 eV) to
reduce the sample charge effect.

Methylene blue was selected as model compound to evaluate
the photocatalytic performance of the prepared TiO2 particles
in an aqueous solution under visible light irradiation. 0.1 g
TiO2 powders were dispersed in 100 mL aqueous solution of
methylene blue (50 ppm) in an ultrasound generator for 10
min. The suspension was transferred into a self-designed glass
reactor and stirred for 0.5 h in darkness to achieve the adsorption
equilibrium. In the photoreaction under visible light irradiation,
the suspension was exposed to a 110-W high-pressure sodium
lamp with main emission in the range of 400-800 nm and air
was bubbled at 130 mL/min through the solution. The UV light
portion of sodium lamp was filtered by 0.5 M NaNO2 solution.
All runs were conducted at ambient pressure at 30 ºC. At given
time intervals, 4 mL suspension was taken and immediately
centrifuged to separate the liquid samples from the solid catalyst.
The concentrations of methylene blue before and after reaction
were measured by means of a UV-VIS spectrophotometer at a
wavelength of 665 nm. The percentage of degradation D %
was determined as follows:

%100
A

AA
%D

0

0
×

−
= (1)

where, A0 and A are the absorbances of the liquid sample before
and after degradation, respectively.

RESULTS AND DISCUSSION

The XRD patterns of the prepared catalysts (Fig. 1) indicated
that all TiO2 samples were mixture of anatase and rutile phases.
The particle sizes of the catalysts were calculated by their XRD
patterns according to the Debye-Scherrer equation14. The results
indicated that anatase/rutile ratio is almost 1:1 for titanium
dioxide (TO). After S doping, the obtained S-TO and NS-TO
exhibited a higher anatase/rutile ratio (3:1) compared with TO.
This indicated that S doping imprved the formation of anatase
TiO2. The particle size of TO was around 20 nm. After N doping,
the prepared N-TO and NS-TO showed a much smaller particle
sizes (13 nm). Therefore, it is deduced that N doping could
restrain the particle growth during the hydrothermal process.
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Fig. 1. XRD patterns of the prepared catalysts

The UV-VIS diffuse reflectance spectra of prepared cata-
lysts are shown in Fig. 2. Undoped TO showed no absorption
in the visible light region. However, after doping, N-TO,
S-TO and NS-TO exhibited obvious absorption into the visible
light region. The co-doped sample NS-TO exhibited the stron-
gest visible light absorption. These absorption in the visible
light region is possibly due to the incorporation of nitrogen or
sulfur into TiO2 framework, leading to a slight alteration of
crystal and electronic structures. TiO2 is an indirect gap semi-
conductor. The band gap can be estimated from the tangent
lines in the plots of the square root of the Kubelka-Munk functions
against the photon energy15. The calculated band gap energies
of prepared samples were all 3.0 eV. According to the report
of Irie et al.16, the doping did not narrow the band gap but
formation a isolated narrow band located above the valence
band which is responsible for this visible light response.
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Fig. 2. UV-VIS diffuse reflectance spectra of prepared catalysts

Fig. 3 shows the X-ray photoelectron (XPS) spectra of
prepared samples in the region of S 2p (a), N 1s (b) and Ti 2p
(c). In the spectrum of S 2p region (Fig. 3a), the peak around
168.2 eV which attributed to S6+ was observed for NS-TO.
This indicated that the sulfur atoms (S6+) substituted Ti4+ to
incorporate into TiO2 framework.
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Fig. 3. XP spectra of prepared samples in the region of S 2p (a), N 1s (b)
and Ti 2p (c)

Up to now, the assignment of the XPS peak of N 1s is still
under debate. Since the preparation methods and conditions
considerably affect nitrogen XPS spectral features, the peak

positions may be different from different literatures. In addition,
the different nitrogen source may also influence the charac-
teristics of the nitrogen state. Cong et al.17 reported that the
peak in the range of 397-401 eV was the N 1s peak when
using the wet chemical method. In the region of N 1s (Fig. 3b),
the N 1s peak of NS-TO is around 399.5 eV, which is attributed
to the N 1s electron binding energy of the N atom in the environ-
ment of O-Ti-N18. This binding energy is higher than the typical
binding energy of 396.9 eV in TiN. When nitrogen replaces
the oxygen in the O-Ti-O structure, the electron density around
N will be reduced. Thus, the N1s binding energy in an O-Ti-N
environment is higher than that in an N-Ti-N environment. In
the region of Ti 2p (Fig. 3c), an obvious shift to lower binding
energy was observed for NS-TO compared with undoped TO.
The shifts of binding energy for Ti4+ species may be associated
with the formation of S-Ti-O and N-Ti-O structure in NS-TO
after doping. Due to the higher electronegativity of oxygen,
partial electrons of S and N might be transferred to Ti, leading
to the increased electron density of Ti. This increased electron
density led to the decreased binding energy of NS-TO.

Photoluminescence emission spectra are used to determine
the efficiency of trapping, migration and transfer of a charge
carrier and to understand the fate of electron-hole pairs in semi-
conductors19. Fig. 4 shows the photoluminescence spectra of
the prepared catalysts using excitation at 241 nm. The photolu-
minescence intensity of TiO2 was stronger than the photolumi-
nescence intensities of doping samples. This phenomenon may
result from the photoluminescence quenching after N and S
doping in TiO2. Most of the electrons and holes recombine
within a few nanoseconds in the absence of scavengers. If
scavengers or surface defects are present to trap the electrons
or holes, the electron-hole recombination can be suppressed,
leading to an enhancement of the subsequent photocatalytic
reactions20. It is shown that NS-TO shows the lowest photolumi-
nescence intensity, indicating the electron-hole recombination
restrained effectively after N, S codoping.
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Fig. 4. Photoluminescence emission spectra of prepared catalysts

The photocatalytic activities of prepared samples under
visible light are shown in Fig. 5. Titanium dioxide (TO) has no
photocatalytic activity for the degradation of methylene blue,
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whereas N-TO, S-TO and NS-TO exhibited much higher
photocatalytic activities than TO. This may be attributed to
the reduced particle size, optimal anatase/rutile ratio and
enhanced visible light absorption. The number of surface active
sites will increase with reducing the particle size, leading to
the increase in the surface charge carrier transfer rate in photo-
catalysis process and thus to the decrease in the electron-hole
recombination1,2. It is generally accepted that TiO2 with an
anatase/rutile ratio of 3, such as NS-TO, showed the highest
photocatalytic activity21. The interface between the two phases
may act as a rapid separation site for the photo-generated
electrons and holes due to the difference in the energy level of
their conduction bands and valence bands. NS-TO showed
the highest photocatalytic activity among the samples. Besides
the reduced particle size, optimal anatase/rutile ratio and
reduced electron-hole recombination rate, another important
reason is probably due to NS-TO absorbed more visible light,
leading to its better visible light utilization rate than other
samples.
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Fig. 5. Photocatalytic activities of prepared catalysts under visible light

Conclusion

N, S co-doped TiO2 was prepared by a hydrothermal
process. The particle size of prepared sample was reduced by
N doping. The S doping imprved the formation of anatase
TiO2. The N, S co-doped TiO2 absorbed more visible light
than other samples. TO has no photocatalytic activity for the
degradation of methylene blue, whereas N-TO, S-TO and NS-
TO exhibited much higher photocatalytic activities. NS-TO

exhibited the highest activity, probably due to the synergistic
effect of reduced particle size, optimal anatase/rutile ratio,
reduced electron-hole recombination rate and more absorption
in visible light region.
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