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Abstract

A simple method for preparing highly photoactive nanocrystalline mesoporous N,S-codoped TiO2 powders was developed by hydrolysis of
Ti(SO4)2 in a NH3·H2O solution at room temperature. The as-prepared TiO2 powders were characterized with X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), thermalgravimetric and differential thermal analysis (TG–DTA), UV–vis diffuse reflectance spectra, N2
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dsorption–desorption measurements, scanning electron microscope (SEM) and transmission electron microscopy (TEM). The ph
ctivity was evaluated for the photocatalytic oxidation of acetone and formaldehyde under UV light and daylight irradiation in air, res
he results showed that the as-prepared TiO2 powders exhibited a stronger absorption in the UV–vis light region and a red shift in the ba

ransition due to N,S-codoping. The photocatalytic activity of the as-prepared N,S-codoped TiO2 powders at a temperature range of 400–70◦C
ere obviously higher than that of commercial Degussa P25. Especially, the daylight-induced photocatalytic activities of the as-pre
odoped TiO2 powders were about ten times greater than that of Degussa P25. The high activities of the N,S-codoped TiO2 can be attributed t
he results of the synergetic effects of strong absorption in the UV–vis light region, red shift in adsorption edge, good crystallization, larace
rea and two phase structures of undoped TiO2 and N,S-codoped TiO2.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, in order to solve the increasingly serious
nvironmental pollution problems, heterogeneous semiconduc-

or photocatalysis gradually becomes a popular technique for
ts potential to control aqueous contaminates or air pollutants.
mong various oxide semiconductors, TiO2 has been proved to
e the most suitable photocatalyst for widespread environmen-

al applications because of its biological and chemical inertness,
trong oxidizing power, non-toxicity and long-term stability
gainst photo and chemical corrosion[1–9]. However, TiO2 can
e activated only under UV light of wavelengths <387 nm irradi-
tion due to its large band gap of 3.2 eV. The solar spectrum usu-
lly contains about 4% UV light. Therefore, the optical response
f TiO2 shifting into the visible-light region will enhance its
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photocatalytic activity under daylight or solar irradiation[10].
Furthermore, to reduce the recombination of photo-gene
electrons and holes of TiO2, and to extend its light absorpti
into the visible-light region, various metal and non-metal
have been doped into titania[11–20]. Especially, Asahi et a
reported that the photocatalytic activity and hydrophilicity
TiO2 could be enhanced by nitrogen doped into the sub
tional sites of TiO2 (TiO2−xNx) [21]. This is due to the fac
that the band gap of TiO2 can be narrowed by these eleme
doping, and thus make the absorption edge of TiO2 moving to
the visible-light region. Recently, Umebayashi et al.[22–24]
have succeeded to synthesize S-doped TiO2, which was used a
an efficient visible-light-induced photocatalyst for visible-li
photocatalytic degradation of methylene blue. They sugg
that sulfur was doped as an anion and replaced the lattice
gen in TiO2. Ohno et al.[25–27] found that S atoms could b
incorporated as cations and replaced Ti ions in the sulfur-d
TiO2 photocatalyst. Zhao et al.[28] and Majima and co-worke
[29] reported that doping TiO2 with boron or sulfur could als

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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reduce its band gap and shift its optical response to the visible-
light region. Undeniably, the non-metal-element-doping of TiO2
photocatalyst become a hot research topic, and it opens up a new
possibility for the development of solar- or daylight-induced
photocatalytic materials.

These non-metal elements, such as N, F, S and B, 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 [30–41]. However, to the best of our knowledge,
the effects of N,S-codoping and heat-treatment temperature on
the photocatalytic activity and microstructures of nanocrys-
talline mesoporous TiO2 powders prepared by a facile precipitate
method using Ti(SO4)2 and NH3·H2O as precursors have not
been reported. This work may provide new insights into the
preparation of highly photoactive TiO2 powders.

2. Experimental

2.1. Preparation

All chemicals used in this study were reagent-grade with-
out further purification. Deionized water was used in the whole
experiment. The TiO2 powders were synthesized by hydroly-
sis of Ti(SO4)2 in a NH3·H2O aqueous solution. The aqueous
solution of Ti(SO4)2 (0.5 M, 50 mL) was added drop-wise to a
100 mL NH ·H O aqueous solution (1.0 M) in a 250 mL beaker
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tus. All the calcined samples and Degussa P25 were degassed at
180◦C prior to nitrogen adsorption measurements. The BET sur-
face area was determined by multipoint BET method using the
adsorption data in the relative pressure (P/P0) range of 0.05–0.3.
Desorption isotherm was used to determine the pore size dis-
tribution via the Barret–Joyner–Halender (BJH) method with
cylindrical pore size[45]. The nitrogen adsorption volume at
the relative pressure (P/P0) of 0.994 was used to determine the
pore volume and average pore size. Crystallite sizes and shapes
were observed using transmission electron microscopy (TEM)
(JEOL 1200EX, Japan). The particle morphologies of TiO2 pow-
ders were characterized by scanning electron microscopy (SEM)
(type JSM-5610LV) with an accelerating voltage of 20 kV. X-
ray photoelectron spectroscopy (XPS) measurements were done
with a Kratos XSAM800 XPS system with Cu K� source and
a charge neutralizer; all the binding energies were referenced
to the C 1s peak at 284.8 eV of the surface adventitious car-
bon. UV–vis diffused reflectance spectra of TiO2 powders were
obtained for the dry-pressed disk samples using a UV–vis spec-
trophotometer (UV2550, Shimadzu, Japan). BaSO4 was used as
a reflectance standard in a UV–vis diffuse reflectance experi-
ment.

2.3. Measurement of photocatalytic activity

The photocatalytic activity experiments of the as-prepared
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nder continuous stirring for 60 min. After hydrolysis react

he white precipitate was centrifuged, and then washed with
illed water and alcohol for five times. The obtained white
ere dried under vacuum at 80◦C for 10 h and were ground
btain xerogel samples. The white xerogel were calcined a
00, 600, 700 and 800◦C in air for 3 h, respectively.

.2. Characterization

The crystallization behavior was monitored using a DTA–
nstrument (Netzsch STA 449C) in airflow of 100 mL min−1

t a heating rate of 10◦C min−1 from room temperature
00◦C. The X-ray diffraction (XRD) patterns obtained on
-ray diffractometer (type HZG41B-PC) using Cu K� irradia-

ion at a scan rate of 0.05◦ 2θ s−1 were used to determine t
dentity of any phase present and their crystallite size. The a
rating voltage and the applied current were 15 kV and 20
espectively. If the sample contains anatase and rutile ph
he mass fraction of rutile can be calculated according to Eq(1)
11,42–44].

R = AR

0.886AA + AR
(1)

here AA and AR represent the integrated intensities of
natase (1 0 1) and rutile (1 1 0) peaks, respectively. The av
rystallite sizes of anatase and rutile were determined acco
o the Scherrer equation using the full-width half-maximum
f each phase after correcting the instrumental broadening
runauer–Emmett–Teller (BET) surface area (SBET) of the pow-
ers was analyzed by nitrogen adsorption in an AUTOSOR
Quantachrome Instruments, USA) nitrogen adsorption ap
-
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iO2 powders and Degussa P25 for the oxidation of ace
r formaldehyde in air were performed at ambient tempera
sing a 15 L photocatalytic reactor[46,47]. The catalysts wer
repared by coating an aqueous suspension of TiO2 powders
nto three dishes with a diameter of about 9.0 cm. The w
f catalysts used for each experiment was kept 0.3 g. The d
ontaining catalysts were dried in an oven at 100◦C for abou
h to evaporate the water and then cooled to room tempe
efore used. After TiO2-coated dishes were placed in the re

or, a small amount of acetone or formaldehyde was inje
nto the reactor with a micro-syringe. The analysis of acet
ormaldehyde, carbon dioxide and water vapor concentrati
he reactor was conducted on line with a Photoacoustic IR M
as Monitor (INNOVA Air Tech Instruments Model 1312). T
cetone or formaldehyde vapor was allowed to reach ad

ion equilibrium with catalysts in the reactor prior to UV lig
r daylight irradiation. The initial concentration of acetone

ormaldehyde after adsorption equilibrium was controlle
50± 10 and 200± 10 ppm, respectively. Which remained c
tant for about 5 min until a UV or daylight lamp (6 cm above
ishes) in the reactor was turned on. Integrated UV and day

ntensity were measured with a UV radiometer (UV-A, m
n Photoelectric Instrument Factory of Beijing Normal Univ
ity) were 2.9± 0.1 mW/cm2 (the peak intensity of 365 nm) a
.46± 0.01 mW/cm2 (the peak intensity of 420 nm), resp

ively. The initial temperature was 25± 1◦C and each set o
xperiment in UV and daylight illumination was performed
0 and 180 min, respectively.

Since photocatalytic degradation of acetone or formalde
n the surface of mesoporous TiO2 powders is a heterogeno
eaction, which generally follows a Langmuir–Hinshelwo
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mechanism[2,4,48,49]with the rater being proportional to the
coverageθ:

r = kθ = kKc

1 + Kc
(2)

wherek is the true rate constant including various parameters,
such as the mass of catalyst, the intensity of ultraviolet or visible-
light, etc. andK is the adsorption constant. In a heterogenous
solid–gas reaction, the photocatalytic reaction of acetone or
formaldehyde on the surface of TiO2 powders is a pseudo-first
order reaction and its kinetic equation may be expressed as fol-
lows:

r = −dc

dt
= kKc = kac (3)

whereka is the apparent rate constant of pseudo-first order. So,
the decrease of gas concentration will follow the arithmetical
progression proportion. The rate equation is

ln
c0

ct

= kat (4)

Furthermore, the photocatalytic activity of the samples can
also be quantitatively evaluated by comparing the removal effi-
ciency of reactant (R(%)).R(%) was calculated according to the
following equation[46]:

R
[gas] − [gas]
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Fig. 2. XRD patterns of the as-prepared TiO2 powders calcined at different
temperatures.

the thermal decomposition of unhydrolyzed Ti(SO4)2 remained
in the TiO2 xerogel powders[11]. The DTA curve also shows
two exothermic peaks at about 395 and 475◦C, respectively. The
two peaks are probably caused by the phase transformation of
amorphous to anatase[50,51]. Why there are two phase trans-
formation temperatures (from amorphous to anatase) existed in
the xerogel? One possible explanation is that the TiO2 xerogel
samples contain two kinds of TiO2: doped and undoped TiO2
(as shown inFigs. 6 and 7). The exothermic peak at 395◦C
can be assigned to the phase transformation from amorphous
to anatase of undoped (pure) TiO2 in the as-prepared powders
[52]. The other exothermic peak for the phase transformation
from amorphous to anatase shifts to a higher temperature. This
is probably ascribed to the fact that the phase transformation of
the N,S-codoped TiO2 from amorphous to anatase is suppressed
by the presence of N and S elements (as shown inFig. 6). At
around 805◦C, a broad exothermic peak is observed, which can
be assigned to the phase transformation from anatase to rutile (as
shown inFig. 2). It can be concluded from the DTA result that
the as-prepared TiO2 sample was amorphous. The TG curve can
be roughly divided into three stages. The first stage is from room
temperature to 200◦C, over which the mass loss is the greatest.
A mass loss of up to 12.0% was observed, which was caused
by the evaporation of the physical adsorbed water and alcohol
from the xerogels[11]. The second stage is from 200 to 500◦C,
where the mass loss is about 10.0%. This can be assigned to
t .
T ut
4 ater
[

3

truc-
t ter
h m-
p It
c influ-
(%) = 0 t

[gas]0
× 100% (5)

here [gas]0 and [gas]t represent the initial equilibrium conce
ration and reaction concentration of reactant, respectively

. Results and discussion

.1. Thermal analysis

Fig. 1 shows the differential thermal analysis–therm
ravimetry (DTA–TG) curves of the TiO2 xerogel powder
repared by hydrolysis of Ti(SO4)2 in a NH3·H2O solution a
oom temperature and dried under vacuum at 80◦C for 10 h. A
ery small endothermic peak at about 100◦C was due to the de
rption of the physically adsorbed water and alcohol[50]. The
elatively great exothermic peak at 270◦C probably comes from

ig. 1. DTA–TG curves of the as-prepared TiO2 xerogel powders dried at 80◦C.
he decomposition of unhydrolyzed Ti(SO4)2 in the xerogels
he third stage is from 500 to 900◦C and the mass loss is abo
.0%, which is attributed to the removal of chemisorbed w

53].

.2. Phase structure

XRD was used to investigate the changes of phase s
ure of the as-prepared TiO2 xerogel powders before and af
eat-treatment.Fig. 2 shows the effects of calcination te
erature on the phase structures of TiO2 xerogel powders.
an be seen that the calcination temperature obviously
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Table 1
Effects of calcination temperatures on physical properties of TiO2 powders

Temperature (◦C) Phase contenta SBET
b (m2/g) Pore volumec (cm3/g) Average pore sizec (nm) Porosityd (%) Crystalline sizee (nm)

400 A 192.5 0.611 12.7 70.5 12.0(1.0)
500 A 145.2 0.507 14.0 66.4 13.6(1.3)
600 A 91.5 0.427 18.7 62.5 19.4(1.6)
700 A(81%) + R(19%) 56.1 0.342 24.4 57.2 38.2(A)(2.3)
800 A(7%) + R(93%) 14.7 0.171 46.5 40.0 68.1(R)
P25 A(80%) + R(20%) 63.0 0.060 3.8 19.0 30.0(A)

a A and R denote anatase and rutile, respectively.
b The BET surface area was determined by multipoint BET method using the adsorption data inP/P0 range from 0.05 to 0.3.
c Pore volume and average pore size were determined by nitrogen adsorption volume atP/P0 = 0.994.
d The porosity is estimated from the pore volume determined using the desorption data atP/P0 = 0.994.
e Average crystalline size of TiO2 was determined by XRD using Scherrer equation. Relative anatase crystallinity: the relative intensity of the diffraction peak

from the anatase (1 0 1) plane (indicated in parentheses, reference = sample calcined at 400◦C).

ences the crystallization and phase composition of the TiO2
powders. At 80◦C, the as-prepared powders were amorphous.
At 400◦C, anatase phase appears. With increasing calcina-
tion temperatures (from 400 to 700◦C), the peak intensities
of anatase increase and the width of the (1 0 1) plane diffrac-
tion peak of anatase (2θ = 25.4◦) becomes narrower, The rutile
phase starts to appear at 700◦C. TiO2 powders thus contain
two different phases: anatase and rutile. The mass percentages
of anatase and rutile are 81 and 19%, respectively. At 800◦C,
rutile is a main phase and its content is 93% (as shown in
Table 1).

The structure of TiO2 powders was further studied by TEM
image and selective area electron diffraction (SAED).Fig. 3(a)
shows the TEM image and SAED pattern (inset) of the TiO2
powders obtained at 500◦C. It can be seen that the primary parti-
cle size is about 14± 2 nm, which is in agreement with the value
of the crystallite size determined by XRD (14.0 nm) (as shown
in Table 1). The phase structure of TiO2 at 500◦C was also con-
firmed to be anatase phase by SAED analysis.Fig. 3(b) shows
SEM micrographs of the TiO2 powders calcined at 500◦C. The
powders are found to be fine and slightly agglomerated. Further
observation indicates that the morphology of TiO2 powders is
very rough and may be beneficial to enhancing the adsorption
of reactants due to its great surface roughness and high surface
area.

3.3. BET surface areas and pore structure

Fig. 4 shows the nitrogen adsorption–desorption isotherms
of the TiO2 powders calcined at different temperatures. It can
be seen that the N2 adsorption–desorption isotherms of TiO2

Fig. 4. N2 adsorption–desorption isotherms of the as-prepared TiO2 powders
calcined at different temperatures.

and (b) SEM image of as-prepared TiO2 calcined at 500◦C.
Fig. 3. (a) TEM image and SAED pattern (inset)
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Fig. 5. Pore size distributions of the as-prepared TiO2 powders calcined at dif-
ferent temperatures.

powders vary with increasing calcination temperatures. The
isotherms of the TiO2 powders calcined from 400 to 700◦C
were a combination of types I and IV with two very distinct
regions: at low relative pressure, the isotherm exhibited high
adsorption, indicating that the powders contained micropores
(type I). However, at high relative pressure between 0.6 and 1.0,
the curve exhibited a hysteresis loop, indicating the presence
of mesopores (type IV). At 800◦C, the isotherm of the TiO2
powders belongs to type IV. With increasing calcination tem-
perature, the hysteresis loops in the N2 adsorption–desorption
isotherms shifted to the region of higher relative pressure, and
the areas of the hysteresis loops decrease. This indicated that the
average pore size increased and the volume of pore decreased
with increasing calcination temperatures[54]. Fig. 5shows the
pore size distribution of the TiO2 powders calcined at different
temperatures. All the powders except for the sample calcined at
800◦C show bimodal pore size distributions, that is, micropores
with average pore diameters of 1.8 nm and mesopores with aver-
age pore diameters about 12.7–46.5 nm. The micropores may
be resulted from intra-aggregated pores, while the mesopores
may be assigned to the pores among inter-aggregated particles
[54–56]. It can be seen that the diameter ranges of pores were
located at 1.5–130 nm. With increasing calcination temperature,
the average pore size increased from 12.7 to 46.5 nm. There were
two factors resulting in the increase of pore size. One was that
the smaller pores endured much greater stress than the bigg
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Fig. 6. XPS survey spectrum of the as-prepared TiO2 powders calcined at
500◦C.

0.171 cm3/g and 40.0%, respectively. It is easy to note that all
powders show a monotonic increase in the average pore size and
the average crystalline size with increasing calcination temper-
ature.

3.4. XPS analysis

Fig. 6shows the XPS survey spectrum of the TiO2 powders
calcined at 500◦C. XPS survey spectrum shows that the TiO2
powders contain not only Ti and O elements, but also a small
amount of N, S and C elements. The following binding energies
of elements are used in our quantitative measurements: Ti 2p at
458 eV, O 1s at 531 eV, N 1s at 400 eV, S 2p at 169 eV and C 1s at
285 eV. The atomic ratio of Ti:O:N:S is 1:2.03:0.04:0.03, which
is in good agreement with the nominal atomic composition of
TiO2. The C element is ascribed to the adventitious hydrocar-
bons from the XPS instrument itself. The XPS spectra of other
samples are similar.

Fig. 7(a) shows the high-resolution XPS spectra of the N 1s
region, taken on the surface of TiO2 powders. The N 1s region
can be fitted into two peaks. The one is attributed to the Ti–N
(binding energy is 400.4 eV)[33], which is probably formed by
a nucleophilic substitution reaction between NH3 and Ti(SO4)2
during the hydrolysis[11]. The other is probably assigned to
some NH3 adsorbed on the surface of TiO2 [34,35]. It can be
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ores, so the small pores collapsed firstly during calcination
ther was that the bigger crystallites aggregation could form
er pores. Therefore, the diameter of pore became bigger

he volume of pore became smaller with increasing calcin
emperature.

Table 1shows the effects of calcination temperature on
hysical properties of the TiO2 powders. It can be seen fro
able 1that TiO2 powders calcined at 400◦C show a large spe
ific surface area, pore volume and porosity, and their va
each 192.5 m2/g, 0.611 cm3/g and 70.5%, respectively. Wi
ncreasing calcination temperature, the specific surface a
ore volumes and porosity steadily decreased due to the g
f TiO2 crystallite. At 800◦C, the specific surface area, pore v
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ig. 7. High-resolution XPS spectra of N 1s (a) and S 2p (b) region o
s-prepared TiO2 powders calcined at 500◦C.
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Fig. 8. UV–vis absorption spectra of the as-prepared TiO2 powders calcined at
different temperatures.

seen fromFig. 7(b) that the peak of S 2p3/2 contains two iso-
lated peaks at binding energies of 168.7 and 162.3 eV, which
can be attributed to the S (+VI) and S (−II), respectively. The S
(+VI) may be assigned to the SO4

2− ions adsorbed on the sur-
face of TiO2 powders. The peak at 162.3 eV corresponds to the
Ti–S bond due to the fact that S atoms replaced O atoms in the
TiO2 lattice[36]. It can be reasonable to deduce that if the S2−
ions replace the O2− ions in the lattice of TiO2, a lattice distort
may be created due to a large ionic radius difference between
S2− (1.7Å) and O2− (1.22Å) [39]. XRD results further confirm
the above deduction. The cell parametersa and c (calculated
according to XRD result) of the N,S-codoped TiO2 powders cal-
cined at 500◦C were 3.785 and 9.512̊A, respectively[57], which
were slightly bigger than those of pure anatase TiO2 (JPCDS
Card: 86–1157,a = 3.783Å, c = 9.497Å, space group:I41/amd).
According to the above XPS results, it can be inferred that N and
S elements were in situ codoped into TiO2 during hydrolysis of
Ti(SO4)2 in a NH3·H2O solution, and the N and S elements came
from Ti(SO4)2 and NH3·H2O, respectively.

3.5. UV–vis diffuse reflectance spectra

Usually, anions doping obviously affects light absorption
characteristics of TiO2 [19–21,28,29]. Fig. 8shows the UV–vis
absorption spectra of the N,S-codoped TiO2 and Degussa P25
p gths
s d ga
a ped
T light
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p
l
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t in
t nd
t
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Fig. 9. Plots of the (αhv)2 vs. photon energy (hv) for the as-prepared TiO2
powders calcined at different temperatures.

to participate in the photocatalytic reaction. All these would
enhance the photocatalytic activity of the N,S-codoped TiO2
powders.

The red shift is ascribed to the fact that N,S-codoping can
narrow the bad gap of the TiO2. Further observation shows that
the absorbance increases with increasing calcination tempera-
ture. At 400◦C, the absorbance of N,S-codoped TiO2 in the UV
region is similar to that of P25 and the absorbance in the visible
region is higher than that of P25. At 500◦C, the absorbance of
N,S-codoped TiO2 is obviously higher than that of P25 in the
whole UV–vis light region. This may be attributed to the fact
that the high-temperature calcination can induce N and S ele-
ments doped into the lattice of TiO2, resulting in the narrowing
of the band gap. Other groups also reported similar results. For
example, Colussi and co-workers[32] and Hashimoto and co-
workers[56] prepared N-doped TiO2 with visible-light activity
by treating commercial anatase TiO2 powders at 550◦C under
a NH3 flow for 3 h. Li et al.[37,38] synthesized N,F-codoped
TiO2 via spray pyrolysis method above 500◦C. Yu et al.[36]
also fabricated S-doped TiO2 by calcination in air at 500◦C for
1 h. At 800◦C, the N,S-codoped TiO2 powders show a greatest
red shift in the band gap transition due to the formation of rutile
phase and growth of TiO2 crystallite.

The absorption edge shifts toward longer wavelengths for the
N,S-codoped TiO2 powders. This clearly indicates a decrease
in the band gap energy of TiO. The direct band gap energy
c y
( od
a
a red
a

α

w t
M
l n
e ies
owders. A significant increase in the absorption at wavelen
horter than 400 nm can be assigned to the intrinsic ban
bsorption of TiO2. The absorption spectra of the N,S-codo
iO2 samples show a stronger absorption in the UV–vis
egion and a red shift in the band gap transition. Generally
hotocatalytic activity is proportional to (I�φ)n (n = 1 for low

ight intensity andn = 1/2 for high light intensity), whereI� is
he photo numbers absorbed by photocatalyst per secondφ
s the efficiency of the band gap transition. The enhanceme
he photoactivity with N,S-codoping can be partly explaine
erms of an increase inI�φ resulting from intensive absorbance
he UV region[2,11]. Moreover, N and S codoping also expa
he wavelength response range of TiO2 into the visible region
nd increased the number of photo-generated electrons and
p

f

es

2
an be estimated from a plot of (αhν)2 versus photon energ
hν). The intercept of the tangent to the plot will give a go
pproximation of the band gap energy for TiO2 [15,58,59]. The
bsorption coefficientα can be calculated from the measu
bsorbance (A) according to the following equation[11],

= 2.303ρ103

lcM
A (6)

here the density ρ = 3.90 g cm−3, molecular weigh
= 80.0 g mol−1, c the molar concentration of TiO2 and

is the optical path length. Plots of the (αhν)2 versus photo
nergy (hν) are shown inFig. 9. The direct band gap energ
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Fig. 10. The dependence of the apparent rate constants (k, min−1) of photocat-
alytic oxidation of acetone under UV irradiation on calcination temperature.

estimated from the intercept of the tangents to the plots are 3.18,
3.08, 3.05, 2.98 and 2.90 eV for the N,S-codoped TiO2 samples
calcined at 400, 500, 600, 700 and 800◦C, respectively. The
direct band gap energy of P25 is 3.00 eV. Therefore, it is not
surprising that the direct band gap energy of the as-prepared
powders is lower than that of anatase TiO2 (pH 1, 3.20 eV) due
to N,S-codoping.

3.6. Photocatalytic activity

The photocatalytic activity of the as-prepared TiO2 powders
was evaluated by the photodegradation of acetone or formalde
hyde in air. However, under dark conditions without light illumi-
nation, the content of formaldehyde or acetone does not chang
for every measurement using various the as-prepared TiO2 pow-
ders. Illumination in the absence of TiO2 powders does not result
in the photocatalytic reaction. Therefore, the presence of both
illumination and TiO2 powders is necessary for the efficient
degradation. These results also suggest that the photocataly
degradation of acetone or formaldehyde was caused by photo
catalytic oxidation reactions on the surface of TiO2 powders
under the light illumination.

Many studies have shown that calcination is an effective treat
ment method to enhance the photoactivity and crystallization
of nanosized TiO2 photocatalysts[32,60–63]. Fig. 10 shows
the dependence of the apparent rate constants (k, min−1) for
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recognized as an excellent photocatalyst[2,63]. The high pho-
tocatalytic activity of the 500◦C sample is partially due to its
large surface area, small crystallite size and good crystallization
(as shown inTable 1). The specific surface area and crystallite
size of P25 are about 63.0 m2/g and 30 nm, respectively. More-
over, the intense absorption in the UV–vis light region and a red
shift in the band gap transition of the N,S-codoped TiO2 samples
indicated that more photo-generated electrons and holes can par-
ticipate in the photocatalytic reactions. Similar results have been
also observed for the nitrogen and fluorine ions doping of TiO2
[11,64–66]. It is well known that titania has three different crys-
talline phase: anatase, rutile and brookite, and the rutile has the
lowest photocatalytic activity. The decrease in the phtotcatalytic
activity of the N,S-codoped TiO2 powders calcined at above
600◦C is due to the following factors. First, according to XRD
results, the phase transformation of anatase to rutile occurred at
about 700◦C. At 800◦C, the TiO2 powders are mainly composed
of rutile. Second, the sintering and growth of TiO2 crystallites
result in the significant decrease of surface area of the TiO2 pow-
ders (as shown inTable 1). Also, the phase transformation from
anatase to rutile further accelerates the growth of crystallites by
providing the heat of phase transformation[53]. These causes
may result in the rapid decrease of photocatalytic activity.

To further evaluate the photocatalytic properties of the as-
prepared TiO2 powders, the photodegradation of formaldehyde
under daylight irradiation was also investigated.Fig. 11shows
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hotocatalytic oxidation of acetone under UV irradiation on
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f Ti(SO4)2 in a NH3·H2O aqueous solution. There is no p

ocatalytic activity observed when the calcination tempera
s below 400◦C, which is due to the fact that the TiO2 pow-
ers are composed of amorphous TiO2. The sample calcined
00◦C shows decent photocatalytic activity with a rate cons
f 9.0× 10−3. This is due to the formation of anatase ph
he rate constant increases with increasing calcination tem
ture. The enhancement of photocatalytic activity at elev

emperatures can be ascribed to an obvious improvement
tive anatase crystallinity (as shown inTable 1). At 500◦C, the
reaches the highest value of 2.0× 10−2. This rate constant
ignificantly higher than that of P25 (k = 6.1× 10−3), which is
-
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he dependence of the removal efficiency (R(%)) of photocat
lytic oxidation of formaldehyde under daylight irradiation
alcination temperature. At 400◦C, The sample shows high ph
ocatalytic activity for photocatalytic oxidation of formaldehy
nder daylight irradiation. With increasing calcination tem
ture, the removal efficiency (R) increased. At 500◦C, the pho

ocatalytic activity of the powders reached a maximum v
f R(%) = 64.0%. The value ofR(%) is more than 10 time
igher than that of P25 (R(%) = 5.0%). At a higher temper

ure, the removal efficiencies steadily decreased and reac
inimum value of 2.0% at 800◦C. This result further confirme

hat the sample calcined at 500◦C possessed the highest pho

ig. 11. The dependence of the removal efficiency (R(%)) of photocatalytic
xidation of formaldehyde under daylight irradiation on calcination tempera
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catalytic activity. It can be seen from the above results that the
TiO2 powders showed similar photocatalytic activities for pho-
todegradation of both formaldehyde and acetone. The visible-
light activity of the N,S-codoped TiO2 may be caused due to
band gap narrowing by mixing the N 2p and S 3p states with
O 2p states, respectively. Hashimoto and co-workers[56,67]
provided an alternative explanation that a localized N 2p state
formed above the valence band was the origin for the visible-
light activity of the nitrogen-doped TiO2. Yu et al.[36] found that
sulfur doping can indeed create intra-band gap states close to the
conduction band edges, and thus induces visible-light absorp-
tion at the sub-band gap energy. Apart from band gap narrowing
of the N,S-codoped TiO2 powders, the constitution of the TiO2
(doped and undoped TiO2) also pay an important role in its high
photoactivity. Usually, the composite of two kinds of semicon-
ductors or two phases of the same semiconductor is beneficial
in reducing the recombination of photo-generated electrons and
holes, and thus enhances photocatalytic activity[41]. The inter-
face 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.
Therefore, the N,S-codoped TiO2 powders prepared by hydrol-
ysis method exhibit a significant photoactivity under daylight
illumination due to the fact that the as-prepared TiO2 pow-
ders consist of two phases of undoped TiO2 and N,S-codoped
TiO .
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. Conclusion

. Highly active nanocrystalline mesoporous N,S-codo
TiO2 photocatalysts were successfully prepared by a in
wet chemical method. The photocatalytic activities of
as-prepared N,S-codoped TiO2 powders calcined at a tem
perature range of 400–700◦C are obviously higher than th
of commercial Degussa P25.

. The N,S-codoped TiO2 powders showed a stronger abso
tion in the UV–vis light region and a red shift in the band
transition due to the fact that the band gap of N,S-cod
TiO2 powders were narrowed by mixing the N 2p and S
states with O 2p states.

. The daylight-induced photocatalytic activities of the
prepared N,S-codoped TiO2 powders were about ten tim
greater than that of Degussa P25. The high photoacti
of the as-prepared TiO2 can be attributed to the results
the synergetic effects of strong absorption in the UV
light region, red shift in adsorption edge, good crystall
tion, large surface area and two phase structures of und
TiO2 and N,S-codoped TiO2.
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