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bstract

A simple method for preparing highly daylight-induced photoactive nanocrystalline C,N,S-tridoped TiO2 powders was developed by a solid-
hase reaction. The as-prepared TiO2 powders were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), UV–vis
iffuse reflectance spectra, N2 adsorption–desorption measurements and transmission electron microscopy (TEM). The photocatalytic activity was
valuated by the photocatalytic oxidation of formaldehyde under daylight irradiation in air. The results show that daylight-induced photocatalytic
ctivities of the as-prepared TiO2 powders were improved by C,N,S-tridoping. The C,N,S-tridoped TiO2 powders exhibited stronger absorption
n the near UV and visible-light region with red shift in the band-gap transition. When the molar ratio of CS(NH2)2 to xerogel TiO2 powders
prepared by hydrolysis of Ti(OC4H9)4 in distilled water) (R) was kept in 3, the daylight-induced photocatalytic activities of the as-prepared

,N,S-tridoped TiO2 powders were about more than six times greater than that of Degussa P25 and un-doped TiO2 powders. The high activities of

he C,N,S-tridoped TiO2 can be attributed to the results of the synergetic effects of strong absorption in the near UV and visible-light region, red
hift in adsorption edge and two phase structures of un-doped TiO2 and C,N,S-tridoped TiO2.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Daylight-driven semiconductor-mediated photocatalytic
echnology has attracted much attention because it is a vital
tep in using solar energy to eliminate undesired chemical
ubstances for environment conservation and to split water
or green-energy hydrogen production [1]. Among various
emiconductors, TiO2 has been proved to be the most suitable
hotocatalyst for widespread environmental applications
ecause of its biological and chemical inertness, strong oxidiz-
ng power, non-toxicity and long-term stability against photo
nd chemical corrosion [2–11]. However, the anatase TiO2

an be activated only under UV light of wavelengths <387 nm
rradiation due to its large band-gap of 3.2 eV. Therefore,
he optical response of TiO2 shifting into the visible-light
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egion will enhance its photocatalytic activity under daylight or
olar irradiation due to the solar spectrum usually containing
bout 4% UV light [10,11]. Fortunately, recent study have
evealed that the shortcomings of TiO2 can be overcome by
oping it with some non-metallic elements [11–21] such as
, F, S, C, B, etc. Especially, Asahi et al. reported that the
hotocatalytic activity and hydrophilicity of TiO2 could be
nhanced by nitrogen doped into the substitutional sites of TiO2
TiO2−xNx) [21]. Umebayashi et al. [22–24] have succeeded
o synthesize S-doped TiO2, which was used as an efficient
isible-light-induced photocatalyst for photocatalytic degrada-
ion of methylene blue. Ohno et al. [25–27] found that S could
e incorporated as cations and replaced Ti ions in the TiO2
hotocatalysts. Zhao et al. [28] and Majima and co-workers [29]
eported that doping TiO2 with boron or sulfur could also reduce

ts band-gap and shift its optical response to the visible-light
egion. Recently, we prepared daylight-induced N,S-codoped
iO2 photocatalysts with a high-photocatalytic activity using
i(SO4)2 and NH3·H2O as presursors [30]. Undeniably, the
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XRD was used to investigate the phase structure of the as-
prepared TiO2 powders at 500 ◦C. Fig. 1 shows the effects of
R on the phase structures of the TiO2 powders. All diffraction
230 M. Zhou, J. Yu / Journal of Hazar

odification of TiO2 photocatalysts involves the doping with
on-metal elements resulting in a desired band-gap narrowing
nd an enhancement in the photocatalytic efficiency under
aylight-induced. This technique opens up a new possibility for
he development of solar- or daylight-induced photocatalytic

aterials. However, to the best of our knowledge, the effects of
,N,S-tridoping on the photocatalytic activity of TiO2 powders
ave not been reported. This work may also provide new
nsights into the preparation of highly visible-light photoactive
iO2 powders.

. Experimental

.1. Preparation

All chemicals used in this study were reagent-grade without
urther purification. The xerogel TiO2 powders were synthesized
y hydrolysis of Ti(OC4H9)4 in a distilled water. The details
re as follows: Ti(OC4H9)4 (8.8 ml) was added dropwise into
100 ml distilled water in a 250 ml beaker under continuous

tirring for 120 min. After hydrolysis reaction, the white precip-
tate was centrifuged, and then washed with distilled water for
ve times. The obtained white gels were dried under vacuum
t 80 ◦C for 10 h and were ground to obtain powdered samples.
o prepare doped TiO2 samples, the as-prepared white xerogel
iO2 powders were mixed with thiourea and then calcined at
00 ◦C in air for 3 h. The molar ratio of thiourea to TiO2 (R)
s 0, 1, 2, 3 and 6, and the obtained powders were labeled as
iO2-0, TiO2-1, TiO2-2, TiO2-3 and TiO2-6, respectively. The
olor of the calcined powder samples changes and is from white
o pale yellow with increasing R.

.2. Characterization

The X-ray diffraction (XRD) patterns obtained on a X-ray
iffractometer (type HZG41B-PC) using Cu K� irradiation at a
can rate of 0.05◦ 2θ s−1 were used to determine the identity of
ny phase present and their crystallite size. The accelerating volt-
ge and the applied current were 15 kV and 20 mA, respectively.
he average crystallite sizes of TiO2 were determined accord-

ng to the Scherrer equation using the full-width half-maximum
ata of each phase after correcting the instrumental broadening.
he Brunauer–Emmett–Teller (BET) surface area (SBET) of the
owders was analyzed by nitrogen adsorption in an ASAP2020
urface area and porosity analyzer (Micromeritics, USA). All
he samples and Degussa P25 were degassed at 180oC prior to
itrogen adsorption measurements. The BET surface area was
etermined by a multipoint BET method using the adsorption
ata in the relative pressure (P/P0) range of 0.05–0.25. Desorp-
ion isotherm was used to determine the pore size distribution via
he Barret–Joyner–Halender (BJH) method with cylindrical pore
ize [31]. The nitrogen adsorption volume at the relative pres-
ure (P/P0) of 0.994 was used to determine the pore volume and

verage pore sizes. Crystallite sizes and shapes were observed
sing transmission electron microscopy (TEM) (JEOL 1200EX,
apan). X-ray photoelectron spectroscopy (XPS) measurements
ere done with a Kratos XSAM800 XPS system with Mg K�

F
5
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ource and a charge neutralizer; all the binding energies were ref-
renced to the C 1s peak at 284.8 eV of the surface adventitious
arbon. UV–vis diffused reflectance spectra of TiO2 powders
ere obtained for the dry-pressed disk samples using a UV–vis

pectrophotometer (UV2550, Shimadzu, Japan.). BaSO4 was
sed as a reflectance standard in a UV–vis diffuse reflectance
xperiment.

.3. Measurement of photocatalytic activity

The photocatalytic activity experiments of the prepared TiO2
owders and Degussa P25 for the oxidation of formaldehyde in
ir were performed at ambient temperature using a 15 L pho-
ocatalytic reactor. The detailed experimental process can be
ound in our previous studies [32,33]. The weight of catalysts
sed for each experiment was kept 0.20 g and the initial con-
entration of formaldehyde after adsorption equilibrium was
ontrolled at 200 ± 10 ppm. Integrated daylight intensity was
.46 ± 0.01 mW/cm2 with the peak intensity of 420 nm. Each
et of experiment in daylight illumination was performed for
20 min.

The photocatalytic activity of the catalysts can be quantita-
ively evaluated by comparing the removal efficiency of reactant
RE (%)). RE (%) was calculated according to the following
quation [32]:

E (%) = [gas]0 − [gas]t
[gas]0

× 100 (1)

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

. Results and discussion

.1. Phase structures
ig. 1. XRD patterns of the un-doped and tri-doped TiO2 powders calcined at
00 ◦C.
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Table 1
Effects of R on physical properties of the un-doped and tri-doped TiO2 powders

Sample Phase contenta Crystalline sizeb (nm) Surface areac (m2/g) Pore volumed (cm3/g) Average pore size (nm)

TiO2-0 A 19.5 83.4 0.31 14.6
TiO2-1 A 19.4 83.7 0.35 16.5
TiO2-2 A 18.5 84.5 0.34 16.9
TiO2-3 A 18.3 88.4 0.32 13.5
TiO2-6 A 16.6 93.8 0.30 13.4
P25 A(80%) + R(20%) 30.0 45.0 0.06 3.8

a A and R denote anatase and rutile, respectively.
b Average crystalline size of TiO2 was determined by XRD using Scherrer equation.
c The BET surface area was determined by a multipoint BET method using the adsorption data in P/P0 range from 0.05 to 0.25.
d Pore volume and average pore size were determined by nitrogen adsorption volume at P/P0 = 0.994.
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mesopores (2–50 nm). The corresponding pore size distribution
curve of the tri-doped sample TiO2-3 is also shown in Fig. 3
(inset). It can be seen that the tri-doped sample TiO2-3 exhibits
Fig. 2. TEM (a) and HRTEM (b) i

eaks of the calcined powders were indexed to pure anatase
hase of TiO2 (JPCDS Card: 86-1157, space group: I41/amd). It
an be seen that the R slightly influences the crystallization of the
iO2 powders. With increasing R, the peak intensities of anatase
lightly decrease and the width of the (1 0 1) plane diffraction
eak of anatase (2θ = 25.4◦) becomes broader. Therefore, it is
easonable to deduce that the larger R, the poorer the crystal-
ization of the TiO2 powders, and the smaller the crystallite size
f TiO2 (as shown in Table 1).

The microstructure of TiO2 powders was further studied by
EM and HRTEM. Fig. 2(a) shows the TEM image of the TiO2
owders prepared at R = 3. It can be observed from Fig. 2(a)
hat the nanocrystallite appears an agglomerated status, and

esoporous structures without a long-range order. The size
f the primary particles estimated from the TEM image was
bout 17 ± 2 nm, which was in good agreement with the value
18.3 nm) calculated from XRD pattern using the Scherrer equa-
ion (as shown in Table 1). Fig. 2(b) shows the corresponding
RTEM image of the prepared sample TiO2-3. It shows clear

attice fringes, which allowed for the identification of crystallo-
raphic spacing. The fringe spacing of ca. 0.35 nm matches that
f the (1 0 1) crystallographic plane of TiO2 anatase.

.2. BET specific surface areas and pore structure
All the as-prepared TiO2 powders have similar nitrogen
dsorption–desorption isotherms and pore size distribu-
ion curves. Therefore, Fig. 3 only presents the nitrogen

F
(

s of the tri-doped sample TiO2-3.

dsorption–desorption isotherm and pore size distribution
inset) of the C,N,S-tridoped sample TiO2-3. It can be seen that
sotherm of the sample TiO2-3 was of types IV (BDDT classi-
cation) [31]. At high-relative pressure range from 0.6 to 1.0,

he isotherm exhibits a hysteresis loop of type H2 associated
ith the ink bottle pores, indicating that the powders contain
ig. 3. N2 adsorption–desorption isotherm and pore size distribution curve
inset) of the tri-doped sample TiO2-3.



1232 M. Zhou, J. Yu / Journal of Hazardous Materials 152 (2008) 1229–1236

F
T

a
d

t
c
v
t
s
t

3

3
c
a
2
i
p
c
i
n
a
w
c

s
t
o
c
–
o
e
i
t
p
i

F
T

Fig. 6 shows the corresponding high-resolution XPS spectra
of the N 1s region taken from the sample TiO2-3. It is inter-
esting to note that the curve of the N 1s region of the sample
TiO2-3 can be deconvoluted into three peaks. A small one is
ig. 4. XPS survey spectra of the un-doped sample TiO2-0 and tri-doped sample
iO2-3.

wide pore size distribution (2–50 nm) with the average pore
iameters about 13.5 nm.

Table 1 shows the effects of R on the physical properties of
he TiO2 powders. It can be seen that un-doped TiO2 powder
alcined at 500 ◦C shows a large specific surface area and pore
olume, and their values reach 83.7 m2/g and 0.31 cm3/g, respec-
ively. With increasing R, the specific surface areas increase
lightly. This is due to the decrease in the crystallite sizes of
he tri-doped TiO2 powders.

.3. XPS analysis

Fig. 4 shows the XPS survey spectra of the TiO2-0 and TiO2-
powders. It can be seen that the un-doped sample TiO2-0 only

ontains Ti, O and C elements, with sharp photoelectron peaks
ppearing at binding energies of 458 (Ti 2p), 531 (O 1s) and
85 eV (C 1s). The atomic ratio of Ti to O of the sample TiO2-0
s about 2, in good agreement with the nominal atomic com-
osition of TiO2. The carbon peak is attributed to the residual
arbon from the sample and adventitious hydrocarbon from XPS
nstrument itself. On the contrary, the doped sample TiO2-3
ot only contains Ti, O and C, but also a small amount of N
nd S atoms (binding energies at 401 and 169 eV, respectively),
hich probably come from the precursor CS(NH2)2 during the

alcination.
Fig. 5(a) and (b) show the corresponding high-resolution XPS

pectra of C 1s region of the samples TiO2-0 and TiO2-3, respec-
ively. It can be seen that the C 1s region of the sample TiO2-0 is
nly one symmetry peak and its binding energy at about 285.0 eV
orresponds to carbons of saturated hydrocarbon groups (–CH3,
CH2–) [34], which come from the residual carbon in the sample
r adventitious hydrocarbon from XPS instrument itself. How-
ver, the C 1s region of the sample TiO2-3 can be deconvoluted
nto two peaks. The main peak at about 285.0 eV is ascribed to

he saturated hydrocarbon groups mentioned above and a small
eak at about 282.1 eV is ascribed to Ti–C bonds [35]. Of course,
ts formation mechanism is still needed to be further investigated. F
ig. 5. High-resolution XPS spectra of C 1s region of the un-doped sample
iO2-0 (a) and tri-doped sample TiO2-3 (b).
ig. 6. High-resolution XPS spectra for the N 1s region of the sample TiO2-3.
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ig. 7. High-resolution XPS spectrum of the S 2p region of the sample TiO2-3.

ttributed to the Ti–N (binding energy at 397.4 eV) [36–38],
hich is probably formed by a nucleophilic substitution reac-

ion between CS(NH2)2 and TiO2 during the calcination [11].
he other two peaks at about 400.0 and 401.1 eV are probably
ssigned to some NH3 and NH4

+ adsorbed on the surface of
iO2, respectively [11,30].

Fig. 7 shows the high-resolution XPS spectrum of the S 2p
egion, taken on the surface of tri-doped sample TiO2-3. It can be
een that the peak of S 2p contains two isolated peaks at binding
nergies of 169.0 and 164.8 eV, which can be attributed to the
(+VI) and S(−II), respectively. The S(+VI) may be assigned

o the SO4
2− ions adsorbed on the surface of TiO2 powders.

he peak at 164.8 eV corresponds to the Ti–S bond due to the
act that S atoms replace O atoms in the TiO2 lattice [39]. It
an be reasonable to deduce that if the S2− ions replace the
2− ions in the lattice of TiO2, a lattice distort may be cre-

ted due to different ionic radius between S2− (1.7 Å) and O2−
1.22 Å) [40]. XRD results further confirm the above deduc-
ion. The cell parameters a and c (calculated according to XRD
esult) of the tri-doped sample TiO2-3 calcined at 500 ◦C were
.787 and 9.514 Å, respectively, which were slightly bigger than
hose of pure anatase TiO2 (JPCDS Card: 86-1157, a = 3.783 Å,
= 9.497 Å, space group: I41/amd) [30,41]. According to the
bove XPS results, no Ti–C, Ti–N and Ti–S peak was observed
n the un-doped sample TiO2-0, further implying that C, N
nd S elements were in situ doped into TiO2 powders dur-
ng calcination. The exact amounts of C, N and S in TiO2
TiO2-3) were characterized by XPS and their atomic percent-
ge are 2.6, 1.3 and 1.1%. Further XPS investigations show
hat the content of the C, N and S elements increases with
ncreasing R in the prepared TiO2 powders, while the ratio of
:N:S is not in agreement with that of C:N:S in the precursor
S(NH2)2.

.4. UV–vis diffuse reflectance spectra
Usually, anions doping obviously influences light absorption
haracteristics of TiO2 [19–21,28,29]. Fig. 8 shows the UV–vis
bsorption spectra of the C,N,S-tridoped TiO2 powders. A sig-

t
C
6
T

ig. 8. UV–vis absorption spectra of the un-doped and tri-doped TiO2 powders
alcined at 500 ◦C.

ificant increase in the absorption at wavelengths shorter than
00 nm can be assigned to the intrinsic band-gap absorption of
iO2. The absorption spectra of the C,N,S-tridoped TiO2 sam-
les show a stronger absorption in the UV–vis light region and a
ed shift in the adsorption edge. Undoubtedly, these results reveal
hat the nonmetal elements are indeed incorporated into the lat-
ice of TiO2, thus altering its crystal and electronic structures
30].

The red shift is ascribed to the fact that C,N,S-tridoping can
arrow the band-gap of the TiO2 by mixing the orbit O 2p with

2p, N 2p and S 3p orbits, respectively. Further observation
hows that the absorbance increases with increasing R. Without
oping, the absorbance of TiO2 in the near UV and visible-light
egion is lower than that of other doped samples. When R reaches
, the absorbance of C,N,S-tridoped TiO2 is obviously higher
han that of other doped sample in the near UV and visible-light
egion. This may be attributed to the fact that a high R can induce
ore C, N and S atoms doped into the lattice of TiO2, resulting
large band-gap narrowing.

The absorption edge shifts to longer wavelengths for the
,N,S-tridoped TiO2 powders with increasing R. This clearly

ndicates a decrease in the band-gap energy of TiO2. The indi-
ect band-gap energies of the C,N,S-tridoped TiO2 powders can
e estimated from a plot of (αhv)1/2 versus photo energy (hv).
he intercept of the tangent to the plot will give a good approx-

mation of the indirect band-gap energies of the samples. The
elation between the absorption coefficient (α) and incident pho-
on energy (hv) can be written as follow:

= Bi(hv − Eg)2

hv
(2)

here Bi is absorption constants for indirect transitions [42–44].
he plots of (αhv)1/2 versus hv are presented in Fig. 9. The

ndirect band-gap energies estimated from the intercept of the

angents to the plots are 3.2, 2.8, 2.5, 2.4 and 2.2 eV for the
,N,S-tridoped TiO2 samples prepared at R = 0, 1, 2, 3 and
, respectively. The indirect band-gap energy of P25 is 3.0 eV.
herefore, it is not surprising that the indirect band-gap energy
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ig. 9. Plots of the (αhv)1/2 vs. photon energy (hv) for the un-doped and tri-
oped TiO2 powders calcined at 500 ◦C.

f the as-prepared powders is much lower than that of anatase
iO2 (pH 1, 3.2 eV) due to C,N,S-tridoping [30].

.5. Photocatalytic activity

The photocatalytic activity of the prepared TiO2 powders was
uantificationally evaluated by the photocatalytic degradation
f formaldehyde in air. However, under dark conditions without
ight illumination, the content of formaldehyde does not change
or every measurement using various the as-prepared TiO2 pow-
ers. Illumination in the absence of TiO2 powders does not result
n the photocatalytic reaction. Therefore, the presence of both
llumination and TiO2 powders is necessary for the efficient
hotocatalytic degradation. These results also suggest that the

hotocatalytic degradation of formaldehyde is caused by pho-
ocatalytic oxidation reactions on the surface of TiO2 powders
nder the light illumination.

ig. 10. The dependence of the removal efficiency (RE (%)) of photocatalytic
xidation of formaldehyde under daylight irradiation on R.
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Fig. 10 shows the dependence of the removal efficiency (RE
%)) of photocatalytic oxidation of formaldehyde under day-
ight irradiation on R. It can be seen that the removal efficiency
f the TiO2-0 sample (without doping) has a very low-daylight-
nduced photocatalytic activity. This is due to the fact that the
n-doped TiO2 powders have the biggest indirect band-gap
nergy of about 3.2 eV. When a small amount of C, N and S
toms is doped into TiO2 powders, the daylight-induced photo-
atalytic activity of the prepared samples slightly increases. At
= 3, the photocatalytic activity of the tri-doped sample TiO2-
powders reaches a maximum value, and its activity exceeds

hat of Degussa P25 by a factor of more than six times. With
urther increasing R, the phtotcatalytic activity of the powders
ecreases. The high-daylight-induced phtotcatalytic activity of
he TiO2-3 sample is due to the following factors.

Usually, the doping of C, N and S non-metal elements in
iO2 plays an important role in its visible-light phtotcatalytic
ctivity. It can be seen from Fig. 8 that the C,N,S-tridoping
esults in a intense increase in absorption in the near UV and
isible-light region and a red shift in the absorption edge of
he C,N,S-tridoped TiO2 samples. This implies that the pre-
ared tri-doped samples can be activated by visible light and
ore photo-generated electrons and holes can be generated and

articipate in the photocatalytic reactions. Hence, the band-gap
arrowing of TiO2 by C,N,S-tridoping results in enhanced pho-
ocatalytic activity of the prepared TiO2 powders. Hashimoto
nd co-workers [45,46] provided an alternative explanation that
localized N 2p state formed above the valence band was the

rigin for the visible-light activity of the nitrogen-doped TiO2.
u et al. [39] found that sulfur doping can indeed create intra-
and-gap states close to the conduction band edges and thus
nduces visible-light absorption at the sub-band-gap energy.

Apart from the above band-gap narrowing, another possible
nderstanding is that the C,N,S-tridoped TiO2 powder consists
f two phases (un-doped and doped TiO2). Usually, the com-
osite of two kinds of semiconductors or two phases of the
ame semiconductor is beneficial in reducing the recombina-
ion of photo-generated electrons and holes and thus enhances
hotocatalytic activity [47–52]. The interface between the two
hases may act as a rapid separation site for the photo-generated
lectrons and holes due to the difference in the energy level
f their conduction bands and valence bands. Therefore, the
,N,S-tridoped TiO2 powders prepared by a solid-phase reaction
ethod exhibit a significant daylight-induced photoactivity also

ue to their two-phase structures (un-doped TiO2 and C,N,S-
ridoped TiO2).

. Conclusion

Highly photoactive mesoporous C,N,S-tridoped TiO2 photo-
atalysts can be successfully prepared by a solid-phase reaction
ethod. The C,N,S-tridoped TiO2 powders exhibit a stronger

bsorption in the near UV and visible-light region and a red

hift in the band-gap transition. The daylight-induced photocat-
lytic activities of the as-prepared C,N,S-tridoped TiO2 powders
re about six times higher than that of Degussa P25. The highly
aylight-induced photoactivities of the as-prepared TiO2 pow-
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