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bstract

F–N-codoped and S–N-codoped titania photocatalysts have been synthesized at different temperatures by a chemical procedure. Here titanium
etrachloride, NH4F and thiourea were used as precursors of titania, fluorine and nitrogen, sulfur and nitrogen, respectively. The as-prepared
odoped titania were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM)
nd UV–visible diffuse reflectance spectra (UV–vis DRS). XRD patterns showed the as-synthesized photocatalysts to be anatase. Increasing reactive
emperature from 313 to 413 K enhanced the crystallinity and led to an increase in grain size. UV–vis DRS revealed that the visible absorption

bility improved in the range of 400–620 nm with decreasing temperature. Photocatalytic decomposition of methyl orange (MO) carried out in the
isible region (≥420 nm) showed that the codoped titania prepared at low temperature possessed over three times of percentage of degradation of
O than that of P25 titania. The mechanism of synthesis of codoped titania at low temperature was also discussed primary.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Non-metal doping has rekindled a great interest in visible-
ight-induced catalysis in recent years since Asahi et al. [1] first
resented the idea of doping titania with nitrogen and other
nionic species. Mono-doping of nonmetals including nitro-
en [2,3], iodine [4], fluorine [5,6], carbon [7,8] and sulfur
9,10], and codoping of fluorine and nitrogen [11,12], carbon
nd sulfur [13] have been viewed as effective ways to lower
he band gap of titania-based photocatalysts. These technolo-
ies consequently enhanced the catalytic activity for degradation
f organic compounds under visible or solar light illumina-
ion. However, as for the synthesis of nonmetal-doped titania,
ost experiments were performed at high temperatures, typ-
cally from 573 to 873 K.This situation usually results in the
ncrease of the crystallite size and lowering of the surface

∗ Corresponding authors. Tel.: +86 27 87652553; fax: +86 27 8766 9729.
E-mail addresses: xieyithanks@163.com (Y. Xie), opluse@whut.edu.cn

X. Zhao).

a
i
[
n
o
a
t
t

381-1169/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2008.01.028
Visible light

reas, and thus hampers the enhancement of photocatalytic
ctivity.

On the other hand, large amounts of efforts have been made
owards low-temperature preparation of titania photocatalysts.
his route is beneficial for the synthesis of titania-based pho-

ocatalysts with tuned or controlled morphologies, high surface
rea and high photocatalytic activity [14]. Tada and co-workers
15] prepared anatase–brookite composite nanocrystals at tem-
erature as low as 323 K by a liquid-phase method. Their
omposite nanocrystals exhibited high activity for the gas-phase
xidation of CH3CHO. By using TiCl4 as precursor, titania films
ere deposited at room temperature and it was found that the

mount of rutile in the titania films increased with the anneal-
ng temperature lower than 523 K [16]. Weller and co-workers
17] have reported a synthesis of organic-capped anatase titania
anorods by hydrolysis of titanium tetraisopropoxide (TTIP) in

leic acid as surfactant at 353 K. Titania with a diameter of 3 nm
nd the rutile crystalline phase was synthesized even at room
emperature using a water-in-oil microemulsion-mediated sys-
em [18]. However, to our knowledge, there were rarely reports

mailto:xieyithanks@163.com
mailto:opluse@whut.edu.cn
dx.doi.org/10.1016/j.molcata.2008.01.028
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n the systematical synthesis of nonmetal-doped titania at low
emperatures.

In our previous work, we had successfully prepared F–N-
odoped and S–N-codoped titania photocatalysts that could
ork efficiently under visible-light irradiation [19,20]. Herein,
e further the study of synthesis of the F–N-codoped and
–N-codoped titania photocatalysts, changing the reactive tem-
eratures from 313 to 413 K. The as-synthesized samples were
haracterized by XRD, SEM, TEM and UV–vis DRS. The exper-
mental results showed that reactive temperature affected not
nly the spectral absorption of the as-synthesized samples but
lso the visible-light-induced catalytic degradation for methyl
range (MO) on the F–N-codoped and S–N-codoped titania
hotocatalysts. We hope that the results in the present paper
an extend the research field of low-temperature synthesis of
onmetal-doped titania with strong visible-light response.

. Experimental

.1. Photocatalysts synthesis

F–N-codoped and S–N-codoped titania powders were syn-
hesized using the same method as we reported previously
19,20] and the detailed experimental procedure was described
n supplementary material (Supplementary material: S1). All
hemicals used in the experiments were of analytical grade
eagents. A series of F–N-codoped and S–N-codoped titania
owders were prepared by changing the reactive temperature:
hey were designated as FNT-xxx and SNT-xxx, where “xxx”
epresented the reactive temperature (K). For comparison, com-
ercial Degussa P25 was selected as reference sample.

.2. Characterization
Powder X-ray diffraction (XRD) patterns were acquired
sing a D/MAX-IIIA (Rigaku, Japan) diffractometer with Cu
� radiation at 40 kV, 50 mA in the 20–70◦ 2θ angle range.
rystallite sizes were calculated from the peak widths using the

3

S

Fig. 1. X-ray diffraction patterns of F–N-codoped (a) and S–N-codo
ysis A: Chemical 285 (2008) 142–149 143

cherrer equation:

= kλ(β cos θ)

here Φ is the crystallite size, k the shape factor (a value of
.89 was used in this study), λ the X-ray radiation wavelength
1.5418 Å for Cu K�), and β is the line width at half-maximum
eight of the main intensity peak after subtraction of the
quipment broadening. Morphologies of the F–N-codoped and
–N-codoped titania particles were examined by a TEM (JEM-
010, Japan) and a SEM. The specimens for TEM were prepared
y dropping an ethanol suspension of the powder onto an amor-
hous carbon foam, supported by a Cu grid. The specimens
ere allowed to dry under air at room temperature for 20 min.
he SEM observations have been carried out with a Hitachi
E S-4800 (Hitachi Ltd., Japan). UV–vis DRS were recorded
n Shimadzu UV-2550 UV–Visible Spectrometer (Japan) in the
avelength range of 250–800 nm. BaSO4 was used as the stan-
ard for these measurements.

.3. Photocatalytic activity measurements

The photocatalytic activity of the as-prepared F–N-codoped,
–N-codoped titania and Degussa P25 titania was evaluated by

he degradation of MO aqueous solution under visible illumina-
ion [19,20]. Here the incident intensity at 420 nm to the sample
urface was 190 �W cm−2 and the mixtures of photocatalysts
nd MO solution were magnetically stirred for 30 min in the dark
efore switching on light. UV–vis spectra of MO were recorded
n a UV–vis spectrophotometer (UV-1601, Rigaku, Japan) and
he band at 465 nm was used to monitor the effect of the pho-
ocatalysis on the degradation of MO. A blank experiment was
erformed taking MO solution without photocatalyst to know
he extent of degradation of MO due to visible radiation.

. Results and discussion
.1. Crystal structure

Fig. 1 presents the XRD patterns of the F–N-codoped and
–N-codoped titania synthesized at different reactive tempera-

ped (b) titania synthesized at different reactive temperatures.
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ig. 2. TEM image of F–N-codoped titania sample as-synthesized at 373 K and
orresponding SAED pattern (inset).

ures. The characteristic peaks corresponding to those of titania
natase with different crystal planes (PDF No. 21-1272) were
etected for all the samples. The XRD peaks are weak for the
amples synthesized at the temperature lower than 353 K, and
ecome stronger with increasing reactive temperature. The weak
eaks indicate the poor crystalline structure. On the whole, with
he increase of temperature the particles size calculated from
RD data becomes bigger, which is also reflected directly in

he XRD patterns with sharper diffraction peaks. For example,
he crystallite sizes of samples FNT-373 and FNT-413 are 4.3
nd 6.0 nm, and the crystallite sizes of samples SNT-333 and
NT-413 are 3.8 and 5.5 nm, respectively. The XRD patterns
hown in Fig. 1 indicate that good crystalline structure could
e formed at 373 and 353 K for the F–N-codoped titania and
–N-codoped titania, respectively. Shown in Fig. 2 is the TEM

right field image and selective area diffraction (SAD) pattern
inset) of the sample F–N-codoped titania synthesized at 373 K.
od-like F–N-codoped titania particles are confirmed also by
AD pattern to be of the anatase crystalline phase.

s
s
F
w

ig. 3. UV–vis DRS of F–N-codoped (a) and S–N-codoped (b) titania powders. Inse
hoton energy.
ysis A: Chemical 285 (2008) 142–149

.2. UV–vis spectra

Fig. 3 shows the UV–vis DRS of codoped titania synthe-
ized at different reactive temperatures. One of the notable
eatures is that a new absorption band was observed in the visi-
le range of 400–600 nm apart from the fundamental absorption
dge of titania. This feature indicates two band transitions for
he codoped samples. The first one in the UV region (around
87 nm) is accounted for the titania fundamental band tran-
ition. The second in the visible region of 400–620 nm is a
esultant of nonmetal codoping. This observation from UV–vis
RS results confirms the presence of two different surface states

haracteristic of codoped titania. As to the F–N-codoped titania
ynthesized at temperature lower than 393 K, only a new strong
bsorption band is observed in the visible range of 400–620 nm.
his absorption suggests that the codoped samples can be well
ctivated by visible light. Furthermore, the absorption edge of
ew band shifts towards higher wavelength on the whole with
ecreasing reactive temperature for all the codoped titania pho-
ocatalysts. For example, the F–N-codoped titania prepared at
13 K shows visible-light absorption up to 620 nm. We observed
hat the color of the photocatalysts prepared in our experiment
ecame from yellow, light yellow to white with increasing reac-
ive temperature from 313 to 413 K (Supplementary material:
2).

The significant red shift clearly indicates a much decrease in
he band gap energy of the as-prepared samples. Fig. 3 (inset)
lso provides the plots of transformed Kubelka–Munk function
ersus the band gap energy. The extrapolation of the linear por-
ion of the modified spectra to zero absorption determines the
and gap energies of the as-prepared photocatalysts. The band
ap energies are estimated as 2.40–3.19 eV and 2.43–3.15 eV for
he F–N-codoped and S–N-codoped titania, respectively. Even
ompared with the optical adsorption of P25 titania (3.0 eV, not

hown here), codoped samples in our case showed a strong red
hift. In fact, there was F–N-induced midgap for the sample
NT-393, FNT-413 and for all the S–N-codoped titania, which
ere also roughly estimated to be 2.3–2.4 eV from the inset.

t shows plots of the square root of the Kubelka–Munk function (F(R∞)) vs. the
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Ohno et al. [9] developed S-doped titania particles, which
howed strong absorption for visible light. Using XPS they found
hat the oxidation state of the S atoms incorporated into the tita-
ia particles is S6+. Sulfur was detected as S4+ when the molar
atio of thiourea/titania was higher than 1/5 in our previous work
20]. Majima and co-workers [8] prepared S-doped titania using
hiourea as S source and they found that the absorption edge
as shifted to the lower-energy region due to the S doping that

riginated from mixing the S 3p states with the valence band
VB). Through band structure calculation, Liu and co-worker
21] viewed anionic S doping as an efficient way to induce

e
t
o

ig. 4. High magnification FE SEM images of F–N-codoped titania synthesized at d
13 K.
ysis A: Chemical 285 (2008) 142–149 145

isible-light activity for anatase TiO2 by providing S 3p state
n the upper edge of the valence band.

F doping was reported not to affect the optical absorption [11]
nd cause shift in the fundamental absorption edge of titania [6].
n other case, the spectral absorption of the F-doped titania was
ound to show a stronger absorption in the UV–vis range and a
ed shift [5]. The reported calculations for F-doped titania system
22] showed that the F doping gave rise to a modification of the

lectronic structure around the CB edge of titania, which led
o a reduction in the effective bandgap energy and induced the
ptical responses in the visible-light region.

ifferent temperatures: (a) 313 K; (b) 333 K; (c) 353 K; (d) 373 K; (e) 393 K; (f)
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The mechanism of visible-light responses for N-doped titania
s also under debate. Asahi et al. [1] attributed the responses for
iO2−xNx to the band narrowing by mixing of N 2p and O 2p
rbitals. Nakato and co-workers [23] reported the mechanism
hat visible-light responses for N-doped TiO2 arised from for-
ation of an N-induced (occupied) midgap level slightly above

he valence band edge. Sakatani et al. [24] have attributed the

isible response to the paramagnetic nitrogen species (such as
O, NO2, etc.). Nitrogen and fluorine mono-doping has not
een compared here because both of them were detected using
PS analysis and nitrogen presented as NOx species in our

t
I
g
b

ig. 5. High magnification FE SEM images of S–N-codoped titania synthesized at d
13 K.
ysis A: Chemical 285 (2008) 142–149

ecent experiment [19]. Further work for the examination of the
echanism of prominent visible-light response is being under
ay.

.3. Morphologies of codoped samples

Figs. 4 and 5 provide the high-magnification SEM images of

he F–N- and S–N-codoped titania photocatalysts, respectively.
t is obvious that the reactive temperature affects the morpholo-
ies of samples. All of the codoped titania powders are found to
e rough and agglomerated. Furthermore, the samples prepared

ifferent temperatures: (a) 313 K; (b) 333 K; (c) 353 K; (d) 373 K; (e) 393 K; (f)
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ig. 6. Absorption spectral changes of MO in the presence of F–N-codoped
llumination time.

t the temperature higher than 353 K display porous structure,
hich creates void volumes in the photocatalysts. This porous

tructure becomes more obvious with increasing reactive tem-
erature.

.4. Photocatalyst activity under visible-light irradiation

To examine the visible-light-induced catalytic property a par-
llel test was conducted with various as-synthesized codoped
itania in MO solution and compared with the activity of a com-

ercial Degussa P25. The blank experiment showed that little
leaching is observed in the absence of the codoped sample even
fter 12 h of visible radiation (not shown here). However, when
O solution in the presence of F–N- or S–N-codoped titania
ere illuminated with visible radiation, the absorption band of

he visible band at 465 nm decreased with time without a wave-
ength shift while the band intensity at ∼272 nm increased and
hifted towards lower wavelength (Fig. 6). After 4 h of irradia-
ion the latter band intensity also started to decrease with time

Fig. 6b). It was reported that the extended aromatic MO absorbs
t 465 nm and the aromatic ring absorb in the range 250–272 nm
25]. In the first radiation period the poly aromatic rings in MO
tarted to degrade and created a mono-substituted aromatics,

v
o

M

ig. 7. Visible-light-induced photodegradation of MO in the presence of samples F–
nd SNT-xxx represent the F–N-codoped titania and S–N-codoped titania synthesized
le FNT-313 (a) and S–N-codoped sample SNT-313 (b) with different visible

hich resulted in the increasing of the band intensity in the
ange 250–272 nm. With the increasing of irradiation time, the
ecreasing of this band indicated that CO2 and H2O start to form.

A slight decrease in the concentration of MO solution
ccurred after the powdered samples have been dispersed into
he MO aqueous solution for 30 min under no light irradiation
Fig. 7), which was attributed to the adsorption of the titania-
ased powders for MO molecules. As shown in Fig. 7, the
ynthesis temperature affected greatly the visible-light-induced
atalytic activity. Generally the photocatalytic activity increased
nitially and decreased with the increasing synthesis temper-
ture. Among them, the samples prepared at the temperature
f 313 K showed the highest photodegradation activity among
he F–N-codoped and S–N-codoped titania photocatalysts. The
hotocatalytic degradation rates of sample FNT1 and SNT1
ere more than three times higher than that of commercial
25 titania, with a MO conversion of 92.8 and 87.8%, respec-

ively. These results indicate that low-temperature synthesis of
onmetal-codoped titania is an effective way to improve the

isible-light-induced photocatalytic activity for decomposition
f organic compounds.

Practically, the activity of a photocatalyst for dyes including
O and methylene blue (MB) is affected by many factors such

N-codoped (a) and S–N-codoped (b) titania. The designated samples FNT-xxx
at the reactive temperature of xxx K.
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s surface area, crystallinity, surface hydroxyl density, oxygen
acancies [26], presence of O2 [27] or H2O2 [28], and pH of the
olution [29]. Livraghi et al. [30] synthesized N-doped titania via
sol–gel route and they found the activity of N-doped sample

n photodegradation of MB was higher than that of bare tita-
ia. Using titanium tetrachloride and ammonia as sources, Dai
nd co-workers [31] prepared N-doped TiO2 microtubes with
igh visible-light photocatalytic activity on the degradation of
henol and MO. They attributed this high visible-light-induced
atalytic activity to the large specific surface area, surface per-
eability and well anatase crystallization of N-doped TiO2. In

ur case, the reaction solution was not added H2O2 and the
xperiments were processed under the same gaseous and pH
onditions. The synthesis temperature affected the crystallinity,
rain size and surface area, which consequently resulted in the
ifferent recombination rate of electron–hole pair. Furthermore,
t wavelengths λ ≥ 420 nm, the intensity of absorption spec-
ra was different for all the samples synthesized at different
emperatures. Low-temperature produced samples with strong
isible absorbance and red shift towards higher wavelength,
hich was beneficial to the visible-light-induced decomposi-

ion for organic compounds. However, pores structure produced
t higher synthesized temperature contributed to the adsorption
O moleculars, which also improved the photocatalytic activ-

ty. Overall, the high visible-light-induced catalytic activity of
hotocatalysts FNT-313, FNT-373, SNT-313 and SNT-353 was
ttributed to the synergetic effects of strong absorption in the
isible-light region, red shift in absorption edge, crystallization,
orous structure of the codoped titania photocatalysts.

.5. Mechanism of low-temperature synthesis of anatase
itania

As stated in the first part, low-temperature synthesis of titania-
ased photocatalysts has attracted much attentions in recent
ears. Even nanocrystalline rutile titania could be synthesized
t low-temperature in the range of 313–423 K [32] and pure
utile nanorods were synthesized by hydrolysis of TiCl4 ethano-
ic solution in water at 323 K [33]. As to the preparation of titania
ia sol–gel route using TiCl4 as titanium source, Park and Kim
34] analyzed the occurred reactions in detail. They considered
he resulting materials formed by the addition of excess H2O2 to
he white precipitates as peroxo-titanic acid (PTA) solution. The
nalysis of FT-IR revealed that this PTA sol was a complicated
ompound including O–H, Ti–O and O–O bands, which would
e transferred to anatase titania after heating from 673 K to 873 K
35]. In our case, codoped titania with good anatase crystallinity
as formed even at the temperature of 353 K. We observed that
ellow precipitates were formed in a few minutes after addi-
ion of thiourea or NH4F into the PTA solution under stirring.
he higher the reactive temperature, the sooner the precipitates

ormed. Comparatively, the PTA solution was still transparent
ven after heating at 373 K for 15 h (see Supplementary material:

2).

The phenomena mentioned above indicate that the addition
f thiourea or NH4F improves the production of anatase tita-
ia, but the mechanisms of this improvement are different. In
ysis A: Chemical 285 (2008) 142–149

system with thiourea, the deoxidization of the solution leads
o the decomposition of the peroxo groups, which consequently
mproves the crystallization of the PTA. In a system with NH4F
olution, this effect may be attributed to the acidic environment.

. Conclusions

F–N-codoped and S–N-codoped anatase titania photocata-
ysts have been synthesized using titanium tetrachloride, NH4F
nd thiourea as precursors. Particularly, physical and photo-
atalytic properties of the codoped photocatalysts prepared
t different reactive temperatures have been compared with
ach other. Increasing reactive temperature from 313 to 413 K
nhanced the crystallinity and led to an increase in grain size
f the resulting samples from 3.8 to 6.0 nm. F–N- and S–N-
odoping resulted in a new strong absorption band in the visible
ange of 400–620 nm, and with the decreasing reactive tem-
erature the absorption edge shifted toward higher wavelength.
urthermore, the codoped titania synthesized at the temperatures
igher than 373 K displayed porous structure and this struc-
ure became more obvious with increasing temperature. The
igh visible-light-induced catalytic activity of F–N- and S–N-
odoped titania photocatalysts was attributed to the synergetic
ffects of strong absorption in the visible-light region, red shift in
dsorption edge, crystallization, porous structure of the resulting
amples. Overall, the wet chemical process in our work may offer
new method for low-temperature synthesis of nonmetal-doped

itania with prominent visible-light-response.
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