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a b s t r a c t

Fluorine–sulfur (F–S) co-doped TiO2 materials have been prepared using low-temperature solvothermal
method, and tested for catalytic activity by the visible light photocatalytic degradation of the Methylene
Blue. For comparison, the mono-elemental doped samples, e.g., S- and F-doped TiO2 have also been
prepared and tested under the same conditions. The characterization results showed that F–S co-doped
TiO2 has a higher photocatalytic activity than that of mono-doped F- and S-doped samples under visible
light irradiation. It is believed that the co-doping gives rise to a localized state in the band gap of the
eywords:
olvothermal method
–S co-doped TiO2

hotocatalyst
isible light response
echanism study

-doped TiO2

oxide and creates active surface oxygen vacancies, both which are responsible for visible light absorption
and the promotion of electrons from the localized states to the conduction band. Characterization by
electron paramagnetic resonance revealed the presence of a superoxide radical (O2

•−) which may be
mainly responsible for photodegradation of Methylene Blue under visible light.

© 2010 Elsevier B.V. All rights reserved.
-doped TiO2

. Introduction

Titanium dioxide (TiO2) is a well-known semiconductor pho-
ocatalyst that has attracted increasing attention due to its
tability and low cost. Currently, its applications include the use
f TiO2-based nanomaterials in solar cells [1,2], highly efficient
hotocatalysts for decomposing organic compounds, water or air
urification [3–5] and the generation of hydrogen by water split-
ing [6–8] under ultraviolet (UV) light (wavelength � < 388 nm)
llumination. The latter, in particular, is considered as a promis-
ng technology to address environmental problems and the global
nergy supply issue [9,10]. However, a major barrier to the
idespread use of TiO2 as photocatalysts is its relatively large elec-

ronic band gap, some 3.0–3.2 eV, limiting its photoresponse to

isible light, which comprised of about 43% of the incoming solar
nergy. In order to extend the photoresponse of TiO2 into the vis-
ble region of the solar spectrum, considerable efforts have been
irected towards the doping of TiO2 lattice to modify its electronic

∗ Corresponding author. Tel.: +44 1865 272660; fax: +44 1865 272656.
∗∗ Corresponding author. Tel.: +86 532 86981296; fax: +86 532 86981295.

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

926-3373/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcatb.2010.03.004
band gap and shift its absorption edge to the visible light region.
One way this may be achieved is to dope TiO2 with either non-
metal (or anion) or metal (or cations). For example, nonmetal (or
anion) doping of TiO2 by N [4], B [5,7], C [11] has shown a significant
improvement of visible light-active TiO2. Such nonmetal incorpo-
ration has been found to be able to enhance the optical adsorption
in the visible region although this alone does not guarantee photo-
catalytic activity.

Recently, the possibility of such band gap engineering by the
simultaneous incorporation of two nonmetal dopants – co-doping
– has received much more attention [12–17]. Several authors have
demonstrated the photocatalytic activity of nonmetal co-doping of
TiO2 for the photodegradation of organic pollutants, such as Methy-
lene Blue, acetone and phenol in the visible part of solar spectrum.
Chen et al. [14] found that co-doped TiO2 nanotubes synthesized
by the electrochemical anodization process, exhibit strong absorp-
tion in the visible light region, although co-doping does not result
in significant improvement of photocatalytic activity under illumi-
nation of solar light (the photoelectrocatalytic efficiency of 4-CP

over co-doping catalyst was 39.7%, and over mono-doping was
45%). Rengifo-Herrera et al. [15] used commercial TiO2 nanopow-
der mechanically mixed with thiourea to prepare N and S co-doped
TiO2. The obtained material shows distinct photocatalytic activity
when exposed to the visible light: DCA was not degraded, phe-

http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:xiao.tiancun@chem.ox.ac.uk
mailto:zfyancat@hdpu.edu.cn
mailto:zfyancat@upc.edu.cn
dx.doi.org/10.1016/j.apcatb.2010.03.004
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Fig. 1 shows the X-ray diffraction data for the TOFS sam-
ples prepared by the low-temperature solvothermal method. The
structures of as-prepared TOFS-120 are totally different from the
annealed samples, which predominantly indicated an amorphous
phase. It can be observed that for all annealing temperatures and
G. Yang et al. / Applied Catalysis

ol only partially decayed, while E. coli suffered fast inactivation.
u et al. [16] reported that the co-doped photocatalyst prepared
sing a hydrolysis approach showed excellent photocatalytic activ-

ty for the decomposition of phenol under visible light due to the
ynergetic effects for its high surface area, large pore volume, well-
rystallized anatase structure, red shift in absorption edge and
trong absorbance of light with longer wavelength. Based on these
revious studies, we have deduced that the nature of the synthesis
ethods exerts a significant effect on the photocatalytic properties

f doped TiO2 materials.
In the present work, a facile low-temperature solvothermal

ethod has been developed to produce F–S co-doped TiO2 of highly
rystalline anatase phase, which is considered to be essential for
hotoactive catalysis. This synthesis method is not only energy effi-
ient, but also environmentally conscious, as it avoids the use of any
oxic precursors. The prepared TiO2 materials are characterized by
-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
aman spectroscopy, Fourier transform infra-red (FT-IR), Electron
aramagnetic resonance (EPR) and UV–vis DRS spectrophotometer.
he photocatalytic activity of the nonmetal doped TiO2 photocat-
lyst was evaluated using the decomposition of Methylene Blue
MB) solution as a model reaction and the visible light responsive

echanism of fluorine–sulfur (F–S) co-doped TiO2 photocatalyst
iscussed.

. Experimental

.1. Synthesis of catalyst

The doped TiO2 was prepared using a low-temperature
olvothermal method, which is thought to give a uniform doping
rom the surface to the bulk of the materials. In a typical synthe-
is procedure, ammonia fluoride (NH4F, 0.015 mol) and thiourea
CH4N2S, 0.015 mol) were dissolved in ethanol (C2H5OH, 30 ml) to
ive a solution which was then vigorously stirred for 30 min to gen-
rate a suspension. Tetrabutyl orthotitanate (C16H36O4Ti, 0.01 mol)
as then added and the resulting mixture was stirred for a further

0 min. Meanwhile, 1.5 ml of acetic acid and 1.0 ml of deionized
ater were added into the mixture. Afterwards, the resulting mixed

olution was placed in a Teflon-lined stainless steel autoclave and
ept at 120 ◦C for 20 h. The heated solution was then removed from
he oven and allowed to cool to room temperature naturally. The
o-doped TiO2 powder [hereafter TOFS] was obtained by filtrating
nd washing with deionized water and ethanol for several times,
nd then dried at 80 ◦C overnight. The resultant TOFS powder was
arked as TOFS-120 and then annealed at 350, 450, 600 and 700 ◦C

or 3 h in air to give yellow anatase TOFS. The prepared catalysts
ere denoted as TOFS-350, TOFS-450, TOFS-600 and TOFS-700,

espectively. As a reference, undoped TiO2, F-doped TiO2 [hereafter
OF] and S-doped TiO2 [hereafter TOS] were also synthesized using
he same approach with NH4F and CH4N2S as starting materials,
espectively.

.2. Photocatalytic performance testing

Photocatalytic reactions were carried out in an opened reac-
or under visible light irradiation using a 300 W Xenon lamp
Trusttech, Beijing, China) equipped with 420 nm cut-off glass fil-
er. Various photocatalysts including commercial P25, TOS, TOFS,
OF (150 mg) were added into 150 ml of Methylene Blue (MB,

0 ppm) solution. The suspension was stirred in the dark for
0 min before visible light irradiation to ensure the mixture had
eached adsorption equilibrium. 3 ml of the solution was extracted
very 30 min, the photocatalyst separated from the solution by a
entrifugation method and the Methylene Blue concentration of
ironmental 96 (2010) 458–465 459

the remaining transparent liquid tested by UV–vis spectrometer.
During the photoreactions, no oxygen was bubbled into the sus-
pension.

2.3. Material characterization

The crystal size and crystalline structure of the prepared doped
TiO2 samples were determined by X-ray diffraction (XRD) using
a Philips X-PeRT Pro Alpha 1 diffractometer operating with Cu
K� radiation (� = 1.5406 Å) at a tube current of 40 mA and a volt-
age of 45 kV. Data were collected over 2� values from 20◦ to 80◦

at a speed of 1◦/min. The strongest TiO2 peak, corresponding to
anatase (1 0 1), was selected to evaluate the average crystal size
by the Scherrer equation. The X-ray photoelectron spectroscopy
(XPS) measurements were carried out using a Perkin-Elmer RBD
upgraded PHI-5000C ESCA system with monochromatic Mg K�
excitation and a charge neutralizer. All bonding energies were
calibrated to the C 1s peak at 284.8 eV of the surface adven-
titious carbon. Fourier transform infra-red (FT-IR) spectra were
obtained using a Bruker Vertex-70 by diffused reflectance accessory
technique. Laser Raman spectra were obtained using a Perkin-
Elmer Ramanstation 400F Raman spectrometer. UV–vis diffuse
reflectance was recorded by a Perkin Elmer Lambda 750S UV/vis
spectrometer. The geometry and morphology of the TOFS parti-
cles were observed using a HRTEM (JEOL JEM-3000F) operating
at 300 kV. The crystal structure was examined by SAED with a
selected area of 200 nm. The electronic paramagnetic resonance
(EPR) spectra were recorded on an Bruker X-band EMX spectrom-
eter operating at 100 kHz field modulation and 1 mW microwave
power and equipped with a high-sensitivity cavity (ER 4119HS).
For the EPR spectra, all the samples were directly loaded in the ESR
sample tube without further treatment, spectra were recorded on
powder samples under liquid nitrogen atmosphere at 130 K and
then at room temperature. The g values were determined by refer-
ence to a DPPH standard. Computer simulation of the EPR spectrum
was obtained using the EasySpin program.

3. Results and discussion
Fig. 1. X-ray diffraction patterns of doped TiO2 samples: (a) TOFS-120; (b) TOFS-
350; (c) TOFS-450; (d) TOFS-600; (e) TOFS-700.
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or all doping regimes the original TiO2 nanomaterials transform
rom an amorphous structure to the anatase phase (JCPDS71-1168)
nd that there are no significant structural differences between
he four annealed F–S co-doped TiO2 samples. Furthermore, as
he calcination temperature increases, the main (1 0 1) Bragg peak
natase is observed to become sharper and more intense, indica-
ive a higher crystalline and larger average crystallite size for the
–S co-doped TiO2. The crystallite size is thought to increase with
alcination temperature because of the agglomeration of parti-
les during high-temperature sintering. Annealing of TOFS-120 at
00 ◦C significantly increases the particle size of TiO2. Interestingly,
he TOFS-700 sample still possesses the anatase structure even
fter annealing at 700 ◦C, which suggests that the F–S co-doped
iO2 has excellent structural stability at higher temperature and is
ighly resistant to the phase transformation to rutile. In addition,
o characteristic Bragg peaks for F and S titanium compounds were
bserved in the X-ray diffraction data, indicating that fluorine and
ulfur were highly dispersed on TiO2.

Raman spectroscopy was used to further investigate into the
resence of other titanium phases in the F–S co-doped TiO2 sam-
les annealed at different temperatures. It is well known that laser
aman spectroscopy is a powerful technique that can detect the
resence of the additional titanium phases (rutile and brookite)
ven at very low concentrations. It has been reported that the
aman spectrum of anatase single crystal shows six Raman bands
t 144 cm−1 (Eg), 197 cm−1 (Eg), 399 cm−1 (B1g), 513 cm−1 (A1g),
19 cm−1 (B1g) and 639 cm−1(Eg) [18], and that of the rutile phase
isplays four Raman bands at 143 cm−1 (B1g), 447 cm−1 (Eg),
12 cm−1 (A1g), and 826 cm−1(B2g) [19]. Fig. 2 presents the Raman
pectra of TOFS-350, TOFS-450, TOFS-600 and TOFS-700. It can be
bserved that the main features of the Raman spectra of all TOFS
amples are very similar and that all samples show the character-
stic Raman bands of the anatase phase, with no evidence for the
orresponding bands of the rutile phase. This finding is in accor-
ance with the result of the X-ray diffraction measurements.

Fig. 3 shows the FT-IR spectra of TOFS-350, TOFS-450, TOFS-
50, TOFS-600 and TOFS-700, and undoped TiO2 (No P25) annealed
t 450 ◦C for 3 h in an air, which can provide more information of
unctional groups of the catalyst materials. Here, the FT-IR spec-

ra of the TOFS samples annealed at different temperatures exhibit
ather similar spectra to titanium oxide, with all the TOFS sam-
les displaying a band at around 700 cm−1, which can be attributed
o the vibration of Ti–O bond and the Ti–O–Ti bridging stretching

odes [20]. The peaks around 1630 and 3400 cm−1 correspond to

ig. 2. Laser Raman spectra of the TOFS samples: (a) TOFS-350; (b) TOFS-450; (c)
OFS-600; (d) TOFS-700.
Fig. 3. FT-IR spectra of the TOFS samples: (a) TOFS-350; (b) TOFS-450; (c) TOFS-550;
(d) TOFS-600; (e) TOFS-700; (f) undoped TiO2.

the bending vibrations of the O–H bond and the stretching vibra-
tion of –OH or absorbed water molecules, respectively [21–23].
The two peaks located at around 1150 and 1050 cm−1 corre-
spond to two distinct S species in the TOFS samples [24]. The
FT-IR band at 1150 cm−1 corresponds to molecular SO2 absorbed
on the surface of TiO2 and does not influence the electronic
structure of the solid. The other IR band at 1050 cm−1, which is
of interest, is characteristic of a Ti–S stretching vibration, sug-
gesting the successful doping of sulfur atom into the samples.
Another peak may be observed at 929 cm−1 in the TOFS-350,
TOFS-450 and TOFS-550 samples, and this was ascribed to Ti–F
vibrational modes [20,25], which clearly indicates the incorpo-
ration of F atom into the TiO2 lattice. However, no evidence for
Ti–F vibration could be found in the TOFS-600 and TOFS-700
samples, indicating that the F–Ti bond is not stable at high tem-
perature. The FT-IR bands related to Ti–F and Ti–S bonds were not
found in the pure TiO2 sample, which suggests that the doping in
the various TOFS occurs as a result of the solvothermal process,
and does not arise from any impurities present in the precursor
TiO2.

The X-ray photoelectron spectroscopy (XPS) survey spectrum
(not shown) indicates that the TOFS sample contains predomi-
nantly Ti, O, C, S and F elements, which is consistent with the
result of FT-IR spectra (see Fig. 3). The atomic concentrations of
the S and F in TOFS-450 sample were found to be 0.8 and 2.1 at.%,
respectively. In Fig. 4 we present the F 1s, S 2p Ti 2p and O 1s XPS
spectra. Although nitrogen was also introduced into the synthesis
system during the sample preparation from the NH4F and (NH2)2CS
precursors, no nitrogen was detected in the TOFS surface by XPS,
suggesting that nitrogen is not be incorporated into the TOFS under
our synthetic conditions.

As shown in Fig. 4, there are two kinds of F states observed in the
F 1s XPS spectrum (Fig. 4a). The low binding energy (BE) of around
689.4 eV [14,22] could be ascribed to an F atom substituting for an O
atoms, forming a Ti–F bond, while the high BE component located
at 696.7 eV is characteristic of an F atom adsorbed to TiO2 [26].
Similarly, the S 2p XPS spectrum (Fig. 4b) indicates two broad peaks
which implied the presence of more than one sulfur species. The
asymmetrical S 2p peak (160.7 eV) corresponds to sulfur actually

incorporated within the TiO2 lattice [27], and the higher energy
peak (174.8 eV) can be ascribed to surface-adsorbed SO2 molecules
on the TiO2 surface [28], which may be due to the oxidation of the
surface in the annealing process. These results are consistent with
those observed by FT-IR spectroscopy.
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Fig. 4. The XPS spectra of F 1s (a), S 2p (b), Ti 2p (c) an

Fig. 4c shows the XPS spectra of Ti 2p in TiO2. It can be seen
he binding energy of Ti 2p1/2 and Ti 2p3/2 was located at 466.8
nd 461.0 eV, respectively. In comparison with the Ti 2p binding
nergy of the annealed TiO2 material and the previously reported
iterature value [29,30], we found the binding energy of Ti 2p to
e 461.0 eV in F–S co-doped TiO2. This increase in binding energy

s due to the F and S incorporated in the TiO2 lattice which causes

small structural distortion in the TOFS samples. No evidence for
i3+ was observed in the XPS spectra, although this was observed
y EPR (see the result of EPR analysis). The O 1s XPS spectra of
–S co-doped TiO2 annealed at 450 ◦C is shown in Fig. 4d. It was
bserved that the O 1s peak around 532.3 eV had shifted by 1.5 eV

Fig. 5. HRTEM morphology and the SAED image of F
s (d) of F–S co-doped TiO2 sample annealed at 450 ◦C.

in comparison with that of oxygen in pure TiO2 (531.0 ± 0.1 eV).
The shifting of O 1s binding energy can be ascribed to doping of the
nonmetal species into TiO2.

Fig. 5 shows the HRTEM image and selective area electron
diffraction (SAED) of TOFS-450. It can be seen that the co-doped
titania presents aggregates of almost rounded nanoparticle mor-
phology, with an average size of 10–15 nm. The phase structure of

sample TOFS-450 was also confirmed to be anatase by the SAED
analysis.

In order to compare the photocatalytic performance of co-doped
TiO2 and mono-nonmetal doped TiO2 under visible light irradia-
tion, the F-only doped TiO2 and S-only doped TiO2 samples were

–S co-doped TiO2 sample annealed at 450 ◦C.
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ig. 6. X-ray diffraction pattern of pure TiO2 and doped TiO2 samples: (a) P25 TiO2

atalyst; (b) TOFS-450; (c) TOS; (d) TOF. All the samples were annealed at 450 ◦C.

ynthesized via the same method and characterized using vari-
us techniques. Fig. 6 shows the X-ray diffraction pattern of pure
Degussa P25) TiO2 and different nonmetal doped TiO2. All mate-
ials have clearly distinguishable crystalline structure. P25, the
eference, displays a mixture of rutile and anatase phases with an
verage crystallite size of 33 nm, whereas TOFS-450 displays only
he anatase phase of the doped material, with an average grain size
f 15 nm. The average crystal size of TOS (47 nm) and TOF (23 nm)
alculated from X-ray diffraction data with the Scherrer equation
ere clearly bigger than that of TOFS. Interestingly, the photocat-

lytic activity for both TOS and TOF is poorer than that of the TOFS
hotocatalyst. This result is in agreement with the reference work
31,32]. Smaller crystallites offer a larger surface area and therefore
re expected to exhibit a higher photodegradation activity.

The UV–vis diffuse reflection spectra of pure and doped TiO2

hotocatalyst prepared using the solvothermal method is shown in
ig. 7. Compared with pure TiO2 (Degussa P25), the doped TiO2 has
higher absorption in the visible region. The spectra for both TOFS
nd TOF show two optical absorption edges at 510 and 403 nm,
hich correspond to band gaps of 2.43 and 3.08 eV, respectively.

ig. 7. UV–vis absorbance spectra of pure TiO2 and different nonmetal doped TiO2:
a) P25 TiO2 catalyst; (b) TOS; (c) TOFS-450; (d) TOF. All the samples were annealed
t 450 ◦C.
ironmental 96 (2010) 458–465

In contrast, the TOS sample shows only one absorption threshold
at 405 nm, which corresponds to a band gap of 3.06 eV. The opti-
cal absorption of the TOFS sample has a red shift of about 105 nm
compared to that of the reference TOS.

A number of studies [33–36] have reported that F-only dop-
ing does not lead to a red shift of the absorption edge, as the F
atoms form localized levels with high density below the valence
band of TiO2. Therefore, the F 2p state theoretically does not con-
tribute to the visible light absorption of TiO2. However, it is thought
that the observed visible absorption of TOFS and TOF is due to an
extremely small amount of nitrogen in the TOFS and TOF samples,
even though we could not detect the nitrogen species by XPS anal-
ysis (Fig. S1). Additionally, although the absorption intensities and
band-edges of TOFS and TOF were quite similar, the TOFS exhibits
significant higher photocatalytic activity than that of TOF, which
will be discussed later.

The incorporation of the F and S dopants into the TiO2 lattice
is further confirmed by FT-IR spectra. As shown in Fig. 8, all the
doped and undoped TiO2 (Degussa P25) samples calcined at 450 ◦C
show a similar IR absorption. The FT-IR bands around 3400, 1630
and 700 cm−1 are indicative of O–H bending and Ti–O stretching.
In comparison with the undoped TiO2, there are some additional
bands in the FT-IR spectra of the doped materials. For TOFS-450,
we have analyzed (see Fig. 3) these new bands around 929, 1050
and 1150 cm−1, which are ascribed to the vibration of the Ti–F bond,
the stretching vibration Ti–S and the adsorption of SO2 symmetric
stretching vibration, respectively. For TOS, the absorbance peaks
of Ti–F bond could not be detected, only the characteristic peaks
for Ti–S and absorbed SO2 were observed in the spectrum of TOS.
In contrast, TOF only has one additional band at 929 cm−1, which
is attributed to the vibration of the Ti–F bond. Based on the above
results, we can conclude that the appearance of the Ti–F and Ti–S
bonds indicates that F and S atoms were incorporated into the TiO2
crystal lattice for the TOF and TOS samples.

The photocatalytic performance of the F–S co-doped TiO2 was
tested in an open reactor under a 300 W Xe lamp irradiation
equipped with cut-off glass filters. Methylene Blue (MB) was used
as the model organic pollutant. The visible light-induced photo-
catalytic activity for the degradation of Methylene Blue (MB) over

F–S co-doped TiO2 photocatalyst synthesized at different annealed
temperatures are shown in Fig. 9. It can be seen that the decompo-
sition curve of P25 photocatalyst is parallel among all the catalyst
samples, suggesting that the catalyst has a very weak response to
visible light. All the co-doped TiO2 samples show a higher visi-

Fig. 8. FT-IR spectra of pure and doped TiO2 samples: (a) TOS; (b) TOFS-450; (c)
TOF; (d) P25 catalyst. All the samples were annealed at 450 ◦C.
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ig. 9. The photodegradation of Methylene Blue (MB) over different synthesized
hotocatalysts. Reaction conditions: C0 = 10 ppm and catalyst loading: 1g/L.

le photocatalytic activity. It also can be seen that the annealing
emperature affects the photocatalytic activity, with the TOFS-450
ample showing the highest photodegradation activity with a MB
onversion of 97% after 120 min irradiation, which is 5 times higher
han that of commercial P25 TiO2.

To compare the photocatalytic activity of mono-doping and
o-doping samples, the photodegradation of Methylene Blue for
ono-doping TiO2 was also investigated under the same condi-

ions. Before photoreaction, the adsorption curve of varying doped
amples was performed and the results are shown in Fig. S2. It
as found that all of the doped titania samples completely reached

dsorption equilibrium within 30 min and the adsorption yield of
ethylene Blue solution is 14.3% for TOF, 14.0% for TOFS and 2.5%

or TOS, respectively. Fig. 10 shows the visible light-induced pho-
ocatalytic decomposition of Methylene Blue (MB) solution with
OFS-450, TOF, and TOS photocatalysts calcined at 450 ◦C for 3 h.

t is worth mentioning here that the visible light photocatalytic
ctivity of F–S co-doped TiO2 is much higher than that of F-only
oping and S-only doped catalysts. Methylene Blue was degraded
ompletely within 150 min, while only 85% of Methylene Blue was
egraded over TOF photocatalyst. The TOS show the lowest activ-

ig. 10. The photodegradation of Methylene Blue (MB) over different synthesized
hotocatalysts annealed at 450 ◦C under visible light irradiation. Reaction condi-
ions: C0 = 10 ppm and catalyst loading: 1 g/l.
ironmental 96 (2010) 458–465 463

ity among the three samples, and the concentration of Methylene
Blue solution remains up to 24.5% after 4.0 h irradiation for TOS cat-
alysts. These results suggest that the F–S co-doping of TiO2 has a
synergistic effect for Methylene Blue photocatalytic degradation.

3.1. Mechanisms of visible light-induced photoactivity in F–S
co-doped TiO2

We have also measured the samples using EPR spectroscopy in
an attempt to unravel the nature of the defect states and paramag-
netic species present in the solid state, with the purpose of better
understanding the probable visible light responsive mechanism of
co-doped photocatalysts. Fig. 11 shows the experimental EPR spec-
trum of the doped TiO2 recorded at varying temperature with the
corresponding computer simulation of the spectra, and the param-
eters used to generate the simulated spectra are given in Table S1.
As shown in Fig. 11a, the computer simulation suggests that the
spectrum of TOFS is the overlap of two distinct species. The first
signal is due to the superoxide radical located on the surface of the
oxide sample already observed in the previous work [36,37]. The
second signal, at between g = 1.95 and g = 1.99, is characteristic of
bulk and surface Ti3+ centers [36–38], the presence of Ti3+ ion in the
solid is a direct consequence of the inclusion of F in the structure
[38], but the Ti3+ paramagnetic species is barely observed at room
temperature. Similar superoxide and Ti3+ ions are also observed in
the EPR spectrum of the TOF samples (Fig. 11b).

The experimental and simulated EPR spectra of TOS (Fig. 11c)
show a significant difference from those of the TOFS and TOF
materials. Here, the signal with a g value of 2.003–1.927 can be
confidently assigned to a nitric oxide species [39,40], which was
not detected for the TOFS and TOF samples, and it is thought that
these species are trapped in closed pores within the crystals or
absorbed on the surface, and thus do not influence the electronic
structure of the solid. As previously reported [39], the EPR signal of
NO could be found at low-temperature (T < 170 K), and disappeared
at relatively high temperature. To demonstrate this view, the EPR
spectra of doped TiO2 samples were collected at room tempera-
ture. As shown in Fig. 11d–f, these spectra are rather similar and
the large width of the lines could suggest the presence of either
oxygen vacancies or superoxide radical [36,42]. The EPR results
presented in this work show that such doping processes can lead to
the formation of oxygen anion vacancies [43]. The absorbed oxy-
gen at oxygen vacancy sites was active for the formation of the
O2

•− radicals. In addition, the signal of NO was not observed in the
EPR spectra of TOS (Fig. 11f), this clearly indicates the NO is a weak
adsorbed species, easily desorbed by increasing the temperature.
Furthermore, the Ti3+ ion was not observed, probably because the
relaxation time of Ti3+ ions is small enough to cause the broadening
of the signal at high temperature [38]. It should be noted that the
another N containing species (labeled Nb

•) which already reported
in many studies [38–41] is not observed in the EPR spectra of TOFS
and TOF (Nb

• can be observed by EPR both at room temperature and
at 77 K), indicating the N species does not doped into the TiO2 lattice
by the solvothermal method using the HN4F and CH4N2S as starting
materials precursors, although these two chemicals contains many
N atoms.

From the above discussion, we tentatively concluded that the
F–S co-doped TiO2 powder produced by the reaction of TiO2 with
thiourea and ammonium fluoride shows visible light photocatalytic
activity due to the interaction of the F and S dopants. It should be
noted that although the amount of N dopant is extremely low in the

TOFS sample, the nitrogen may also have some contribution to the
visible light absorption. The S and N atoms incorporated into the
TiO2 lattice may lead to the generation of localized S or N midgap
levels, which are located above the O 2p valence band, and narrow
the band gap of TiO2 to induce the shift of optical absorption from
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This work was financially supported by Oxford University
ig. 11. EPR spectra and corresponding simulation of different synthesized photoca
30K. (a′ , b′ and c′: experimental spectrum; a′′ , b′′ and c′′ simulation); (d) TOFS-450
0 dB; microwave frequency, 9.51 GHz; modulation amplitude, 1 G at 100 kHz.

V region to visible region. Even though fluorine doping does not
mprove the absorption of visible light, it contributes to the creation
f the surface oxygen vacancies, which are important for optical
bsorption in visible light region. Therefore, it is thought to be the
ynergic effect of the sulfur or nitrogen impurities, together with
xygen vacancies, that enhances the visible light catalytic activ-
ty, while the absorbed F and SO2 species do not contribute to the
bserved visible light response of our TOFS system. Furthermore,
xygen vacancies can act as active sites to reduce O2 and form O2

•−

adicals and it is suggested that this superoxide radical is respon-
ible for the decomposition of the organic pollutants, resulting in
increasing decoloration with increasing superoxide species pre-

enting in the catalyst. Moreover, it is believed that because of
synergistic effect between F and S dopants, the co-doped TOFS

xhibits the higher photocatalytic activity than observed for mono-
oped TiO2 catalysts.
. Conclusions

F–S co-doped and mono-doped TiO2 photocatalyst materials
ave been prepared using low-temperature solvothermal method,
s annealed at 450 ◦C: (a) TOFS-450, (b) TOF, (c) TOS; these three spectra recorded at
OF, (f) TOS; recorded at room temperature. Instrument setting: microwave power,

the resultant materials have been treated under different con-
ditions to give stable doped photocatalysts, which have been
characterized by XRD, laser Raman, XPS, FT-IR and EPR and tested
for Methylene Blue photocatalytic degradation. The results showed
that the solvothermal method can produced doped TiO2 materials
with S and F partially substituted for oxygen, and that this co-
doping gives materials with smaller crystallite sizes. The co-doped
(F–S) TiO2 material exhibits higher photocatalytic activity, which is
believed due to the synergistic effect between the F and S co-doped
into TiO2 lattice, and the creation of an increased concentration of
super oxygen species, thus leading to the enhancement of visible
light photoactivities.
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