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a b s t r a c t

F–Si-co-modified TiO2 (FST) samples with different ratios of fluorine to titanium (RF) and silica to tita-
nium (Rx), were successfully synthesized by ultrasound-assisted hydrolysis. The structure and properties
of the as-prepared codoped titania were characterized by means of XRD, TEM, XPS, BET, UV–Vis diffuse
reflectance spectra and ESR. XRD analysis showed that Si and F atoms prevented phase transition of
anatase to rutile and suppressed the growth of titania crystalline. ESR results showed that the concen-
tration of the active species (•OH) on 1%-FST(Rx=10%) was higher than that on other FST samples and P25
titania. The improvement in photocatalytic activity relative to titania can be achieved by co-modifying
eywords:
hotocatalytic activity
–Si-codoped titania
SR
ethyl orange

fluorine and silica to fabricate FST composite material. The photocatalytic activity of FST powders for
decomposition of methyl orange was affected by the content of fluorine and the content of silica. When
the ratios of RF and Rx were 1 and 10%, respectively, 1%-FST(Rx=10%) shows the best among photocatalytic
activity, which is much superior to P25 under UV–Vis irradiation. The possible reasons for the high pho-
tocatalytic activity of the FST powders were proposed in the paper. In addition, the stability of the FST

c pro
powders in photocatalyti

. Introduction

Semiconductor photocatalysis has been intensively investigated
or its application to environmental pollutants’ degradation [1–5].
he photocatalyst used is mainly focused on TiO2 semiconduc-
or due to its low cost, high stability and environmental friendly
eatures. However, the photocatalytic activity of TiO2 is not high
nough for the requirements of practical applications. So improving
ts photocatalytic activity is still a principal challenge. The introduc-
ion of new active sites into TiO2 should enhance the photocatalytic
ctivity. Titania–silica mixed oxides [6–7] have aroused consider-
ble interest for photocatalytic applications because of their high
hotocatalytic activity. This is partially explained by the intimate

nteraction of TiO2 and SiO2, which results in new structural and
hysicochemical properties such as quantum-sized crystallinity,
igh surface area, high adsorption capacity or high acidity [6–9].

Fluorinated TiO2 has been often investigated in relation to dop-

ng (TiO2−xFx) [10–15] or surface complexation (F–TiO2) [14–18].
t has been reported that fluoride doping improves the crys-
allinity of anatase and the photocatalytic reactivity [11–13]. In
ddition, TiO2−xFx has fewer anion vacancies with a lower density

∗ Corresponding authors. Tel.: +86 25 83593239; fax: +86 25 83593239.
E-mail address: yangdlut@126.com (S. Yang), envidean@nju.edu.cn (C. Sun).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.09.158
cess was confirmed based on the XPS analysis.
© 2009 Elsevier B.V. All rights reserved.

of midgap states [10–12,15] and is more stable against photocor-
rosion. Surface fluorinated TiO2 (F–TiO2) has been investigated as a
new surface modification method [19–21]. Some researchers have
reported that the introduction of fluorine atoms into a photocat-
alytic system is effective for enhancing the photocatalytic activity
of TiO2. The higher photocatalytic oxidation in the F–TiO2 suspen-
sion has been ascribed to the enhanced generation of mobile free
•OH radicals, whereas most *•OH radicals generated from naked
TiO2 surface prefer to remain adsorbed [19]. In our previous work,
silicon and fluorine atoms were simultaneously doped into the TiO2
crystal lattice with the aims of introducing new active sites and
enhancing the UV light absorption capacity of titania, a high reac-
tive, photocatalyst F–Si-codoped titania (FST) is achieved. However,
to our knowledge, there were no reports on the systematical syn-
thesis of FST, except for our previous study on microwave-assisted
photocatalytic degradation of PCP in the presence of FST, which was
firstly prepared by ultrasound-assisted hydrolysis (UAH) [22].

In our previous work, we had successfully prepared F–Si-
codoped titania (FST) photocatalyst that could work efficiently
under UV–Vis irradiation. Herein, we further studied the effects

of Si and F atoms on photocatalytic activity of titania samples to
elucidate the reasons for exhibiting photocatalytic activity and to
understand the role of doped F/Si atoms in UV–Vis photocataly-
sis. Moreover, the possible reasons on FST with high photocatalytic
activity were discussed here.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yangdlut@126.com
mailto:envidean@nju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.09.158
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3.1.1. Crystal structure
The phase structure, crystallite size and crystallinity of titania

play important roles in photocatalytic activity. XRD was used to
investigate phase structure of the prepared RF-FST(Rx=10%) powders
S. Yang et al. / Journal of Hazar

. Experimental and methods

.1. Reagents and materials

5,5-dimethyl-1-pyrroline-N-oxide (DMPO) spin-trap reagent
Sigma Chemical Co.), tetraethylorthosilicate (TEOS), tetrabuty-
orthotitanate (TBOT), sulfuric acid, NH4F and methyl orange were
urchased from Shanghai Chemical Company, China, and all are of
nalytical purity grade.

.2. Preparation of fluorine–silica-doped titania (FST) powders

Nanocrystalline titania powders were prepared by hydrolysis
nder ultrasonic irradiation [15]. TBOT and NH4F were used as tita-
ium and fluorine sources. TEOS was used as a precursor of the
opant. Mixture of TBOT (0.1125 mol) and TEOS was directly added
ropwise to 900 mL NH4F aqueous solution under vigorous stirring
t room temperature. The atomic ratios of fluorine to titanium and
ilica to titanium hereafter were designated as RF and Rx, respec-
ively. When Rx was constant (10%), RF were 0, 0.5, 1, 3, 10 and 20%,
nd RF-F–Si-codoped titania was labeled as RF-FST(Rx=10%); RF was
onstant (1%), Rx were 0, 5, 10 and 20%, and Rx-F–Si-codoped titania
as labeled as 1%-FSTRx . The formed FST samples were then radi-

ted in an ultrasonic cleaning bath (KQ3200E, 40 kHz, 150 W) for
h, followed by aging in a closed beaker at room temperature for
4 h. After aging, these FST samples were dried at 100 ◦C for about
h in air in order to vaporize water in the gels and then grounded

o fine powders to obtain dry gel, and finally calcined at different
emperatures in air for 1 h.

.3. Characterization

The crystal phase of FST samples was identified by X-ray diffrac-
ion with a X′TRA diffractometer made in ARL Company, Swiss.
he average crystalline size of all samples can be estimated by the
cherrer formula: L = 0.89�/ˇ cos � (where L is the crystallite size,
is the wavelength of the X-ray radiation (Cu K� = 0.15418 nm), K

s usually taken as 0.89, and ˇ is the line width at half-maximum
eight, after subtraction of equipment broadening). The morphol-
gy of FST samples was characterized by transmission electron
icroscopy (TEM; Hitachi-600). Hitachi Company Measurement of

ET surface area was performed using N2 adsorption/desorption
sotherms on a Micromeritics ASAP 2020. X-ray photoelectron
pectroscopy (XPS) measurements were done on an ESC ALB MK-II
PS system with a monochromatic Al KR source and a charge neu-

ralizer; all the binding energies were referenced to the C 1s peak
t 285 eV of the surface adventitious carbon. ESR signals of radicals
pin-trapped by DMPO were recorded on a Brucker ED-200D-SRC
0/12 spectrometer at ambient temperature under photoirradia-
ion of a 180 W mercury lamp. The recorded spectra were taken
nto a personal computer with an image scanner and converted to
g value scale referring to a Mn2+ marker.

.4. Photocatalytic experiment

The photocatalytic activity of FST powders for decomposition of
ethyl orange was investigated in a photocatalytic reactor shown

n Fig. 1. A high-pressure mercury lamp (a 400 W high-pressure
ercury lamp from Beijing light factory with a maximum wave-

ength of 365 nm, Io = 1.50 mW cm−2) was positioned vertically in a

ouble-wall U-tube inside the cylindrical reactor surrounded by
circulating water tube to maintain reaction isothermally. The

hotocatalytic reactor has an effective volume of 150 mL. Addition-
lly, the exterior wall of the reactor was covered with a reflecting
luminum. The reaction was performed under the following con-
Fig. 1. Photoreactor system for methyl orange degradation. (1) Cooling water input,
(2) water outflow, (3) UV lamp, (4) quartz sleeve, (5) stirrer bar, (6) reactant solution,
(7) exhaust and (8) glass reactor

ditions: UV irradiation, vigorous stirring, and no airflow, 20 mg L−1

methyl orange and 0.18 g FST powder.
P25 titania particles (50 m2/g) with crystalline structure of ca.

30% rutile and 70% anatase and primary particle size of ca. 21 nm
were taken as a reference to test the photoactivity of the FST pow-
ders towards the degradation of methyl orange.

Concentration of methyl orange was determined using UV-
1600 spectroscopy at wavelength � = 480 nm quantitatively. Total
organic carbon (TOC) was determined with Shimadzu TOC-5000
analyzer.

3. Results and discussions

3.1. Characterization of the FST powders
Fig. 2. XRD patterns of the RF-FST(Rx=10%) powders calcined at 550 ◦C for 1 h (RF = 0,
0.5, 1%, 3%, 10% and 20%).
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Table 1
Effect of calcination temperature and RF on BET surface area and pore parameters
of RF-FST(Rx=10%) powders.

RF (%) Calcination
temperature (◦C)

BET (m2/g) Pore volume
(mL g−1)

Pore size (nm)

1 100 346 0.433 2.2

0 550 196 0.279 5.8
0.5 550 185 0.273 6.0
1 550 178 0.268 6.4
3 550 170 0.263 7.8

eliminate the simply adsorbed F or Si species and to prove their
ig. 3. XRD patterns of Rx-FST(RF=1%) powders calcined at 550 ◦C for 1 h (Rx = 0, 5, 10
nd 20%).

fter heat treatment at 550 ◦C for 1 h. Fig. 2 shows the effects of
uorine content on the phase structures of FST(Rx=10%) powders
alcined at 550 ◦C for 1 h. The major crystalline phase detected
n all samples after doping fluorine is pure anatase. Apart from
he diffraction peaks corresponding to anatase, there are no other
iffraction peaks from 2� = 20◦ to 60◦ for all the RF-FST(Rx=10%) sam-
les. It can be seen from the figure that the peak of anatase phase in
ll FST samples becomes much stronger and sharper with increas-
ng fluorine content, indicating the higher crystallinity of anatase
han that of pure titania. The average sizes of the samples with
F = 0, 0.5, 1.0, 3.0, 10 and 20% were 4.9, 6.4, 7.1, 7.9, 8.5 and 9.3 nm,
espectively.

Fig. 3 shows the influence of silica content on the phase struc-
ures of 1%-FST powders calcined at 550 ◦C 1 h. The major phase of
he 1%-FSTRx powders with different Rx values was pure anatase.
t is noteworthy that apart from the diffraction peaks correspond-
ng to anatase, no other diffraction peaks could be observed from

� = 20◦ to 60◦ for all of the Rx-FST(RF=1%) samples, indicating that
ilica exists in amorphous phase. It can be seen from the figure that
he peak becomes broad with the increasing silica content, which
ndicates that the size of the samples become smaller [17]. The aver-

Fig. 4. TEM photographs of 1%-FST(Rx=10%) powders prepared by ultrasoni
5 550 162 0.259 9.6
10 550 139 0.254 11.2
20 550 124 0.248 12.6

age sizes of the samples with Rx = 0, 5.0, 10 and 20% were 8.9, 7.4,
7.1 and 6.9 nm, respectively, which illustrates that the presence of
silica can effectively inhibit the grain growth of catalyst. Further-
more, the crystallite size of the samples after silica modifying is
smaller than that of the unmodified samples. It is thought that sil-
ica modifying prolongs the crystallization of anatase and retards
the transformation of amorphous titania to anatase since the crys-
tallinity of silica modified samples is lower than that of unmodified
samples. Furthermore, the crystalline size of the samples after sili-
con and fluorine doping changed slightly, indicating that the silicon
and fluorine did not alter the FST samples structure and remained
the well anatase crystallization after the addition process.

Fig. 4 shows TEM photographs of 1%-FST(Rx=10%) powders cal-
cined at (a) 450 and (b) 550 ◦C for 1 h. It is obviously seen that the
reactive temperature affects the morphologies of the sample. At
450 and 550 ◦C, some of the particles are fused together due to sin-
tering, which explains the significant decrease in SBET (shown in
Table 1) with increasing calcination temperature.

3.1.2. XPS studies
The chemical states and concentrations of the Si/F atoms incor-

porated into the FST powders were investigated from the analysis
of XPS spectra. The silicon and fluorine elements can be chemi-
cally adsorbed on the TiO2 surface or doped into TiO2 lattice, and
the adsorbed elements can be removed by thermal treatment. The
characterization was carried out after 773 K calcination for 1 h to
doping. Fig. 5A shows the XPS spectrum of 3%-FST(Rx=10%) pow-
ders prepared by ultrasound-assisted hydrolysis and calcination
at 550 ◦C for 1 h. XPS peaks show that the 3%-FST(Rx=10%) powders
contain only Ti, O, Si and F elements and a trace amount of carbon.

c-assisted hydrolysis calcination at 450 ◦C (A) and 550 ◦C for 1 h (B).
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photocatalytic reaction. It can be noted from Table 1 that when
RF = 1, the FST(Rx=10%) powders dried at 100 ◦C show a very large
SBET value of 346 m2/g. However, all of the surface area, porosity
and pore volume become smaller with increasing calcination tem-
perature. The pore diameter increases due to the growth of titania
Fig. 5. XPS spectra of 3%-FST(Rx=10%) powder

he following binding energies are used in our quantitative mea-
urements: Ti 2p at 461 eV, O 1s at 533 eV, Si 2p at 103 eV, F 1s
t 688 eV and C 1s at 285 eV. The atomic ratio of Ti:O:Si:F is about
:2.13:0.13:0.011, which is basically close to the ratio of Ti/Si in the
xperiment [23]. The C element is ascribed to the residual carbon
rom precursor solution and the adventitious hydrocarbon from the
PS instrument itself. The XPS spectra of other samples are similar.

Fig. 5B and C shows the XPS spectra of the F 1s region and Si
p, respectively, taken on the surface of the 3%-FST(Rx=10%) sam-
le calcinated at 550 ◦C for 1 h. The F 1s region is composed of
wo contributions. The main contribution is the F in solid solution
iO2−xFx, which is probably formed by nucleophilic substitution
eaction of F− ions and titanium alkoxide during the hydrolysis pro-
ess [16,24,25] because of the fact that the ion radii of F− and O2−

re similar. The minor contribution is assigned to F− ions physically
dsorbed on the surface of TiO2. During the calcinations process,
hermal energy can trigger the substitution of F− for O2− in the
attice of TiO2. It is not too surprising that nonstoichiometric solid
olutions of TiO2−xFx are formed [26].

.1.3. BET surface areas and pore structure
Since heterogeneous photocatalyst is affected by the surface

rea and pore structure, the effects of silicon and fluorine codop-
ng on the BET surface area and the pore structure of FST samples

ere investigated here. Fig. 6 shows the pore size distribution
urve calculated from the desorption branch of the nitrogen
sotherm by the BJH method and the corresponding nitrogen
dsorption–desorption isotherms (inset) of 1%-FST(Rx=10%) powders

alcined at 550 ◦C for 1 h. The sharp decline in desorption curve is
ndicative of mesoporosity, while the hysteresis between the two
urves demonstrates that there is a diffusion bottleneck, possibly
aused by nonuniform pore size. The pore size distribution cal-
ulated from the desorption branch of the nitrogen isotherm by
lcined at 550 ◦C for 1 h, Si 2p (B) and F 1s (C).

the BJH (Barrett–Joyner–Halenda) method shows a narrow range
of 5.0–10 nm with an average pore diameter of 7.5 nm.

Tables 1 and 2 show that all samples have mesoporous struc-
tures, which result from the pores formed between TiO2 particles.
These mesopores allow rapid diffusion of various reactants and
products during photocatalytic reaction and enhance the rate of
Fig. 6. Pore size distribution curve calculated from the desorption branch of
the nitrogen isotherm by the BJH method and the corresponding nitrogen
adsorption–desorption isotherms (inset) of 1%-FST(Rx=10%) powders calcined at
550 ◦C for 1 h.
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Table 2
Effect of Rx on BET surface area and pore parameters of Rx-FST(RF=1%) powder.

Rx (%) Calcination
temperature (◦C)

BET (m2/g) Pore volume
(mL g−1)

Pore size (nm)
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0 550 78 0.213 18.5
5 550 163 0.271 7.9

10 550 178 0.268 7.5
20 550 186 0.299 7.0

rystallites. Table 1 also shows that, at 550 ◦C, when RF = 0, the SBET
alue of FST(Rx=10%) is higher than that of RF-FST(Rx=10%) (RF /= 0),
hich is possibly because the former has a smaller TiO2 crystallite

6.4 nm). When Rx is constant 10%, with increasing RF, the SBET value
f FST decreases steadily. This may be ascribed to the fact that the
reater the amount of F− ions in the TiO2 xerogels, the stronger the
romoting action of TiO2 anatase crystallization. This would pro-
uce larger TiO2 crystallites. Table 2 indicates that at 550 ◦C, when
F = 1, with increasing Rx, the SBET value of FST increases steadily.
s we are all known, there is still argumentative one on whether
ctivity of a photocatalyst is related to the catalyst surface area, but
dsorption on the catalyst surface would at least help to “concen-
rate” the reactant molecules for the photoreactions and the photos

ight be scattered between the nano-sized titania particles [26].
eanwhile, photogenerated electrons and vacancies as well as the

dsorbed molecules might be able to diffuse more or less at the
atalyst surface, causing the photoreactions to happen more easily
27]. The high specific surface area of pure titania and FST may help
his process more efficiently in the photodegradation. Hence the
eries of FST catalysts show higher photoactivity than P25 in the
ecomposition of aqueous methyl orange solution.

.1.4. UV–Vis spectra
As a photocatalyst, the wavelength distribution of the absorbed

ight is one of the important properties regardless of the quantum
ield. The high photoactivity of FST samples can be attributed to
he higher UV–Vis light absorbance, which can be easily proved by
V–Vis diffuse reflectance spectra. Fig. 7 shows the DRS spectra of
repared RF-FST(Rx=10%) powders with the different fluorine con-
ent. It is apparent that the absorption spectra of all samples show

tronger absorption in the UV–visible range and a blue shift in the
and gap absorption edge was observed, which may be explained

n terms of the quantum size effects that emerge in semiconduc-
ors at small particle sizes. The band gap energy can be estimated
rom Kubelka–Munk function [25,28–29]. The calculated band gap

ig. 7. UV–Vis spectra of RF-FST(Rx=10%) with different F/Ti ratios. RF = 0, 0.5, 1, 3, 10
nd 20%.
Fig. 8. DMPO spin-trapping ESR spectra under UV irradiation in RF-FST(Rx=10%) sam-
ples (calcined at 550 ◦C for 1 h) and P25 aqueous solutions (RF = 0, 0.5, 1.0, 3.0, 10,
20%): catalyst loading, 0.5 g L−1; DMPO concentration, 0.035 M.

energies of all FST samples with different RF values (0, 0.5, 1, 3, 10
and 20%) are about 3.31, 3.28, 3.26, 3.24, 3.22 and 3.21 eV, respec-
tively.

3.2. ESR signal analysis of DMPO-•OH

DMPO traps hydroxyl and superoxide radicals with the forma-
tion of nitrone spin adducts, which are more stable and can be
detected by ESR spectroscopy [21]. The ESR spin-trap technique
(with DMPO) was employed to probe the nature of the reactive oxy-
gen species generated from RF-FST(Rx=10%) calcined 550 ◦C for 1 h
under UV irradiation (RF = 0, 0.5, 1, 3, 10, 20%). Fig. 8 illustrates the
electron paramagnetic resonance spectra of RF-FST(Rx=10%)-DMPO,
P25-DMPO and DMPO alone systems. There are the characteristic
four peaks of DMPO-•OH with intensity 1:2:2:1 in the ESR sig-
nal, which are similar to the results reported by others for the
•OH adduct [21,30]. Furthermore, the peak intensity of •OH gen-
erated from 1%-FST(Rx=10%) was greatly higher than that from other
RF-FST(Rx=10%) samples and P25, which indicated the photocatalytic
activity of 1%-FST(Rx=10%) is the best among all samples. It is obvi-
ous that the content of fluorine affects the photocatalytic activity of
RF-FST(Rx=10%) photocatalyst, there is an optimum content, namely
1%, as shown in Fig. 8. The ESR signals for the spin adducts DMPO-
OOH• and/or DMPO-O2

• should also have been detected. However,
these latter two spin adducts were not observed in this study. It is
well documented that the superoxide radical anions are produced
first and remain stable in an organic solvent medium (at least in
methanol) [23], while the superoxide radical anions are unstable in
H2O system, for example, O2

•− readily converted to H2O2 and O2.
Another possible reason is the slow reactions between •OOH/O2

•−

and DMPO, which are several orders of magnitude lower than
formation of the DMPO-•OH spin adduct [24]. In addition, the tran-
sition from DMPO-OOH• and DMPO-O2

• to DMPO-•OH was too fast
[24].

3.3. Photocatalytic degradation of methyl orange

Experiments were conducted under three different conditions:
(i) in the dark in the presence of 1%-FST(Rx=10%) calcined 550 ◦C for

1 h, (ii) only UV irradiation without photocatalyst, (iii) under UV
irradiation in the presence of pure titania calcined 550 ◦C for 1 h
and (IV) under UV irradiation in the presence of 1%-FST(Rx=10%) cal-
cined at 550 ◦C for 1 h. In addition, the variation of TOC value with
irradiation time was carried out in 1%-FST(Rx=10%) aqueous suspen-
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ig. 9. Methyl orange concentration and TOC vs. reaction time in different processes.
hotocatalyst: 1%-FST(Rx=10%) calcined at 550 ◦C for 1 h.

ion. The results are illustrated in Fig. 9, where the concentration
f methyl orange is plotted again the reaction time.

A little decrease in methyl orange occurred in the dark treat-
ent, i.e., 0.9% of the initial substrate disappeared after 1 h

f continuous stirring. This phenomenon might be due to the
dsorption of photocatalyst FST-1%. In direct photolysis without
hotocatalyst, about 8% degradation efficiency was observed for
h irradiation; and 16.3% for 1.5 h. When methyl orange with
%-FST(Rx=10%) powders in aqueous dispersion was exposed to UV

ight, the concentration of methyl orange decreased markedly.
bout 87.5–99% of methyl orange was degraded within 40–60 min
f the reaction. It was clearly observed from Fig. 9 that the TOC
alue in aqueous solution decreased gradually with the irradiation
ime and the removal of 48% TOC was observed in 90 min. How-
ver, when methyl orange with pure titania powders in aqueous
ispersion was exposed to UV light, removal efficiency of methyl
range was 90% in 90 min. The photocatalytic degradation followed
seudo-first-order kinetics, the kinetic constant for pure titania and
%-FST(Rx=10%) catalysts is 0.0228 and 0.0587 min−1, respectively. It

ndicated that 1%-FST(Rx=10%) was a photocatalyst with high photo-
atalytic activity and can be utilized for water purification.

.3.1. Effect of fluorine content
The photocatalytic activity of FST samples is sensitive to the con-

ent of fluorine and the content of silica, and then their effects are
iscussed subsequently. It is significant to investigate the depen-
ence of photocatalytic activity of the RF-FST(Rx=10%) on the doped
uorine content. The photocatalytic degradation followed pseudo-
rst-order kinetics. Results are presented in Fig. 10 and Table 3. The

hotocatalytic degradation rate of methyl orange firstly increased
ith an increase of fluorine content in the catalyst in the range

f 0–1%, which might be due to the increase of the crystallinity
11,13,21,31]. However, higher fluorine content (>1%) did not favor

able 3
he kinetic constants and regression coefficients of methyl orange photocatalysis
n RF-FST(Rx=10%) calcined at 550 ◦C for 1 h.

Photocatalyst Kinetic constant (min−1) R2 Ratio of K to KP25

RF = 0 0.0296 (K1) 0.9955 1.25
RF = 0.5% 0.0414 (K2) 0.9898 1.75
RF = 1% 0.0587 (K3) 0.9881 2.48
RF = 3% 0.0365 (K4) 0.9846 1.54
RF = 10% 0.0231 (K5) 0.9981 0.98
RF = 20% 0.0185 (K6) 0.9943 0.78
Degussa P25 0.0236 (KP25) 0.9964 1.00
Fig. 10. Methyl orange concentration vs. UV irradiation time with RF-FST(Rx=10%)

photocatalysts calcined at 550 ◦C for 1. RF = 0, 0.5, 1.0, 3.0, 10, 20% and Degussa P25.

the further enhancement of the photoactivity of RF-FST(Rx=10%),
since the specific surface area (shown in Fig. 7 and Table 1)
decreased in spite of the better crystallinity of anatase and SiO2 did
not exhibit photocatalytic activity. The maximum degradation rate
occurred on 1%-FST(Rx=10%) and it was about 2.5 times higher than
that of P25, an excellent photocatalyst recognized [1,25]. It should
be noted that the photocatalytic activity of 1%-FST(Rx=10%) is the best
among all the RF-FST(Rx=10%) samples in this study (shown in Fig. 9).
The difference in surface area, UV adsorption and more hydroxyl
radical was responsible for this discrepancy. The increasing surface
area shown in Fig. 6 and Table 1 was facilitating the adsorption
of reactants and enhancing the speed of photocatalytic reaction.
The increasing intensive absorbance shown in Fig. 7 resulted in
the increase in rate of transfer of photogenerated electrons to the
surface, leading to effective participation in the surface reaction
[32]. The increasing hydroxyl radical presented in Fig. 8 resulted in
faster degradation of methyl orange in aqueous solutions. From the
above result, it could be concluded that the increase of surface area,
absorption in UV region and hydroxyl radical are the prominent
factors for high photocatalytic activity of methyl orange decompo-
sition and the optimum ratio of fluorine to titania is 1%. Moreover,
another reason on enhancement of FST powders was that ultrasonic
irradiation enhanced hydrolysis of titanium, silicon alkoxide and
NH4F, crystallization of the gel and the enhancement of dispersion
of FST (shown in Fig. 4).

3.3.2. Effect of silica content
The photocatalytic activity of the prepared Rx-FST(RF=1%) powder

for the decomposition of methyl orange was affected by the doped
silica content. The results were presented in Fig. 11 and Table 4. The
photocatalytic degradation rate of methyl orange firstly increased

with an increase in the silica content in range of 0–10% due to
decrease in average sizes as is shown in the XRD analysis in Fig. 3
and Table 2 and the increase in surface hydroxyl radicals presented
in Fig. 8. However, higher fluorine content (over 10%) did not favor

Table 4
The kinetic constants and regression coefficients of methyl orange photocatalysis
on Rx-FST(RF=1%) calcined at 550 ◦C for 1 h.

Photocatalyst Kinetic constant (min−1) R2 Ratio of K to KP25

Rx = 0 0.0287 (K7) 0.9881 1.21
Rx = 5% 0.0380 (K8) 0.9758 1.61
Rx = 10% 0.0587 (K3) 0.9881 2.48
Rx = 20% 0.0293 (K9) 0.9889 1.24
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[19]. Therefore, the photogenerated electron in the FST powders
could easily diffuse from the inner region to the surface of the
ig. 11. Methyl orange concentration vs. UV irradiation time with Rx-FST(RF=10%)

hotocatalysts calcined at 550 ◦C for 1. Rx = 0, 5, 10, 20% and Degussa P25.

urther enhancement of the photoactivity of FST because the crys-
allinity of anatase decreased in spite of the larger specific surface
rea (Table 2) and silica did not exhibit photocatalytic activity.

The efficiency of the photocatalytic degradation over
%-FST(Rx=10%) has been also analyzed using the quantum yield.
he quantum yield of a reaction is defined as the number of MO
olecules being decomposed (degraded) per photon absorbed (Eq.

1)).

= Number of molecules decomposed
Number of photons of light absorbed

(1)

The photodegradation rate constant k of MO under the
onochromatic light source can also be used for the calculation

f its reaction quantum yield using Eq. (2).

= k

2.303I0,�εD,�l
(2)

� is the reaction of quantum yield (dimensionless),
0,� is the intensity of the incident light at 365 nm
1.38 × 10−6 Einstein L−1 S−1), εD,� is the molar absorptivity of

O at 365 nm (2.36 × 10−4 cm−1 M−1), l is the path length of
eaction tube which is 24 cm for the irradiated solution.

The quantum yields of the photodegradation of MO with
%-FST(Rx=10%) and TiO2-P25 were determined to be 0.55 and
.22, respectively. About 2.5 times enhancement in photocatalytic
egradation of MO with 1%-FST(Rx=10%) is observed under these
onditions.

.4. Possible reasons for the high photocatalytic activity of the
ST powders

The FST powder demonstrated high photocatalytic activity for
egradation of methyl orange under UV irradiation. The reasons
an be closely related to the doped Si and F atoms.

Firstly, the doped Si atoms in FST improved the photocatalytic
xidation of methyl orange in aqueous solutions, partially due to
he decreasing of catalyst particle and the increasing high surface
rea [8,9]. Another possible reason was the presence of high sur-
ace acidity on FST powders. The cation of dopant oxide entered the
attice of its host oxide and retained its original coordination num-
er and a charge imbalance was created. It has been found that the

ew acidic sites created by lattice substitution had Bronsted acid
haracter instead of Lewis acid character in the silica–titania sys-
em [33]. Kwon et al. and Li et al. confirmed that the enhancement
n surface acidity improved the activity of a photocatalytic system
34,35]. Moreover, the surface acidic site also acts as an electron
Fig. 12. XPS spectra of 1%-FST(Rx=10%) powders calcined at 550 ◦C for 1 h (a) before
use, (b) after 10 times use.

acceptor [36,37], which enhances the separation of photogener-
ated electrons and holes, i.e., to increase k value, and improve the
photocatalytic activity.

Secondly, the beneficial effects produced by doped F atoms in
FST powders on the photocatalytic activity might be as follows: (1)
F-doping led to the improvement of anatase crystallinity, which
result in increasing of photocatalytic activity [11,13]. (2) F-doping
improved UV adsorption of catalysts. The rate of the photocatalytic
reaction is proportional to (I˛�)n (n = 1 for low light intensity and
n = 1/2 for high light intensity), where I˛ is the number of photons
absorbed by photocatalyst per second and � is the efficiency of
the band gap transition. Therefore, an increase in ˛ (absorption
coefficient) or I˛� and a decrease in krec (rate constant of recom-
bination of the charge carriers) would increase the rate at which
the photogenerated electrons reach the surface, leading to effec-
tive participation in the surface reaction. The absorption coefficient
˛ can be calculated from the measured absorbance (A) using the
following equation [38,39],

˛ = 2.303� × 103

lcM
A (3)

where the density � = 3.9 g cm−3, molecular weight
M = 79.9 g mol−1, c is the molar concentration of FST, and l is
the optical path length, respectively. On the basis of UV adsorp-
tion spectra in Fig. 7, it is obviously observed that the intensity
of absorption below 400 nm increases with increasing fluorine
content due to the increase in band gap transition in FST samples.
The enhancement of the photocatalytic activity with F-doping
can be partly explained in terms of an increase in I�� resulting
from intensive absorbance in the UV regions. Therefore, the
enhancement of the photocatalytic activity with FST comes from
intensive absorbance in the UV regions. (3) F-doping resulted in
the enhanced mobile free •OH radicals whereas most OH radicals
generated on naked TiO2 surface preferred to remain adsorbed
particles to take part in the surface photochemical reaction [40,41].
Consequently, introduction of fluorine and silica can increase

the specific surface area, UV adsorption, active radicals and the
transfer rate of photogenerated electrons to the surface of photo-
catalysts and then promote photocatalytic activities of FST catalyst.
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.5. Stability of FST powders

Both the hydrofluoric acid and fluoride ion are severe poison.
o we have to understand whether there are any possibilities that
he FST is decomposed releasing hydrofluoric acid or fluoride ion
n the water system when FST as a photocatalyst was used in water
urification. From the XPS analysis of F 1s (shown in Fig. 12), there

s no noticeable change in the XPS of F 1s on the 3%-FST(Rx=10%)
owders after 10 times of photocatalytic reaction for 90 min. The
esults also indicated that the degradation efficiencies were rather
table with the relative standard deviation of 3.5%. It is considered
hat the observed chemical stability of the FST powders led to the
table catalytic activities.

Therefore, the introduction of fluorine and silicon to titania
s beneficial for degradation of the target contaminant and it is
ossible for FST powders to be used as photocatalysts in water
urification.

. Conclusion

F–Si-co-modified TiO2 nanoparticles with pure anatase phases
ere prepared by ultrasonic hydrolysis method. The specific sur-

ace area and crystallinity of anatase titania were improved by Si
odifying. Moreover, Si and F atoms prevented phase transition of

natase to rutile and suppressed the growth of titania crystalline.
he FST samples showed stronger absorption in the UV–visible
egion and ESR signals indicated that the concentration of the active
pecies (•OH) on 1%-FST(Rx=10%) was higher than that on other FST
amples.

The photocatalytic activity of FST powders was obviously
ffected by the content of doped silica and fluorine. The photocat-
lytic activity of FST firstly increased with an increase of fluorine
ontent in the catalyst in the range of 0–1%, higher fluorine content
>1%) did not favor the further enhancement of the photoactivity
f RF-FST(Rx=10%), and there is an optimum content of silica in the
atalyst. The highest photocatalytic activity of 1%-FST(Rx=10%) was
bserved and its degradation rate is 2.48 times that of P25. This
ay be ascribed to a synergetic effect of its unique surface char-

cteristics, doped Si atoms, and doped F atoms. The stability of the
ST powders in photocatalytic process was confirmed based on the
PS analysis. The experiment results indicate that the FST powder

s a very interesting and promising photocatalytic material and has
ood potential for application to water purification.
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