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bstract

Anatase type N–F-codoped TiO2 powder was successfully prepared by a sol–gel-solvothermal method using tetrabutyl titanate as precursor.
he effect of acidity and solvents on crystallinity, morphology, and size of the prepared N–F–TiO2 powder particles was investigated. The
repared catalysts were characterized by X-ray diffraction (XRD), thermogravimetry–differential thermal analysis (TG–DTA), X-ray photoelectron
pectroscopy (XPS), and ultraviolet-visible diffuse reflection spectroscopy (UV–vis–DRS). The photo-catalytic activity of N–F–TiO2 powder
as measured by using the reaction of photocatalytic degradation of p-chlorophenol. It was shown that the surface of N–F–TiO2 powder was

trongly acidic, and it was confirmed that the N–F-codoped TiO2 powder showed strong visible-light absorption and high photocatalytic activity
or p-chlorophenol and Rhodamine B under visible light irradiation (400–500 nm). The catalyst showed very high visible-light activity toward
hotocatalytic degradation of p-chlorophenol. Under the irradiation of 150 W tungsten halogen light for 12 h, the conversion could be as high

s 17.8%, which was 1.75, 1.25 and 1.5 times higher than that of commercial P25 TiO2, N–TiO2, and F–TiO2 powder in a suspension system,
espectively. The high visible-light photocatalytic activity of the N–F-codoped TiO2 may result from the generation of additional band of N 2p in
he forbidden band, and the synergetic effect of nitrogen and fluorine doped.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Visible-light responsive photocatalytic technology has
ttracted much attention because it is an important step in using
olar energy to split water for green-energy hydrogen production
nd to eliminate undesired chemical substances for environmen-
al conservation [1–3]. The development of new photocatalytic

aterials seems to be a main research target [4]. Research
f photocatalytic materials has been focused mainly on TiO2
emiconductors because of their efficiency, low cost, chemical
nertness, and photostability [5]. However, the widespread tech-
ological use of the TiO2 photocatalyst has been restrained by its

ide band gap (3.2 eV for anatase TiO2) and the requirement of
ltraviolet (UV) radiation (λ < 387 nm) for photocatalytic acti-
ation.

∗ Corresponding author. Tel.: +86 20 87113586; fax: +86 20 87112906.
E-mail address: liujm@scut.edu.cn (J.-M. Liu).
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Several attempts have been made to shift the onset of TiO2
bsorption from the ultraviolet to the visible region. One of the
nitial approaches was the doping of TiO2 with transition-metal
lements [6]. However, metal doping has several drawbacks.
he doped materials are not thermally stable, and the metal cen-

ers act as electron traps, reducing the photocatalytic efficiency
7]. Another approach showed that narrowing the desired band
ap of TiO2 could be achieved by replacing lattice oxygen with
nionic dopant species, such as C [8], S [9], I [10], N [1,7],
r with dopant substitutions [11]. The absorption edge of TiO2
ould be shifted to the higher wavelength region by this method,
nd the doped TiO2 showed high photocatalytic activities under
isible light irradiation. Particularly, N-doping was found to be
ffective in decreasing the band gap of anatase titanium diox-
de by generating an isolated N 2p narrow band above the O

p valence [12]. The role of the N atoms in N-doping of TiO2
as considered only to improve the vis absorption [2], whereas

he reactivity or quantum efficiency was still very low for prac-
ical application. Recently, N–F-codoped TiO2 showed higher

mailto:liujm@scut.edu.cn
dx.doi.org/10.1016/j.jphotochem.2006.04.041
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bsorption and higher water splitting activity than N-doped TiO2
nder visible light. Nukumizu et al. [13] succeeded in preparing
iNxOyFz type compounds from (NH4)2TiF6 and SiO2 under
H3 flow at 773 K; Li et al. [14] synthesized N–F-codoped
iO2 powders from a mixed aqueous solution containing TiCl4
nd NH4F by spray pyrolysis. These two preparation meth-
ds used the same process of fluotitanate pyrolysis. The N–F-
odoped TiO2 powder particles were found to be large (about
50 nm in average diameter) and the surface area was small
about 10.8–105 m2 g−1) [2]. Furthermore, the preparation pro-
ess required expensive facilities. To our knowledge, the effect
f acidity and various solvents on TiO2 particle crystallinity
n the solvothermal crystallization process and simultaneously
oping a proper amount of fluorine and nitrogen into the lattice
f TiO2’s using moderate conditions have not yet been reported.

In this paper, the preparation of N–F-codoped TiO2 pow-
er by the sol–gel-solvothermal method using tetrabutyl titanate
s precursor was described. The influence of acidity and vari-
us solvents on the crystallinity, morphology, and size of the
–F–TiO2 particles was investigated. The intrinsic character-

stics and visible-light photocatalytic activity were studied in
etail. A tentative elucidation of the mechanism of the high
isible-light photocatalytic activity of the N–F–TiO2 powder
as presented.

. Experimental

.1. Sample preparation

Tetrabutyl titanate was used as a starting material, triethy-
amine as a nitrogen source, and ammonium fluoride as a fluorine
ource. All chemicals used in the experiments were of analyti-
al reagent grade. Firstly, 20 ml of tetrabutyl titanate, 10 ml of
thanol and 5.0 ml acetic acid were mixed in a 200 ml flask with
tirring for 30 min to form solution A. About 0.15 g ammonium
uoride, 6 ml ultrapure deionized water (18.2 M� cm−1), 4 ml

riethylamine, 3.0 ml nitric acid and 80.0 ml ethanol were mixed
ith stirring for 10 min to form solution B. Secondly, solution
was added drop wise into solution A under vigorous stirring.

hen, the solution was slowly stirred until a transparent immo-
ile gel was formed. The gel obtained was dispersed in a solvent
o form a sol mixture. Finally, the sol mixture was transferred to
Teflon tube and placed in a 300 cm3 stainless steel autoclave.
n additional 30 ml solvent and a limited amount of hexam-

thylenetetramine were added into the gap between the test tube
nd the autoclave wall. The autoclave was heated in an oven and
ept at 140 ◦C for 10 h. The powder product was separated by
entrifugation, dried at 60 ◦C in vacuum overnight and calcined
t 320 ◦C for 6 h in air.

.2. Analysis

The phase constitution and crystallite size of the samples

as determined by X-ray diffractometry (Shimadzu, XD-3A)
sing nickel filtered copper radiation (Cu K�) at 30 kV, 30 mA
ver a 2θ range of 20◦–70◦. The average crystallite size was
etermined according to the Scherrer equation using the FWHM

p
b
d
t
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ata of phase after correcting the instrumental broadening [15].
= 0.89 × λ/B × cos θ, where λ is the wavelength of the char-

cteristic X-ray applied, and B is the half-value width of anatase
1 0 1) peak obtained by XRD, and θ is the diffraction angle.

The crystallization behavior was also monitored by using
TG–DTA instrument (Q600 SDT, TA Inc. American) and

he sample was heated from room temperature to 1273 K at
0 K min−1. UV–vis absorption spectra of N–F–TiO2 pow-
ers were obtained for the dry-pressed disk samples using a
V–vis spectrophotometer with an integrating sphere (UV-
010, HITACHI). Absorption spectra were referenced to BaSO4.
-ray photoelectron spectroscopy (XPS) measurements were
erformed with the PHI1600 Quantum ESCA Microprobe Sys-
em, using the Mg K line of a 300 W Mg X-ray tube as a radiation
ource at 15 kV voltage. All the binding energies were refer-
nced to the C 1s peak at 284.8 eV of the surface adventitious
arbon. The N–F–TiO2 powder was pre-treated under a flowing
2 atmosphere at 320 ◦C for 6 h, to completely decompose and

emove any possible precursor residues and organic contami-
ants.

.2.1. Determination of N–F–TiO2 particle crystallinity
Part of the N–F–TiO2 sample was calcined at 450 ◦C in a box

urnace for 6 h. Thereafter, the N–F–TiO2 particles’ crystallinity
as defined as 100%, and was used as the standard reference

ample for the determination of sample crystallinity. The relative
rystallinity of the various samples was calculated as follows:

(%) = (I/I0) × 100

here I and I0 is the anatase TiO2 peak (1 0 1) intensity of the
ample and standard substance, respectively.

The absorption of p-chlorophenol and Rhodamine B on N–F-
odoped TiO2 powder was conducted as follows. About 0.1000 g
f the catalyst was soaked in 100 ml p-chlorophenol solution,
nd 0.2000 g of the catalyst was soaked in 25 ml 5 mg l−1 Rho-
amine B solution, respectively, with stirring, at room tempera-
ure and neutral pH in dark for 60 min.

The number of acid sites on the solid TiO2 surfaces was
easured by titrating the TiO2 suspension in benzene with n-

utylamine, using adsorbed Hammett indicator of Methyl Red
pKa = 4.8) to determine the end-point [16].

.3. Photocatalytic activity measurements

Photocatalytic activity of N–F–TiO2 powder was estimated
y measuring the percentage of p-chlorophenol decomposition
n an aqueous solution. The concentration of p-chlorophenol
as 130 mg l−1. The reaction was carried out in a 250 ml beaker
ith an electromagnetic stirrer. A 150 W tungsten halogen lamp

onnected to a light filter (wavelength: 400–500 nm) with a light
ntensity of 12.0 MW cm−2 at 420 nm, and a 125 W high pres-
ure ultraviolet mercury lamp (wavelength: 350–400 nm) were
sed as light source. The amount of catalyst used was 0.100 g

er 100 ml of solution, the TiO2 suspension was ultrasonicated
efore the reaction, and the reaction time was 10–15 h. The
egradation of p-chlorophenol was measured by determining
he CODCr of reaction liquid. The degradation of reactant could
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ig. 1. XRD patterns of N–F–TiO2 powders prepared by various solvents: (b)
ater; (c) acetone; (d) xylene; (e) acetone and ethanol mixing; (f) sample (e)

alcined at 450 ◦C for 6 h.

e calculated by:

(%) = [(COD0 − COD)/COD0] × 100

here COD0 and COD are the concentration of reaction liquid
efore and after the reaction.

. Results and discussion

.1. Crystal structure
.1.1. Effect of the solvent
Fig. 1 presents the XRD patterns of the powder samples pre-

ared by the sol–gel-solvothermal method in various solvents,

a
a
e
g

able 1
hysical properties of N–F–TiO2 powders prepared by various reaction conditions an

Tsyn (K)a Phase by XRDb D101 (nm)c R (%)d Acidity

2O 433 A 14.65 55.87 0.126
ylene 433 A 11.31 64.51 0.121
cetone 433 A 12.33 78.52 0.126
Ei 433 A 12.55 83.85 0.128
H 0.1 433 A 12.69 50.0 0.130
H 1.2 433 A 15.61 73.35 0.128
H 5.5 433 A 16.61 82.88 0.128
H 8.5 433 A 13.68 62.28 0.121
–TiO2

j 433 A 13.48 48.95 0.058
–TiO2 433 A 12.67 78.85 0.132
25 TiO2 – A, R 25.00 – 0.076

a Synthesis temperature.
b A, anatase; R, rutile.
c Crystallite size calculated from the (1 0 1) diffraction peak of anatase.
d Relative crystallinity.
e The number of surface acid sites (the total number of both Lewis and Brǒnsted ac
f Amount of Rhodamine B adsorbed on TiO2.
g Amount of p-chlorophenol adsorbed on TiO2.
h The degradation percentage of p-chlorophenol [100 × (COD0 − COD)/COD0].
i 50% (vol.) acetone in ethanol.
j Prepared by sol–gel-solvothermal at 160 ◦C for 16 h in acetone solution.
hotobiology A: Chemistry 184 (2006) 282–288

amely water, xylene, acetone or 50% (vol.) acetone in ethanol
olution, respectively, at a pH 1.5 and 160 ◦C for 16 h. The XRD
nalysis showed that well-crystallized anatase N–F–TiO2 was
ormed without contamination of any other crystalline phases.
o other phases such as rutile or brookite and TiN, TiF4, TiOF2
ere observed in all samples prepared using different solvents.
he samples prepared in low dielectric constant organic sol-
ents possessed smaller particles than those prepared in high
ielectric constant organic solvents. It is known that TiO2 was
rystallized by the dissolution–reprecipitation mechanism dur-
ng hydrothermal treatment, and that low dielectric constant
rganic solvents lead to a decrease in the solubility of the titania
uring the crystallization process, which resulted in the for-
ation of smaller particles and limited dehydration, and gave

ise to the decrease of crystallinity of the titania. Some physical
roperties of N–F–TiO2 powders prepared by various reaction
onditions are shown in Table 1.

.1.2. Effect of medium pH value
Fig. 2 shows the XRD patterns of N–F–TiO2 powders pre-

ared by sol–gel-solvothermal treatment in 50% (vol.) acetone
n ethanol solution at 160 ◦C for 16 h at different pH. As shown in
ig. 2, the particles analyzed consisted of the anatase phase evi-
enced by the characteristic diffraction peaks of anatase (major
eaks: 25.22◦, 37.87◦, 48.12◦) in the XRD spectrum of each
ample. The change of the pH value ranging from 0.1 to 8.5
ad little effect on the morphology of N–F–TiO2. Sample (f)
as defined as the standard substance for determination of crys-

allinity, and the crystallinity of samples (b), (c), (d) and (e)
s shown in Table 1 and compared with sample (f). The aver-

ge sizes of samples (b), (c), (d) and (e) crystallites calculated
ccording to the Scherrer equation are shown in Table 1. It is
vident from this data that when the pH was too low, the TiO2
el tended to dissolve and the crystallization of TiO2 particles

d photocatalytic activities for the degradation of Rhodamine B

(mol g TiO2
−1)e Aad (mol g TiO2

−1)f Aad (mol g TiO2
−1)g D (%)h

4.18 × 10−7 7.46 × 10−4 17.60
4.35 × 10−7 6.98 × 10−4 17.50
4.47 × 10−7 7.26 × 10−4 17.35
5.50 × 10−7 7.38 × 10−4 17.75
4.46 × 10−7 6.97 × 10−4 17.65
4.49 × 10−7 7.29 × 10−4 17.80
5.53 × 10−7 7.22 × 10−4 17.35
4.63 × 10−7 7.16 × 10−4 17.20
3.68 × 10−7 4.12 × 10−4 14.32
5.48 × 10−7 7.40 × 10−4 11.95
2.73 × 10−7 4.35 × 10−4 10.15

id sites).
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ig. 2. XRD patterns of N–F–TiO2 samples prepared at different pH: (b) 0.1;
c) 8.5; (d) 1.5; (e) 5.5; (f) 1.5 and calcined at 450 ◦C for 6 h.

as inhibited. In contrast, a too high pH lead to a decrease in sol-
bility of the titania during the crystallization process, resulting
n the formation of smaller particles.

.2. UV–vis spectra

The UV–vis absorption spectra of TiO2, N–TiO2, F–TiO2
nd N–F-codoped TiO2 samples prepared by the sol–gel-
olvothermal method are shown in Fig. 3. For N–TiO2 and N–F-
odoped TiO2 samples, a new absorption band was observed in
he visible range of 400–600 nm apart from the fundamental
bsorption edge of TiO2, which is located in the UV region at
bout 385 nm. The band caused by N and F codoping is slightly
tronger than that caused by N-doping.

It was found that only the doping of F atoms did not cause any
ignificant shift in the fundamental absorption edge of TiO2. This

onclusion is consistent with the calculated result for F-doped
iO2 reported by Yamaki et al., who claimed that the doped-F
toms did not affect the optical absorption property of TiO2 [17].

ig. 3. UV–vis absorption spectra of: (B) TiO2; (C) F–TiO2; (D) N–TiO2; (E)
–F-codoped TiO2 prepared by sol–gel-solvothermal method.

o
c
c
t
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Asahi et al. reported the visible light responses by nitrogen
oping into a TiO2 lattice [1], they believed that the appearance
f new absorption band was due to the formation of isolated
evels that consisted of N 2p orbitals in the band gap of TiO2.
rie et al. believed that the isolated N 2p narrow band above the

2p valence band was responsible for the visible light response
f nitrogen doped TiO2, when nitrogen was lightly doped (up to
bout 1%) into oxygen [12].

There are some other theories to explain the emergence of
he new absorption band. Asahi et al. have reported that the
ubstitutional doping of nitrogen into TiO2 lattice is effective
ecause the N 2p states help narrow the bandgap by mixing
ith O 2p states [18]. Oxygen deficient sites formed in TiO2
articles are important for the vis response to emerge [19].

When N and F atoms were doped into the TiO2 crystal lat-
ice simultaneously, F-doped in TiO2 converts some Ti4+ to Ti3+

y charge compensation [20]. The Ti3+ surface states in TiO2
orm a donor level between the band gaps of TiO2, which would
mprove its vis absorption [21], and also could induce a visible-
ight response by the creation of oxygen vacancies (F and F+

enters) [22]. Several beneficial effects on visible-light absorp-
ion as a synergetic effect of doped N and F atoms were produced.
he absorption edge shifted toward longer wavelengths, indi-
ating a decrease in the band gap energy of TiO2 and that more
hotogenerated electrons and holes could participate in the pho-
ocatalytic reactions.

.3. Chemical status of the N and F atoms in the
–F-codoped TiO2 catalyst

Fig. 4 shows the XPS spectrum of the N and F atoms
n the N–F-codoped TiO2 powder prepared by the sol–gel-
olvothermal process. XPS peaks showed that the N–F–TiO2
owder contained only Ti, O, F, N elements and a trace amount
f carbon. The presence of carbon was ascribed to the residual

arbon from the precursor solution and the adventitious hydro-
arbon from the XPS instrument itself. XPS data also showed
hat F and N elements were incorporated into the TiO2 crystal
attice or were adsorbed on the surface of the crystals by the

ig. 4. XPS survey spectrum of N–F–TiO2 sample calcined at 320 ◦C for 6 h.
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ig. 5. (a) N 1s XPS spectra of: (B) F–TiO2, (C) N–F–TiO2 powder calcined
t 320 ◦C for 6 h; (b) F 1s XPS spectra of N–F–TiO2 powder calcined at 320 ◦C
or 6 h.

ol–gel-solvothermal processes. The total N and total F concen-
rations calculated from the XPS spectra were 2.2 and 0.7 at.%,
espectively.

Fig. 5a shows the N 1s XPS spectra of N–F-codoped TiO2
nd N–TiO2 after calcination at 320 ◦C for 6 h. In the spectra,
peak appeared at 400.0 eV, and this peak was ascribed to the
atoms from adventitious N–N, N–H, O–N, or N-containing

rganic compounds adsorbed on the surface [1,23]. A small peak
as observed at 396.0 eV. This peak was generally considered as

he evidence for the presence of Ti–N bonds formed when the N
toms replaced the oxygen in the TiO2 crystal lattice [1]. Since
o evidence of TiN bonds was observed in the XRD spectra, it
as concluded that O–Ti–N bonds had formed. This indicated

hat N atoms were incorporated into the TiO2 crystal lattice by
he sol–gel-solvothermal process. Fig. 5b presents the F 1s XPS
pectra of the N–F-codoped TiO2 powder after calcination at
20 ◦C for 6 h. The F 1s region is composed of two contributions.
ne symmetrical peak located at 685.5 eV was originated from

he F-containing compounds adsorbed on the surface, and the

mall peak located around 688.5 eV was attributed to the F atoms
oped in TiO2, i.e. the substitute F atoms that occupied oxygen
ites in the TiO2 crystal lattice. It is reasonable to assume that
he small peak is resulted from Ti–F bonds [21], meaning that

T
t
a
o

ig. 6. TG–DTA curves of N–F–TiO2 powder prepared by sol–gel-solvothermal
ethod and calcined at 120 ◦C for 4 h.

atoms were incorporated into the TiO2 crystal lattice by the
ol–gel-solvothermal method. Absence of any evidence of TiF4
nd TiOF2 bonds in the XRD pattern, indicates that O–Ti–F
onds were formed. Therefore, the TiO2 powder prepared by
he sol–gel-solvothermal process was described as N–F-codoped
iO2.

.4. Thermal analysis

To fully understand the stability of N–F-codoped TiO2 pow-
ers, the thermal behavior of the sol–gel-solvothermal pro-
ess N–F–TiO2 sample was investigated. Fig. 6 shows thermal
nalysis–thermogravimetry (DTA–TG) curves of the various
amples. A sharp endothermic peak appeared at 103.73 ◦C due
o the desorption of water and alcohol. The relatively board
xothermic peak at 350.67 ◦C is assigned to the decomposi-
ion of organic substances in the powder, and the mass loss was
bout 0.63%. At 646.13 ◦C, an obvious exothermic peak was
bserved owing to the volatilization of fluorine and evaporation
f chemisorbed water, and the mass loss was about 0.35%.

.5. The adsorption capacity and number of acid sites

The amount of Rhodamine B and p-chlorophenol adsorbed
pon TiO2, F–TiO2, N–TiO2 and N–F–TiO2 were shown in
able 1. It was found that the adsorption capacity for Rho-
amine B and p-chlorophenol was in the following order
f: TiO2 < N–TiO2 < F–TiO2 < N–F-codoped TiO2, which indi-
ated that doping with N, F atom and codoping of N and F atoms
ere effective ways to improve the adsorption capacity of TiO2

or organic compounds.
Surface acidity is an important factor that may influence

he adsorption capacity of TiO2 for Rhodamine B and p-
hlorophenol. We determined the amount of surface acid sites of

iO2, N–TiO2, F–TiO2 and N–F-codoped TiO2 samples by the

itration method [15]. It was found that the amount of surface
cid sites increased greatly after TiO2 was doped with F atom
r codoped with F and N atoms. The increase of the surface
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cid sites on the F–TiO2 and N–F–TiO2 may be related to the
igher electronegativity of fluorine, which tended to make the
eighboring titanium atom more “positively charged”, acting
s Lewis acidic sites. These sites tend to interact with the nega-
ively charged � electrons of the aromatic compounds. However,
here was only a little effect upon adsorption by N-doping. The
–H sites of N–TiO2 surface act as Brǒnsted acidic sites, and
ive a negatively charged zeta potential [24], which would repel
he negatively charged � electrons of the aromatic compounds
dsorbed on the surface of N–TiO2, which would be propi-
ious to “positively charged” amidocyanogen of Rhodamine B
dsorbed on its surface. These results show that the acidity of
–F-codoped TiO2 powder can be attributed to the incorporated
atoms, which was consistent with Sun et al. [25].

.6. Photocatalytic activity under illumination of visible
ight

Fig. 7 shows the degradation data of p-chlorophenol under fil-
ered irradiation (400–500 nm) of 150 W tungsten halogen lamp
nd under irradiation (350–400 nm) of a 150 W high-pressure
ltraviolet mercury lamp. After 12 h irradiation under 150 W
ungsten halogen lamp, the degradation of p-chlorophenol could
e as high as 17.8% by using N–F-codoped TiO2 powder cata-
yst, which was 1.75, 1.25 and 1.5 times higher than that by using
ommercial P25 TiO2, prepared N–TiO2, and F–TiO2 powder
n a suspension system, respectively.

When irradiated under 150 W high-pressure ultraviolet mer-
ury lamp, the degradation of p-chlorophenol was accelerated
ignificantly. It could be as high as 43.1% by using N–F-codoped
iO2 powder catalyst, which was 1.62, 1.53 and 1.2 times higher

han that of commercial P25 TiO2, N–TiO2, and F–TiO2 powder.
t is clear that the wavelength of irradiation has great influence

n N–F–TiO2 photocatalytic activity.

The doped N atoms in TiO2 improved its visible light adsorp-
ion, increased the number of photons taking part in the photo-
atalytic reaction, and thus enhanced the overall photocatalytic

ig. 7. Comparison of photocatalytic decomposition of p-chlorophenol using
00–500 nm light as light source by: (A) P25; (B) F–TiO2; (C) N–TiO2; (D)
–F–TiO2; and using 350–400 nm light illumination by: (a) P25; (b) F–TiO2;

c) N–TiO2; (d) N–F–TiO2.
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ctivity. The doped-F atoms led to the enhancement of surface
cidity (Table 1), which would increase the adsorption of the
eactant and thus further enhance the photocatalytic activity. F-
oping might lead to the formation of new active sites, hydroxyl
adicals (OH•). Fluorinated TiO2 facilitated the formation of
ydroxyl radicals [26], and the hydroxyl radicals (OH•) are gen-
rally regarded as an important active species for initiating a
hotocatalytic reaction.

Accordingly, the high, visible-light responsive photocatalytic
ctivity of N–F-codoped TiO2 sample is attributed to a syn-
rgetic effect between its surface acidity, and doped N and F
toms. The acidic surface increased the adsorption of reactant
olecules; the doped N atoms improved the visible-light absorp-

ion; and the doped F atoms could result in several beneficial
ffects upon the photocatalytic activity.

. Conclusions

N–F-codoped TiO2 powder was prepared by the sol–gel-
olvothermal method using tetrabutyl titanate as precursor. The
ype of solvents and the variation of the pH range between 0.1
nd 8.5 had little effect on polymorphs of titania. However,
hese factors affected the particle size significantly. A too low or
oo high pH resulted in the formation of smaller particles. The
atalyst prepared in a low dielectric constant organic solvent
ossessed smaller particles than that prepared in a high dielec-
ric constant organic solvent. A mixing solvent of acetone and
thanol offered catalysts with higher crystallinity under the same
olvothermal crystallization conditions. The N–F–TiO2 sample
as identified as being composed of a single anatase phase,
emonstrating a higher visible-light photocatalytic activity for
-chlorophenol decomposition compared with commercial P25
iO2. This high activity is ascribed to a synergetic effect of

he doped nitrogen and fluorine atoms. The doped N atoms
mproved the visible-light absorption, and the doped F atoms
ed to the enhancement of surface acidity, which would increase
he adsorption of the reactant and thus further enhanced the pho-
ocatalytic activity. F-doping might also lead to the formation of
new active site.
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