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Abstract Anatase fluoride doped TiO, sol (F-TiO,)
catalyst was prepared by a modified sol-gel hydrothermal
method, using tetra butyl titanate as a precursor. The
influences of F doping, temperature of hydrothermal,
values of medium pH on the morphology and crystalli-
zation were studied. The microstructure and morphology
of sol sample were characterized by XRD, TEM, FTIR,
UV-Vis-DRS, particle size distribution (PSD) and XPS.
The results showed that F-TiO, particles in sol were
spherical and partly crystallized to anatase structure, and
dispersed in the aqueous medium homogeneously and
that the average particle size was ca. 10.5 nm calculated
from XRD and TEM results. It was also found that the
addition of fluorine could improve the crystallization and
adsorption of particles significantly, the photocatalytic
activity for decomposition of formaldehyde were en-
hanced remarkably with the doping of fluorine. Possible
mechanism of anatase F-TiO, formed under hydrother-
mal conditions was discussed.
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Introduction

Compared with powder state TiO, photocatalyst, TiO, sol
catalyst has several advantages: (1) Better dispersion in
water, final particle size with more uniform distribution and
small particle itself; (2) High photocatalytic activity; (3)
Easy coating on different supporting materials including
those substrates with a poor thermal resistance such as
some polymers, optical fibers, plastics, woods, porcelains,
tiles, and papers. Hereby, much attention has been focused
on the anatase TiO, sol photocatalyst [1-3]. However, it is
generally believed that most sol without high temperature
treatment has an amorphous structure, and the amorphous
TiO, has poor photoactivity; in addition, the crystal phase
of TiO, is also a critical factor and the anatase phase
usually shows a better photoactivity than the rutile phase
[4]. On the other hand, surface acidity and adsorption
capacity are important factors that may influence the
photocatalytic activity of TiO, for the photodegradation of
environmental pollutant [5]. Therefore, it is very important
to study how to prepare anatase TiO, sol catalyst on facile
conditions.

There were many investigative reports on TiO, sol
photocatalysts that were related to the preparation [1],
characterization [2], modification, and application [3].
Based on the report of literatures, the preparation of TiO,
sol photocatalyst had several methods, such as: dispersion
of TiO, powder method [6], sol-gel-thermal method [7],
sol-gel-peptization method [8], gel-peptization method [9].
Like TiO, powder photocatalyst, the doping of TiO, sol
particles was an effective means to improve its photocat-
alytic activity, and the transition metals [10], rare earth
metal ions [11], noble metals were the main doping ele-
ments [12]. As we know, although anions doping TiO,
powder catalysts had been reported by many investigators
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[13, 14], the preparation of anatase F doped TiO, sol by
sol-gel -hydrothermal method has not been reported.

In this work, fluoride ion doping TiO, sol (F-TiO,)
catalysts was fabricated by a modified sol-gel hydrothermal
method, using tetra butyl titanate as a precursor. The cat-
alysts were characterized with XRD, TEM, FTIR, UV-Vis-
DRS, particle size distribution (SPD), and XPS. The
influences of F doping on the crystallinity, absorption
capacity of F-TiO, sol particles and its degradation per-
formance for formaldehyde were investigated in detail.
Possible mechanism of anatase F-TiO, formed under
hydrothermal conditions was discussed.

Experimental
Preparation of F-TiO, sol

Tetrabutyl titanate was used as a starting material and
ammonium fluoride as a fluorine source. All chemicals
used in the experiments were analytical reagent grade.
First, precursor tetrabutyl titanate (20 mL), 10 mL of eth-
anol and 5.0 mL acetic acid were accurately measured and
put into a 200 mL flask with stirring for 30 min to form
solution A; ammonium fluoride, the atomic ratios of F to Ti
were in the range of 0.01-0.08, 6 mL ultra pure water
obtained with a Millipore system (Milli Q-50 18 MQ).
About 2.0 mL nitric acid and 80.0 mL ethanol were mixed
with stirring for 10 min to form solution B. Second, solu-
tion B was added dropwise into solution A under vigorous
stirring. After finishing addition, slow stirring had been
continued until the solution formed a transparent immobile
gel. The obtained gel was dispersed in water to form a sol
mixture. Finally, the sol mixture was placed into a Teflon
tube that was then placed in a 300 cm’ stainless steel
autoclave. The autoclave was heated in an oven and kept at
140-190 °C for 6-10 h. After ultrasonic treatment, the
obtained product formed uniform, stable, and semitrans-
parent sol. The acquired F-TiO, sol could maintain
homogenous dispersion for quite a long time without sed-
imentation and delamination phenomena. In order to
compare, a pure F-TiO, sol sample was prepared using
hydrofluoric acid as fluorine source. In addition, a pure
TiO, sol sample was also prepared in the same procedure.

Characterization

The phase of composition, crystal structure and particle
size of the prepared TiO, sol particles dried in a rotatory
evaporator at 60 °C and then dried in vacuum at 60 °C for
36 h were analyzed by using a X-ray powder diffractom-
eter (XD-3A, Shimadazu Corporation, Japan) with graphite
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monochromatic copper radiation (Cu K, 4 = 0.15418 nm),
30 kV as accelerating voltage, 30 mA as emission current
over the 20 range 20-50°.

Scherer’s equation was used to calculate the particle size
of titanium dioxide crystal:

D =kA/fcosf

Where D is crystallite particle size, k is a constant of
0.89, Ais X-ray wavelength (0.15418 nm), f is half maxi-
mum line breadth, and 0 is Bragg angle.

Morphology and size of the TiO, sol particles were also
examined by transmission electron microscopy (TEM), the
TiO, sol was deposited on a copper mesh by means of dip-
coating and placed several days in room temperature.

The particle size distribution was determined by light
scattering size analyzer (Zetasizer 3000HSA, Malvern
Instruments Ltd., Worcs, United Kingdom).

UV-Vis absorption spectra of F-TiO, sol sample pow-
ders dried in a rotatory evaporator at 60 °C and then dried
in vacuum at 60 °C for 36 h were obtained for the dry-
pressed disk samples using a UV—Visible spectrophotom-
eter with an integrating sphere (UV-3010, HITACHI).
Absorption spectra were referred to BaSO,.

Infrared absorption spectra were recorded for KBr disks
containing sol sample powder dried in a rotatory evapo-
rator at 60 °C and then dried in vacuum at 60 °C for 36 h
with an FTIR spectrometer (Tensor 27, Bruker).

X-ray photoelectron spectroscopy (XPS) measurements
were performed with the PHI1600 Quantum ESCA
Microprobe System, using the Mgy. Line of a 300W Mg X-
ray tube as a radiation source at 15 kV. All the binding
energies were referred to the C Is peak at 284.8 eV of the
surface adventitious carbon. The F-TiO, sol sample dried
in a rotatory evaporator at 60 °C, and then dried in vacuum
at 60 °C for 36 h, finally, pretreated under an O, flow at
320 °C for 6 h, in order to completely decompose and
remove any possible precursor residues and organic con-
taminants.

F-TiO, particle crystallinity was determined. Part of the
F-TiO, sol sample powder dried in a rotatory evaporator at
60 °C and then dried in vacuum at 60 °C for 36 h was
calcined at 450 °C in a box furnace for 6 h. Therefore, the
F-TiO, particle’s crystallinity was defined as 100%, and
was used as the standard reference sample for the deter-
mination of sample crystallinity. The relative crystallinity
of the various samples was calculated as follows:

R% = I(101peak)/To(101pear) < 100

Where 1 is the anatase TiO, peak (101) intensity of the
sample and I, is standard substance, respectively.
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The adsorptive formaldehyde gas was performed volu-
metrically at 25 °C in a 10 L close glass vessel. TiO,
powder dried at 120 °C for 6 h was introduced into it, and
then formaldehyde was carried out in the closed glass
vessel circulation system interfaced to a gas chromatograph
(Agilent, 6890N) with a TCD detector. The adsorbed
amount of formaldehyde was calculated from the change of
formaldehyde concentration in gas phase, i.e., subtracting
the residual formaldehyde in gas phase after the adsorption
equilibrated from the introduced formaldehyde.

The absorption of colorless materials P-chlorophenol
and colored substance Rhodamine B on TiO, sol particles
was conducted as follows: 0.1000 g of the powder catalyst
was soaked in 100 mL 130 mg L™" P-chlorophenol solu-
tion, and 0.2000 g of the catalyst was soaked in 25 mL
5 mg L™' Rhodamine B solution respectively, with stirring,
at room temperature and neutral pH in dark for 60 min.

The numbers of acid sites on the TiO, sol particle sur-
faces were measured by titrating the TiO, suspension in
benzene with n-buthylamine, using adsorbed Hammett
indicator of Methyl Red (pKa = 4.8) to determine the end-
point [15].

Photocatalytic activity measurements
Experimental set-up

A schematic diagram of the experimental system for
formaldehyde degradation is shown in Fig. la. By the
control of the saturator temperature, concentration of
formaldehyde solution and the ratio gas flow rates, the
obtained formaldehyde gas stream entered the photo reac-
tor was 61 mL min_l, inlet formaldehyde concentration
was 1.8 mg m™ and the relative humidity (RH) was in the
range of 50-55%.

The cylindrical photoreactor shown in Fig. 1b was made
of glass with the diameter of 12 cm and the length of
35 cm, with effective volume 3.5 L. The outside of the
photoreactor was a cooling water sleeve to maintain stable
reaction temperature. Illumination was provided by 11 w
common fluorescent visible light.

The acquired TiO, colloidal solution was coated in a
thin layer on a set of 30 X 5 cm (i.e., 150 cm?) tile and
placed into the reactor. A uniform thin (average surface
density of 0.4 mg TiO,-cm™2) of catalysts was achieved by
spraying the tile with TiO, sol and drying at 160 °C for
30 min repeating 3-5 times.

Analyses and procedures

The concentration of formaldehyde was analyzed by the
ethylene—acetone spectrometer-photometric method. The

gas samples were collected periodically using the mixture
of ammonium acetate and ethylene—acetone. All the
experimental data were collected under a steady state.

When the concentrations of formaldehyde were constant
and the FVL lamp was turned off, the concentration value
was the inlet concentration; and the FVL lamp was turned
on, the concentration value was the after photodegradation
concentration.

The photodegradation of formaldehyde was calculated
as follows:

D(%) = 100(Co — C)/Cy

Where C, is the inlet concentration and C is concen-
tration after photodegradation at steady state.
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Fig. 1 (a) The experimental setup: 1-air supply; 2-air flow control-
lers; 3-thermostator; 4-formaldehyde; 5-photocatalytic reactor; 6-light
source; 7-absorbing liquid (b) Schematic diagram of photoreactor
designed for formaldehyde degradation
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Where C, is the inlet concentration, C is the outlet
concentration at steady state.

Results and discussion
The particulate morphology, size, and crystallinity

Figure 2 shows the XRD patterns of pure TiO, and F-TiO,
particles. It was found that both pure TiO, and F-TiO, sol
particles had typical XRD patterns and the presence of
peaks (20 = 25.10°, 37.70°, 47.86°), which was regarded as
an attributive indicator of anatase titania, and Sol particles
only had anatase crystal phase. On the same hydrothermal
crystallization treatment conditions (pH value of media:
2.0, 140 °C for 10 h), the F-TiO, particles exhibited a
stronger diffraction peak at 26 = 25.10° than pure TiO,.
Using the curve D (shown in Fig. 2d) as a standard, the
relative crystallinity of F-TiO, sol particles was 62.5%,
which was 16.5% higher than that of pure TiO,. The TiO,
gel (shown in Fig. 2a), had not any significant peaks rep-
resenting the characteristic of crystalline, which meant it
had a predominant amorphous structure. According to
Scherer’s equation, the particle size of F-TiO, sol was
10.5 nm. These results show that the adding of F can im-
prove the transformation of amorphous to anatase type
TiO,,

TEM photograph showed that F-TiO, sol particles with
spheroidal shape homogeneously distributed and the aver-
age size was about 11.0 nm (shown in Fig. 3). The result
corresponded to the XRD testing value, and also meant that
little aggregation was among particles in F-TiO, sol.

Figure 4 shows the particle size distribution (PSD) of
TiO, sol. The F-TiO, particles in the whole dispersion
medium seldom had the same size. It could be found that
their sizes might distribute over quite a wide range. Fig-
ure 4 shows that the F-TiO, sol particles had single-modal
distribution characteristic and particle size distributed from
5 to 45 nm with the maximum peak at 12 nm.

Influence of temperature on the crystallization of F-
TiO; sol particles

Figure 5 presents the XRD patterns of F-TiO, sol particles
prepared by sol-gel-solvothermal methods under different
temperatures, at a pH of 1.5 and at 160 °C for 16 h. The
XRD analysis showed that the sol particles obtained from
25 °C hydrothermal reaction temperature were amorphous,
and there was no crystal transformation. At 120 °C, the
anatase TiO, sol particles emerged obviously, the higher
the hydrothermal temperature, the higher the crystallinity
of TiO, sol particles.

@ Springer

600

] 2510
550 -

500 -
450 -
400 - 37.7

350 (d)
300 -
250 - (¢
200 -

47.86

Intensity / a.u.

150
(b)

100

50 7 (a)

o4+ -
20 25 30 35 40 45 50

2 Theta / (deg.)
Fig. 2 Effect of F atoms doped on the crystallization of TiO, sol

particles dried at 60 °C. a: TiO, gel; b: TiO, sol; c: F-TiO, sol; d:
F-TiO, sintered at 450 °C

Fig. 3 TEM photograph of F-TiO2
Effect of pH values on the crystallization of F-TiO,

Figure 6 shows the XRD patterns of F-TiO, sol particles
prepared by sol-gel-crystallization process at 140 °C for
10 h in different applied pH situations. As shown in Fig. 6,
the analyzed particles consisted of the anatase phase
because the characteristic diffraction peaks of anatase
(major peaks: 25.10°, 37.70°, 48.80°) were evident in the
XRD spectrum of each sample. The change of the pH value
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particles

ranging from 0.8 to 3.5 during synthesis had little effect on
the morphology of F-TiO,  When pH < 1.5, there was a
small peak at 26 = 30.40° corresponding to the brookite
phase of titania; When pH > 4.0, the peptization of amor-
phous TiO, gel was not completed. After hydrothermal
reaction, the obtained F-TiO, sol was instable.

Effects of F/Ti ratio in reactant on the crystallinity of
TiO, sol particle

The relationship between the ratio of F/Ti in reactant and
the crystallinity of TiO, sol particle prepared on the same
hydrothermal crystallization conditions (140 °C for 10 h,
pH value 1.2) was shown in Fig. 7. When the ratio of F/Ti

25.10

Intensity (a.u.)

20 25 30 35 40 45 50
2 Theta /(deg.)

Fig. 6 Effect of pH values on the crystallization of F-TiO, sol
particles

(at.) was in the range of 0.0-0.08, it was found that, the
more the ratio of F/Ti, the higher the crystallinity of TiO,
particles. The results showed that, under hydrothermal
conditions, the addition of a small amount of anion F could
help transform amorphous TiO, to anatase TiO, and en-
hance the crystallinity of TiO, significantly.

UV-Vis absorption of F-TiO,

The absorption spectra of pure TiO,, pure F-TiO, and
sample F-TiO, sol prepared by the sol-gel-hydrothermal
method and dried in a rotatory evaporator and dried in
vacuum at 60 °C was shown in Fig. 8. It was found that
sample F-TiO, could cause a new absorption band in the
visible range of 400-600 nm apart from the fundamental
absorption edge of TiO,, which was located in the UV
region at about 385 nm (shown in Fig. 8C); whereas, pure
F-TiO, did not lead to any significant shift in optical
absorption of TiO, (shown in Fig. 8B). This indicates that
the doped F atoms in TiO, particles could not affect the
optical absorption property of TiO, which was consistent
with the result of F-doped TiO, reported by Li et al., who
reported that the F-doping did not result in any significant
shift in the fundamental absorption of TiO, [14]. Ammo-
nium fluoride was used as a fluorine source in the process
of sol-gel-hydrothermal crystallization, some nitrogen
atoms of ammonium maybe entered the TiO, crystal lat-
tice. Doping nitrogen led to narrow the band gap by mixing
the Ny, and O, states and consequently inducing visible-
light absorption [16]. Doping nitrogen induced the formation
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Fig. 8 UV-Vis-DRS spectra of TiO, sol dried in a rotatory
evaporator and vacuum dried at 60 °C: A. pure TiO,; B. pure F-
TiO,; C. sample F-TiO,

of oxygen vacancies because two nitrogen atoms should
replace three oxygen atoms for maintaining electroneu-
trality, and thus an oxygen vacancy formed in the TiO,
crystal lattice. Oxygen deficient sites formed in TiO, par-
ticles were important for the Vis response to emerging [17].
Irie et al. reported that the isolated N,, narrow band above
the O, valence band was responsible for the visible light
response to nitrogen doped TiO,, when nitrogen was
lightly doped (up to about 1%) into oxygen [18]. We had
reported previously the visible light response to nitrogen
and fluorine codoped TiO, powder prepared by solvothermal
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method was due to the isolated levels that consisted of N5,
orbital in the band gap of TiO, [5].

FT-IR Spectroscopy

FT-IR spectra of the TiO, sol particles were shown in
Fig. 9. The TiO, sol particles showed the main bands at
400-700 cm_l, which were attributed to Ti-O stretching
and Ti-O-Ti bridging stretching modes. The small peak at
889.0 cm™" was attributed to Ti-F vibration [13]. The peak
at 1384.0 cm™" was produced by NO3'. The stronger peak
at 1626.0 cm™' was attributed to bending vibrations of O-H
and N-H. The IR spectra of the sol sample dried at 110 °C
revealed that Ti-O, Ti-F, N-H, Ti-OH, H-O-H groups ex-
isted in the as-prepared sample by sol-gel-hydrothermal
method. The forming of Ti-F indicated that F atoms were
incorporated into the TiO, crystal lattice.

XPS analysis

Figure 10 shows the XPS survey spectrum of the F-TiO,
sol sample powder was prepared by sol-gel-hydrothermal
processes. XPS peaks indicated that the F-TiO, sol sample
powder contained Ti, O, F, N elements and a trace amount
of carbon. The presence of carbon was ascribed to the
residual carbon from the precursor solution and the
adventitious hydrocarbon from the XPS instrument itself.
At the same time, XPS data also showed that F and N
elements were incorporated into the TiO, crystal lattice or
adsorbed on the surface of the crystals. The total N and
total F concentrations calculated from the XPS spectra
were 0.8(at.)% and 2.0(at.)%, respectively.
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100 J C: sample IT'-T|O2 sol
| B: pure F-TiO, sol

90 4 A: pure TiO, sol

80

70 — (c)
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Fig. 9 FT-IR spectra of TiO, sol particles
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Fig. 10 XPS survey spectrum of F-TiO, sol sample dried and then
calcined at 320 °C for 6 h

Figure 11 presents the F;; XPS spectra of the F-TiO, sol
sample powder after calcination at 320 °C for 6 h. The Fi;
region was composed of two contributions. One symmet-
rical peak located at 685.5 eV originated from the F-con-
taining compounds adsorbed on the surface of TiO, sol
particles, however, the small peak located at 688.0 eV was
attributed to the F atoms doped in TiO,, i.e., the substitute
F atoms that occupied oxygen sites in the TiO, crystal
lattice. It was reasonable to assume that the small peak
resulted from Ti-F bonds [13]. It showed that F atoms were

685.75eV

Counts C/S

688.5eV

T T T T T T T T T T T T T
680 682 684 686 688 690 692
Binding Energy / eV

Fig. 11 Fls XPS spectra of F-TiO, sol sample dried and then
calcined at 320 °C for 6 h

incorporated into the TiO, crystal lattice by the sol-gel-
hydrothermal method.

The adsorption capacity and number of acid sites

We determined the amount of surface acid sites of P25-
TiO, powder, pure TiO, and F-TiO, sol particles by the
titration method [15]. It was found that the amount of
surface acid sites increased greatly after TiO, was doped
with F atom. The increase of the acid sites on the surface of
F-TiO, may be related to the higher electronegativity of
fluorine, which tended to make the neighboring titanium
atom more ‘‘positively charged’’, acting as lewis acidic
sites, and interact with polarity organic compounds.

The amounts of formaldehyde, Rhodamine-B, and P-
chlorophenol adsorbed upon P25-TiO, powder, TiO,, F-
TiO, sol particles were measured and shown in Table 1. It
was found that the order of adsorption capacity for formal-
dehyde, Rhodamine-B, and P-chlorophenol was: P25-TiO,<
pureTiO, < F-TiO,. The adsorption amount (A,4) values
were directly proportional to the surface acidities of samples:
the stronger the surface acidity of TiO, particles, the more
organic compounds was adsorbed. This result suggests that
doping with F atom is an effective method to improve the
adsorption capacity of TiO, for organic compounds.

Photocatalytic activity of F-TiO, sol

Activity of F-TiO; sol on photodegradation of
formaldehyde

The photocatalytic activity of the F-TiO, sol was evaluated
by photodegradation of formaldehyde. The F-TiO, showed
good activity for the degradation of formaldehyde. Fig-
ure 12 presents the results obtained at 28 °C, flow rate
61 mL min~' with relative humidity 54%. The degradation
rate could be up to 74.5% at formaldehyde concentrations
of 0.4 mg m~; under the same circumstance, the photo-
degradation rate of formaldehyde degraded by pure TiO,
sol only to 62.1%. The addition of anion F could enhance
the activity of catalyst significantly. At the same time, it
was found that both degradation percentages of formalde-
hyde by pure TiO, sol and F-TiO, sol were decreased when
the inlet concentration of formaldehyde was increased. The
results indicated that the F-TiO, sol photocatalyst would be
deactivated at higher concentration. Fig. 13

Effects of F/Ti ratio in TiO, on the formaldehyde
degradation

A series of F-doped TiO, (the ratio of F/Ti (at.)) = 0.01,

0.02, 0.03, 0.04, 0.06, 0.08) sol was prepared sol-gel-
hydrothermal method and on the same -crystallization
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Table 1 The adsorption capability and the amount of surface acid sites of TiO, (P25, TiO, and F-TiO,)

Catalysts Amount of HCOH adsorbed on

TiO, (mmol/g-TiO,) on TiO, (mol/g-TiO,)

Amount of P-chlorophenol adsorbed Amount of RHB adsorbed on

Amount of surface acid

TiO, (mol/g-TiO,) sites (mol/g-TiO,)

P25 45 %107 435% 107 2.73 x 1077 0.076

TiO, 1.26 x 107 5.50 x 107 3.68 x 1077 0.055

F-TiO, 1.68 x 107 7.42 x 1074 5.48 x 1077 0.128
76 ' ' anatase TiO, during hydrothermal crystallization and then
;;-: — improved the crystallinity of TiO, sol particles.
701 \ It could be seen from Fig. 7 that the 0.03F-TiO, sol was
68 '\ the highest photocatalytic activity which was 1.4 times of
66 .

64 \
62 ]

60 _: \I

58 ] \

54

50 4 \
] —=—F-TiO,sol

46
44 —m—pure TiO, sol .\
42 ]
40

T
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0.0 05 1.0 15 20 25 3.0
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photodegradation rate %

Fig. 12 Comparison of formaldehyde photodegradation rate by F-
TiO; sol with that by pure TiO, sol

conditions (140 °C for 10 h, pH value 1.2). Photocatalytic
degradation of formaldehyde measurement was at 28 °C,
flow rate 61 mL min~' with relative humidity 54%, the
inlet concentration 1.65 mg m~ and illumination source of
a 11W FVL lamp. The relationship between the photode-
gradation percentage of formaldehyde and F/Ti ratio in
TiO, was shown in Fig. 7. With the increasing F content in
TiO,, the photocatalytic activity of F-TiO, sol particles
increased and reached the maximum at F:Ti = 0.03(at.).
The increase in photocatalytic activity was ascribed to the
promoting effect of fluorine ions on the crystallization of

Fig. 13 Proposed mechanism H
for the formation of anatase

TiO,. Fluorine atoms combined Ht
with Titanium to form

asymmetric TiOg octahedra;

two octahedral join at a vertex i
forming a dimmer and then link

along a polar edge; dimmer +
coalescent along polar edge to
form a zigzag chains of
octahedral (basic structural unit
of anatase)

®—F atom
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pure TiO, sol. It was reported that an appropriate amount
of F ions doping might slow the radiative recombination
process of photogonerated electrons and holes in TiO, [14]
and lead to the formation of new active site [19]. The
results of Table 1 indicate that TiO, doped F atoms would
cause the increase in acid sites on TiO, surface, which
might thus promote its adsorption capability for formal-
dehyde because of the enhanced interaction between the
surface acid sites and formaldehyde molecules and further
enhance the photocatalytic activity.

With the increase of further fluoride concentration,
when F: Ti (at.) was higher than 0.03, the degradation
percentage of formaldehyde started to decrease. Although
the increase of fluorine concentration in TiO, could give
rise to the improvement in the crystallinity of TiO, sol
particles, when the fluorine was too high, the diminution of
the surface hydroxyl of TiO, (=Ti-OH) would decrease the
ability to trap the holes [19]. In addition, the depletion of
=Ti-OH would inhibit the formation of surficial peroxide
and fluoride anion was well-known as the inhibitor of
complex formation between Ti**and peroxide. The dis-
placement of —OH by F changed the adsorption and the
surface interactions, especially for formaldehyde molecules
that interacted with —OH groups, the active sites were held
by F anions [20]. On the other hand, fluorides strongly
adsorbed to the TiO, surface and interfered with adsorption

oxolation
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of formaldehyde. The photocatalytic activity of TiO, de-
creased after surface fluorination with fluoromethane [21].

Mechanism of anatase F-TiO, crystallization

The titanium in the initial tetra butyl titanate has 4-fold co-
ordination, when the tetra butyl titanate reacts with water,
the titanium ion increases its co-ordination by using its
vacant d-orbital to accept oxygen lone pairs from nucleo-
philic ligands (such as OH groups) by co-ordination
expansion. Consequently, titanium ions in solution exist as
6-fold co-ordinate structures. In the present study, the
reaction was performed in an acidic medium, the groups of
—OH, NH**, and F~ would be presented and the composi-
tion of this solution was [Ti(OH)F,(OH,)s , 417"
These 6-fold structural units underwent condensation and
became the octahedral that was incorporated into the final
amorphous gel structure.

In the present research, HNO; should disperse the
aggregated TiOg octahedra and the related species in the
amorphous phase into discrete TiOg octahedra by proton
adsorption on the surface of these amorphous precipitates
making them positively charged. The result of electrostatic
repulsion causes larger particles to break into smaller
particles until an equilibrium size reaches. At the same
time, according to the date of XPS experimental, fluoride
ions strongly interact with amorphous TiO,, tend to dis-
place the surface —OH groups and coordinate directly the
titanium atoms [22], which would cause the transfiguration
of TiOg octahedra and decrease of the surface charge of
Ti**. In the process of hydrothermal crystallization, two
discrete single TiOg octahedral join at corner through ox-
olation initially (as shown in Fig. 9) [23]; by further con-
densation, they would become joined along an edge to
form a dimer, as the cation—cation repulsion causes the
centers of the two octahedral to move apart, the shared
edge becomes shorter [24]. Owing to the doping of fluo-
ride, few TiOg octahedral deformed and formed polarity
surface and edge. The dimers tend to form screw chains of
polymer by sharing polarity edge with further oxolation
reaction, which were similar to anatase in structure, and the
screw chains can form the anatase nuclei by oxolation
reaction. Another possibility is that two opposite edges of
each dimer are shared forming a linear chain along the
(001) direction (basic structure unit of rutile) [25]. But in
the present study, it is difficult to bond two dimers with two
opposite edges, because the doping of fluorine in TiOg
octahedral leads to the structure of TiOg octahedral
deformation and dissymmetry. The third possibility is that
dimers are bonding through corner-shared and polar edges
to form the structure of brookite that is slightly complicated
[26].

Conclusion

An anatase fluoride doped TiO, sol (F-TiO,) catalyst was
fabricated by a sol-gel hydrothermal method using tetra
butyl titanate as a precursor. After doping with fluorine, the
crystallinity of TiO, sol particles was increased, the
adsorption capacity and photocatalytic activity was en-
hanced. The as-prepared TiO, sol could form uniform thin
films onto various kinds of substrate materials by spraying,
dipping or brushing drying at room temperature.

On the same hydrothermal reaction conditions, when
F:Ti = 0.03(at.), the photocatalytic activity of F-TiO, sol
particles reaches the maximum, which was 1.4-1.8 times of
pure TiO, sol prepared in the same conditions.

Formed mechanism of anatase F-TiO, under hydro-
thermal conditions was possibly as follows: owing to the
doping of fluoride, few TiOg octahedral deformed and
formed polarity surface and edge; two discrete single TiOg
octahedral join at corner through oxolation initially, by
further condensation, they would become joined along
polarity edges to form a dimer, the dimers tended to form
screw chains of polymer by sharing polarity edge with
further oxolation reaction, which were similar to anatase in
structure and the screw chains could form the anatase nu-
clei by oxolation reaction.
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