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Preparation of anatase TiO, with high themal stability is of great importance for its environmental appli-
cation. In this work, TiOF, was first synthesized by a simple microwave-assisted hydrothermal route using
tetrabutyl titanate and hydrofluoric acid as precursors at 200 °C for 20 min. Then the resulted precipitates
were calcined at different temperatures (300-1000 °C) for 2 h. The as-prepared samples were character-
ized by X-ray diffraction, Raman spectrum, scanning electron microscopy, N, adsorption-desorption
isotherms and X-ray photoelectron spectroscopy. The photocatalytic activity was evaluated using Bril-
liant Red X3B, an anionic azo dye, as the target organic molecule under UV light irradiation. The results
showed that the prepared TiOF, exhibited weak or no photocatalytic activity. The phase transformation
of TiOF, to anatase TiO; occurred at about 300 °C. The prepared anatase TiO, from TiOF, showed very high
thermal stability and the anatase-to-rutile phase transformation temperature was up to 1000 °C. Fluoride
ions played an important role in the improvement of thermal stability of anatase TiO, by strongly adsorb-
ing on the crystal planes of anatase to stabilize the anatase structure. The 700 °C-calcined sample showed
the highest photocatalytic activity due to its relative good crystallization and high specific surface areas.
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1. Introduction

In recent years, in order to solve the increasingly serious
environmental pollution problems, heterogeneous semiconduc-
tor photocatalysis gradually becomes a popular technique for its
potential to control aqueous contaminates or air pollutants [1-7].
Among various oxide semiconductor photocatalysts, titania has
attracted increasing attention due to its biological and chemical
inertness, strong photo oxidization power, cost effectiveness, and
long-term stability against photo and chemical corrosion [1,8-14].

Now many proposed innovative and commercial applications
for photocatalytically active stable titania-coated materials such
as bathroom tiles, sanitary wares, and self-cleaning glass for the
control of organic contaminants require high processing temper-
atures and hence high-temperature stability [13,14]. However,
pure anatase is metastable and inclines to transform into rutile
when heating temperature is higher than 600°C owing to its
higher surface energy than rutile, thus limiting its suitability for
high-temperature applications [13,14]. Therefore, the increase of
thermal stability temperature of anatase TiO,, is of great importance
in broadening the applications.
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Most of the work reported to improve the thermal stability of
anatase TiO, is to utilize metal ion doping [15]. One of the draw-
backs of metal ion doping is the possible generation of secondary
impurity phases which affects phase purity and thus reduces the
photocatalytic activity of titania. Nonmetal elements, such as Si
[16], P[16-18], S [13,19,20], N [13] and F [14,21], were also used
as dopant or co-dopant of TiO, to extend the anatase-to-rutile
phase transformation temperature. Xia et al. synthesized La and
S elements co-doped TiO, photocatalyst [19]. They found that
the doping of La3* accelerated slightly the anatase-to-rutile phase
transition. However, the co-doping of La3* and S hindered the
aggregation and growth of TiO, particles. The study of Yu et al.
[17] showed that P and Zn co-doped TiO, nanoparticles not only
can totally stabilize anatase-TiO, at 800°C, but also exhibit supe-
rior photocatalytic abilities. It was also reported that the Si doped
TiO, had its anatase structure stabilized at 700 °C, and P doped TiO,
were able to preserve the anatase-TiO, at temperature as high as
900°C[16].

Recently, doping TiO, with F has attracted great attentions to
obtain high thermal stability of anatase TiO; [14,21,22]. The study
of Yu et al. showed that doping TiO, with NH4F not only enhanced
the crystallization of anatase, but also prevented phase transition
of anatase to rutile [22]. Padmanabhan et al. reported the prepara-
tion of high-temperature stable anatase titania (900 °C) by reaction
of titanium tetraisopropoxide with trifluoroacetic acid, and they
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attributed the improved thermal stability to the small amounts of
fluorine in the lattice [12]. Lv et al. reported the preparation of F-
doped titania nanoparticles by alcoholysis of TiCl4 in the presence
of NH4F, which showed a high thermal stability temperature of up
to 1000°C [14]. All these studies mentioned above indicate that
fluoride plays an important role in the enhanced thermal stabil-
ity of anatase TiO,. Instead of using F-doped TiO, as the starting
materials, this paper studied the thermal stability of anatase TiO,
prepared by calcination of the TiOF, precursor on considering that
TiOF, contains much higher F-content (F/Ti=2) than F-doped TiO,
(F/Ti<0.1).

2. Experimental
2.1. Sample preparation

Tetrabutyl titanate (TBT) and hydrofluoric acid (40 wt.%) were used for the
preparation of TiOF,. Firstly, 40 mL of hydrofluoric acid solution was dropwise added
into a beaker containing 100 g TBT under magnetic stirring. Then, the mixture was
sealed in Teflon-lined double-walled digestion vessel. After treating at 200°C for
20 min using a microwave digestion system (MDS-6, SINEO), the vessel was cooled
down to room temperature. The white precipitates were filtrated, washed with
deionised water and absolute ethanol for three times, and then dried in air. Finally,
the obtained precipitates were calcined at 300, 400, 500, 600, 700, 800, 900 and
1000°C for 2 h, respectively. For simplification, the resulted samples were labeled
as Tx, where x presents the sintering temperature. For example, T700 represented
the powder that was sintered at 700 °C for 2 hin air (T200 represented the uncalcined
TiOF,).

2.2. Characterization

X-ray diffraction (XRD) patterns, obtained on a D/Max-RB X-ray diffractometer
(Rigaku, Japan) using Cu Ka irradiation at a scan rate of 0.05° 260 S, were used to
determine the phase structure of the obtained samples. Average crystallite size of
TiO, was determined by XRD using Scherrer equation [22-25]. Raman spectrum
was recorded at room temperature using a micro-Raman spectrometer (Renishaw
InVia) in the backscattering geometry with a 514.5nm Ar* laser as an excitation
source. The morphology of the sample was observed on a field emission scanning
electron microscope (SEM) (Hitachi, Japan) with an acceleration voltage of 10kV.
The Brunauer-Emmett-Teller surface area (Sger) of the samples were analyzed by
nitrogen adsorption in a Micromeritics ASAP 2020 nitrogen adsorption apparatus
(USA), which was determined by a multipoint BET method using the adsorption data
in the relative pressure (P/P) range of 0.05-0.3. Pore volume and average pore size
(APS) were determined by nitrogen adsorption volume at the relative pressure of
0.994. Uncalcined and calcined samples were degassed at 180°C prior to nitrogen
adsorption measurements. X-ray photoelectron spectroscopy (XPS) measurements
were performed by a Multilab 2000 XPS system with a monochromatic Mg Ka source
and a charge neutralizer. All of the binding energies were referenced to the C 1s peak
at 285.0 eV of the surface adventitious carbon.

2.3. Photoactivity evaluation

Photocatalytic reactions were carried out using a high-pressure mercury lamp
(375W, Shanghai Yamin) as light source, emitted mainly at 365 nm. The reactor
(80mL) was made of a Pyrex glass, and positioned at a fixed distance of ca. 10cm
from the lamp. Reactive brilliant red X3B (X3B), an anionic organic dye, was used as
the target organic pollutant (Fig. 1). Prior to illumination, a suspension containing
50.0 mg of catalyst and 50.0 mL of 1.0 x 10~ mol/L X3B was continuously stirred
in the dark for 12 h to establish the adsorption-desorption equilibrium. During the
photoreaction, the reactor was thermostated at 25 °C through a water recycle system
and stirred mechanically at a constant rate. At given intervals of illumination, small
aliquots of the suspension were withdrawn by syringe, centrifuged, and then filtered
through a Millipore filter (pore size 0.45 wm). The filtrates were monitored by a
UV-vis spectroscopy (Lambda Bio 35, PE Co.) at 510 nm.

3. Results and discussion
3.1. Crystalline phase and morphology

The phase structure, crystallite size, and crystallinity of TiO, are
of great importance for its photocatalytic activity. XRD was used to
investigate the changes of phase structures and crystallite sizes of
the photocatalyst. Fig. 2 shows the effects of calcination tempera-
ture on phase transformation of the precursor. As for the precursor
(T200), all the diffraction peaks corresponding to TiOF, (JCPDS No.
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Fig. 1. Structure and electronic absorption spectrum of X3B in water.

01-0490) were observed and no peak of any TiO, phases (anatase
and rutile) exists, which indicates that T200 is pure TiOF,. The broad
peak at 20 =23.4° corresponds to the (100) plane diffraction of
TiOF, (Fig. 2) [26]. However, when TiOF, precursor is calcined at
300°C, the peak at 20=23.4° gradually disappears. Meanwhile, a
broad peak at 26 =25.3°, corresponding to the diffraction peak of
(101) plane of anatase TiO, (JCPDS No. 21-1272) [27,28], is formed
(Fig. 2). When the calcination temperature increases to 400 °C, the
peaks of TiOF, vanish and the peak intensity of anatase increases,
indicating the complete phase transformation of TiOF, to anatase
TiO,. Further observation shows that with increasing the calci-
nation temperatures from 300 to 900°C, XRD peak intensities of
anatase steadily become stronger and the width of XRD diffraction
peaks of anatase becomes narrower, indicating the formation of
highly crystalline larger TiO, crystallites [29].

Raman spectroscopy is widely employed in TiO, studies, as
anatase and rutile polymorphs belong to different spaces groups
and hence exhibit their characteristic Raman bands. Fig. 3 shows
Raman spectrum of T900 sample, characteristic bands at 139.7,
391.6, 5124 and 634.9cm~! correspond to the Eg(1), Big(1)
Aqg *Big(2) and Eg(») modes of anatase. Both the position and the rel-
ative intensity of the observed Raman bands are in good accordance
with the position and the relative intensity of anatase reported in
the literature [30,31]. Therefore, the phase purity of T900 is further
confirmed.
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Fig. 2. XRD patterns of the photocatalysts, together with the expected diffraction
peaks for anatase and rutile TiO,, and TiOF,, respectively.
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Table 1
Physical properties of the photocatalysts.
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Calcination temperature (°C) Phase Crystallite size (nm) Sger (m?/g) Pore volume (cm?/g) APS (nm) Relative crystallinity
Precursor TiOF, - 23.1 0.16 28.5 -

300 Anatase 29.6 15.9 0.13 39.5 1.00

400 Anatase 40.8 11.2 0.056 22.8 1.68

500 Anatase 49.6 9.5 0.027 11.1 2.02

600 Anatase 52.6 8.9 0.027 12.1 2.14

700 Anatase 54.3 6.6 0.018 16.2 222

800 Anatase 57.1 5.8 0.015 14.2 2.31

900 Anatase 61.5 4.0 - - 2.56

1000 Rutile 80.0 0.8 - - -

The crystallinity of TiO, nanoparticles was quantitatively eval-
uated via the relative intensity of the (101) diffraction peak of
the anatase [32,33]. Table 1 lists the average crystalline sizes and
relative anatase crystallinity of TiO, samples calcined at different
temperature. It can be seen that the average crystalline sizes and
relative anatase crystallinity increase with increasing calcination
temperature. With further increasing the calcination temperature
to 1000 °C, pure rutile phase is obtained (Fig. 2). It has been well
documented that without any modification, phase transformation
of anatase to rutile usually occurs at ca. 600°C [12,13,16,29,34]. In
the present study, anatase TiO, prepared from TiOF, shows very
high thermal stability temperature (900°C) before being trans-
formed into rutile phase.

The morphologies of T200 (precursor) and T700 powders were
further studied by SEM. Fig. 4a and b shows the SEM images of the
as-prepared TiOF, powders before calcination. It can be observed
that TiOF, grains are in shapes of cube or nanorod, similar to the
report in the literature [26]. Compared with that of T700 sample,
the particle size distribution of TiOF; is obviously broader (Fig. 4a
and c).

3.2. BET surface areas and pore size distributions

Nitrogen adsorption-desorption isotherms were used for tex-
ture analysis (Fig. 5). The isotherm corresponding to T200 is of
type IV (Brunauer-Deming-Deming-Teller (BDDT) classification)
with the hysteresis loop of type H3, indicating the presence of slit-
like pores, which agrees well with their morphology (Fig. 4). The
isotherms show high absorption at high relative pressure (P/Pg)
range (approaching 1.0), indicating the formation of large meso-
pores and macropores, consistent with the pore size distribution
curves (inset of Fig. 5). The existing nanopores (or pore volume)
are from the aggregation of sheet-shaped grains. Such organized
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Fig. 3. Raman spectrum of T900.

porous structures are extremely useful in photocatalysis as they
will provide efficient transport pathways to reactant and product
molecules [35,36]. With increase in the calcination temperature,
the isotherms of the photocatalyst shift downward and the hys-
teresis loops at high relative pressure become smaller, indicating
a decrease in BET surface areas and the pore volumes due to the
growth of the crystallite. Table 1 shows quantitative details on BET
surface areas, APS and pore volume of the TiO, samples calcined at
different temperatures. It can be seen that the pore volume and BET
surface area decrease with increasing the calcination temperatures.
The BET surface areas of the samples decrease from 23.1 to 11.2 and
6.6 m2/g, whilst the pore volumes decrease from 0.16 to 0.056 and
0.018 cm3/g for T200, T400 and T700 samples, respectively. Note
that the APS of T300 is larger than that of T500-800 samples. This
is due to the fact that T300 is a mixed phase of anatase and TiOF,
(Fig. 2). Compared with size of anatase TiO, nanoparticles, the par-
ticle size distribution of TiOF; is in a broader range (From Fig. 4, we
can see that some cubic TiOF, particles are in size of 50-200 nm).

3.3. XPS analysis

Fig. 6A shows XPS survey spectrum of a typical calcined TiO,
sample (T700) compared with that of the as-synthesized precursor
TiOF, (T200). Sharp photoelectron peaks appear at binding ener-
gies of 458 (Ti 2p) and 531eV (O 1s) in both cases, along with a
C 1s peak at 285eV due to contamination from the XPS instru-
ment itself. As expected, an additional peak at ca. 684eV (F 1s)
is found in the survey spectrum of the precursor TiOF, with an
F/Ti molar ratio of 2.0, which further confirmed the formation of
pure TiOF,. The corresponding high-resolution XPS spectrum of F
1s region demonstrates that the F species in the TiOF, display only
one peak of binding energy ca. 684.7 eV (Fig. 6B), which is a typ-
ical value for fluorated TiO, systems such as TiOF, or the surface
Ti-F species [37]. The previously reported F-doped TiO, displayed
two peaks around 684.3 and 688.4 eV for F 1s, which were respec-
tively assigned to the F species adsorbed on the TiO, surface and
those incorporated into the TiO, lattice [35]. Weak F 1s XPS signal at
684.6 eV was also detected for T700 sample (F/Ti=0.4%), indicating
that most of fluorine was eliminated upon calcination. According to
the high-resolution XPS spectra of F 1s region shown in Fig. 6C, the
F species in the T700 could also be assigned to F~ adsorbed on the
surface of TiO,, and no signal of F~ species that are incorporated
into the TiO, lattice is detected.

Yu et al. studied the effects of F~ doping on the microstruc-
tures of nanocrystalline TiO, powders by hydrolysis of titanium
tetraisopropoxide in a NH4F aqueous solution [38], and found that
the phase transformation of anatase-to-rutile is suppressed by the
presence of F~ ions. Furthermore, the study of Lv et al. also showed
that F~ increased the phase transformation temperature of anatase-
to-rutile in F-doped TiO, sample prepared by alcoholysis of TiCl4 in
the presence of NH4F [14]. The effect of fluoride on the thermal sta-
bility of anatase phase is due to the following causes: (1) F~ ions can
be strongly adsorbed on the crystal planes of anatase and stabilize
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Fig. 4. SEM images of the precursor (a and b) and T700 sample (c and d).

the anatase phase structure to reduce the surface energy of anatase
[14,37]. (2) The growth of anatase TiO, crystallites is restricted due
to the adsorbed F~ ions on grain boundary, inhibiting the phase
transformation of anatase to rutile [16]. (3) With increase in the
calcination temperature, the adsorbed F~ ions are desorbed from
the surface of TiO,, resulting in the formation of vacancies. These
vacancies also inhibit the growth of crystallites and the occurrence
of anatase-to-rutile phase transformation.

3.4. Evaluation of photocatalytic activity

To study the effects of calcination temperatures on the photo-
catalytic activity of the photocatalyst, photocatalytic degradation of
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Fig. 5. Nitrogen adsorption-desorption isotherms and the corresponding pore size
distributions (inset) of the precursor (a), T400 (b) and T700 (c).

X3B was performed under UV irradiation (A > 320 nm). Note that
X3Bis avery stable organic chemical and it shows little degradation
under UV irradiation (A > 320 nm) in the absence of photocatalyst
[8,25,39,40]. Fig. 7 shows the dependence of X3B concentration
on irradiation time in the presence of photocatalyst calcined at
different temperatures. The kinetic data for the degradation of
X3B can be well fitted by the apparent first-order rate equation,
In(C/Co) = kappt, where kapp is rate constant, C and Cp are the con-
centration of X3B at irradiation time t=0 and t, respectively. Fig. 8
shows the effects of calcination temperatures on the degradation
rate constants of X3B. Although TiOF, precursor has the largest spe-
cific surface areas (23.1 m?/g) among all the photocatalysts (see
Table 1), it shows the lowest photocatalytic activity with a rate
constant of only 3.65 x 10~*min~! (Fig. 8). With increase in cal-
cination temperature, the photocatalytic activity of anatase TiO,
increases, and the highest photocatalytic activity is achieved for
T700 (with a rate constant of 0.033 min~!). This can be explained
by the highly crystalline of anatase TiO, (Table 1) and the surface
fluorinaton [8,25]. Usually, enhancement of crystallization is bene-
ficial in reducing the combination of photo-generated electrons and
holes [27,29,38-45], and thus the photocatalytic activity of TiO, is
improved. Surface fluorination can also greatly enhance the photo-
catalytic activity of anatase TiO, since the *OH radicals generated
on the surface of F-TiO, are more mobile than those generated on
pure TiO, under UV irradiation (Egs. (1) and (2)) [25,35]:

=Ti-OH + hy, " — =Ti-OH**(*OH,4s) (1)
=Ti-F 4+ HyO0 + hyp,™ — =Ti-F 4 *OHgee + HT (2)

Therefore, the adsorbed fluoride ions on the surface of T700 also
play an important role in the enhancement of the photocatalytic
activity.

T800 shows similar photoactivity with T700 sample. This
can be interpretated by their similar surface areas and crys-
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tallinity (Table 1). With further increasing calcination temperature
to 900°C, the photocatalytic activity of anatase TiO, samples
decreases due to the decrease of specific surface areas and desorp-
tion of surface fluoride ions. The photocatalytic activity of T1000
sharply decreases (rate constant 0.0012min~!) because of the
formation of rutile phase and decrease in specific surface areas
(0.82m?/g) [24].

For comparison, the photocatalytic activity of commercial pho-
tocatalyst P25 (Degussa) is also tested under the same condition.
The degradation rate constant of X3B in P25 is 0.047 min~!,
which seems higher than that of T700 (0.033 min~!). However,
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Fig. 7. Photocatalytic degradation of X3B under UV irradiation (TiO,: 1.0 g/L, X3B:
1.0 x 10~4 mol/L, A > 320 nm).
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Fig. 8. Dependence of the photocatalytic activity on calcination temperature.

the specific photocatalytic activity (per surface area unit) of T700
(0.0050 min—! m~2)is 5 times higher than that of P25 photocatalyst
(0.0010 min—! m~2). This is because the specific surface area of P25
(45.0m?/g) is much larger than that of T700 (only 6.6 m?/g).

4. Conclusions

In summary, a simple and novel synthetic method for the
fabrication of TiOF, was developed via a microwave-assisted
hydrothermal route using TBT and hydrofluoric acid as raw materi-
als. The prepared anatase TiO, from TiOF, shows very high thermal
stability and the phase transformation temperature from anatase
to rutile is up to 1000 °C. Fluoride ions play an important role in the
improvement of the thermal stability of anatase TiO, by strongly
adsorbed on the surface of anatase and prevented its growth. The
700°C-calcined anatase TiO, sample shows the highest photocat-
alytic activity due to its good crystallization and suitable specific
surface areas. This study will provide new insight into design
and preparation of advanced photocatalytic materials with high-
temperature stability.
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