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ABSTRACT

Trifluoroacetic acid (TFA) modified TiO, (TFA-TiO,) hollow microspheres were prepared by one-pot
hydrothermal treatment of Ti(SO4 ), in the presence of TFA at 180°C for 12 h. The prepared samples were
characterized by X-ray diffraction, scanning and transmission electron microscopy, X-ray photoelectron
spectroscopy, N adsorption-desorption isotherms and Fourier transform infrared. The production rates
of *OH on the surface of UV-illuminated TiO, were detected by a photoluminescence (PL) method using
terephthalic acid (TA) as probe molecule. The photocatalytic activity was evaluated by the photocatalytic
decomposition of acetone in air under UV light illumination. The results show that TFA not only induces
the formation of hollow microspheres, but also enhances their crystallization. The molar ratios of TFA to
Ti(SO4)z (R) have a great influence on photocatalytic activity. When R is in the range of 0.5-5, the photo-
catalytic activity of the samples is higher than that of commercial Degussa P25 TiO, powders (P25) and
pure TiO, samples. At R= 2, the photocatalytic activity of the sample reaches the highest and exceeds that
of P25 by a factor of more than two times. This is ascribed to the fact that the former has hollow interior
and bimodal mesoporous shells enhancing harvesting of light and the transfer and transport of reactant
and product molecules, also, the surface-adsorbed TFA can reduce the recombination of photo-generated

electrons and holes.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, considerable efforts have been focused on devel-
oping highly photoactive oxide semiconductor photocatalysts for
their wide application in solar energy conversion and environ-
mental protection since the discovery of photocatalytic water
decomposition on TiO, electrodes by Fujishima and Honda in 1972
[1-12]. However, the photocatalytic activity of titania should be
further enhanced from the practical application and commercial
point of view [13-16]. For achieving this purpose, the surface
properties and modification of TiO, play a very important role
in determining photocatalytic reaction efficiencies since heteroge-
neous photocatalytic reactions usually take place on the surface.
It is on the TiO, surface that different types of reaction radicals
are produced. The most common species is the *OH radical, which
can free move to carry out further chemical reaction at the tita-
nia surface [17-20]. Recently, F-doping and surface fluorination of
TiO, have been extensively investigated for enhancing photocat-
alytic activity [17-36]. Our and other groups’ results have indicated
that F-doping enhances the crystallization and photocatalytic activ-
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ity of TiO, [22-26]. Furthermore, surface fluorination of TiO, has
also been used as an effective method for enhanced photocatalytic
activity [33-37]. For example, Choi et al. have performed a lot of sys-
temic research works on surface fluorination of TiO,, and found that
surface-fluorinated TiO, (F-TiO,) shows enhanced photocatalytic
activities for the photocatalytic oxidation (PCO) of Acid Orange 7
and phenol in aqueous suspensions [17,18]. Also, they found that
surface fluorination can be easily performed by a simple ligand
exchange reaction between surface hydroxyl groups on TiO, and
F~ at an acidic environment (ca. pH 3-4) [17]. Minero et al. exam-
ined the influence of surface-fluorinated catalysts on the PCO of
phenol in aqueous media, and found that the PCO of phenol was
enhanced with F-TiO, and proposed that the fluorinated surface
favors the generation of free *OH radicals (not surface-bound *OH),
which are responsible for the enhanced oxidation [29,30]. Since the
surface fluorides themselves should not be reactive with valence
band (VB) holes [E°(F*/F~)=3.6V vs NHE] [17,32,38]. The higher
PCO rate in the F-TiO, suspension is ascribed to the enhanced gen-
eration of mobile free *OH radicals (reaction (1)) whereas most *OH
radicals generated on naked TiO, surface prefer to remain adsorbed
(reaction (2)) [17].

=Ti-F + H,0(orOH") + hy,* — =Ti-F + *OHpee + H' 1)

=Ti-OH + hy,* < =Ti-OH** 2)
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Very recently, we have also reported one-step hydrothermal fab-
rication of mesoporous surface-fluorinated TiO, (F-TiO,) powders
and enhanced photocatalytic activity in photocatalytic oxidation
decomposition of acetone in air under UV light illumination, and
found that the photocatalytic activity of F-TiO, powders is obvi-
ously higher than that of pure TiO, and commercial Degussa P25
powders due to the fact that the strong electron-withdrawing
ability of the surface =Ti-F groups reduces the recombination of
photo-generated electrons and holes, and enhances the formation
of free *OH radicals [37].

To further improve the photocatalytic performance and under-
stand the influence of morphology on photocatalytic activity,
various morphological nanostructure TiO, have been pre-
pared, including nanotubes, nanorods, nanowires, shuttle-shape
nanocrystals or hollow spheres [39-42]. In particular, TiO, hol-
low spheres have caused more and more attention because of their
facile mobility, low density, high specific surface areas, and good
photocatalytic activity. Up to now, most of the methods for the
fabrication of hollow spheres rely on hard or soft sacrificial tem-
plates, with the desired hollow interiors generated upon removal
of the templates by calcination or dissolution [43,44]. To overcome
the disadvantages of the templating method, one-pot template-
free methods for hollow structures have been developed based on
direct solid evacuation arising from Ostwald ripening, the Kirk-
endall effect, or chemically induced self-transformation [45-49].
In particular, a great deal of research effort has been devoted to
the controlled fabrication of TiO, hollow microspheres for their
enhanced photocatalytic activity [50-53].

In this work, we fabricate TFA-TiO, hollow spheres by one-
pot hydrothermal method using Ti(SO4), as precursor and TFA as
modifier at 180°C for 12 h. The influence of R on the morphol-
ogy and photocatalytic activity of TiO, is studied and discussed. To
the best of our knowledge, this is the first report on fabrication of
TFA-TiO; hollow spheres. This work will provide new insights and
understanding on the control of morphology and enhancement of
photocatalytic activity of TiO,, and should be of significant interest
in solar cell, catalysis, sensing, separation technology, biomedical
engineering and nanotechnology.

2. Experimental
2.1. Sample preparation

All chemicals used in this study were of analytical-grade and
were used without further purification. Distilled water was used
in all experiments. Ti(SO4); was used as titanium source. The pH
values of distilled water were adjusted to about 1.3 using a 1.0M
H,S0,4 solution. Then, 1.5 g of Ti(SO4); and a certain amount of TFA
were added into 125 ml of the above mixed solution under vigor-
ous stirring for 1h. The molar ratio of TFA to Ti(SO4), (R) in the
resulting aqueous solution varied from 0, 0.5, 1, 2 to 5. The trans-
parent solution was transferred to a 200-ml Teflon-lined autoclave
and then sealed and kept at 180 °C for 12 h. After reaction, the white
precipitate obtained was washed with distilled water and ethanol
for three times and then dried at 80°C for 12 h.

2.2. Characterization

Morphological observations were performed by an S-4800 field
emission scanning electron microscope (FESEM, Hitachi, Japan)and
linked with an Oxford Instruments X-ray analysis system. Trans-
mission electron microscopy (TEM) analyses were conducted by
a JEM-2100F electron microscope (JEOL, Japan) using a 200kV
accelerating voltage. X-ray diffraction (XRD) patterns obtained on
a D/MAX-RB X-ray diffractometer (Rigaku, Japan) using Cu Ko

radiation at a scan rate (20) of 0.05°s~! were used to determine
the identity of any phase present and their crystallite size. The
accelerating voltage and applied current were 40kV and 80 mA,
respectively. The average crystallite size of anatase grains was
quantitatively calculated using Scherrer formula (d=0.9A/Bcos6,
where d, A, B and 6 are crystallite size, Cu Ka wavelength
(0.15418 nm), full width at half maximum intensity (FWHM) of
(101) for anatase peak in radians and Bragg’s diffraction angle,
respectively) after correcting the instrumental broadening. The
X-ray photoelectron spectroscopy (XPS) measurement was made
in an ultrahigh vacuum VG ESCALAB 210 electron spectrometer
equipped with a multichannel detector. All the binding energies
were referenced to the Cl1s peak at 284.8 eV of the surface adven-
titious carbon. The Brunauer-Emmett-Teller (BET) specific surface
area (Sggr) of the powders was analyzed by nitrogen adsorptionin a
Micromeritics ASAP 2020 nitrogen adsorption apparatus (USA). All
the samples were degassed at 180 °C prior to nitrogen adsorption
measurements. The BET surface area was determined by a multi-
point BET method using the adsorption data in the relative pressure
(P[Py) range of 0.05-0.3. A desorption isotherm was used to deter-
mine the pore size distribution via the Barret-Joyner-Halender
(BJH) method, assuming a cylindrical pore modal [54]. The nitrogen
adsorption volume at the relative pressure (P/Pg) of 0.994 was used
to determine the pore volume and average pore size. Infrared (IR)
spectra on pellets of the samples mixed with KBr were recorded on
a Nivolet Magna 560 FTIR spectrometer at a resolution of 4cm~1.
The concentration of the samples was kept at about 0.25-0.3%.

2.3. Analysis of hydroxyl radical (*OH)

Measurements of *OH on the surface of UV-illuminated TiO,
were performed by the terephthalic acid (TA) fluorescence probe
method as follows [55,56]. 0.1g of TiO, powder sample was
dispersed in a 20 ml of 5 x 10~4 M TA aqueous solution with a con-
centration of 2 x 10~3 M NaOH in a dish with a diameter of about
9.0 cm. The experiment was carried out under UV irradiation using
a 350 W Xe arc lamp (25 cm above the dishes). The average light
intensity striking on the surface of the reaction solution was about
2.0mW/cm?, as measured by a UV radiometer (UV-A) with the peak
intensity of 365 nm. PL spectra of generated 2-hydroxyterephthalic
acid were measured on a Hitachi F-7000 fluorescence spectropho-
tometer. After UV irradiation for every 15 min, the reaction solution
was filtrated to measure the increase in the PL intensity at 425 nm
of TAOH excited by 315 nm light [37].

2.4. Measurement of photocatalytic activity

The photocatalytic activity of the samples was measured by
the PCO of acetone under UV light irradiation at ambient tem-
perature using a 15 L reactor with an initial acetone concentration
of 400+ 10ppm [22,37]. A 15W, 365nm UV lamp (Cole-Parmer
Instrument Co., USA) was used as the light source to trigger the
photocatalytic reaction. The TiO, photocatalysts were prepared by
coating an aqueous suspension of TiO, samples onto three dishes
with a diameter of 9.0 cm. The dishes were dried in an oven at
100°C for about 2 h to evaporate the water and then cooled to room
temperature before use. The weight of the photocatalyst used for
each experiment was kept at about 0.2 g. The acetone vapor was
allowed to reach adsorption and desorption equilibrium with the
catalyst in the reactor prior to UV light irradiation and each set of
experiments were followed for 60 min. The photocatalytic activity
of the powders can be quantitatively evaluated by comparing the
apparent reaction rate constants. The PCO of acetone is a pseudo-
first-order reaction and its kinetics may be expressed as follows:
In(Cy/C) = kt, where k is the apparent reaction rate constant, and Cy
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Table 1

Effects of R on phase structure, BET surface areas and pore parameters of titania powders.

R Phase content Crystalline size (nm) Sger (M2/g) Average pore size Pore volume (cm?/g) Relative crystallinity
0 A 10.8 96.2 6.8 0.21 1.00

0.5 A 111 93.2 8.1 0.19 1.03

1 A 11.5 90.6 8.6 0.19 1.07

2 A 12.0 84.3 8.6 0.18 1.11

5 A 133 834 8.7 0.21 1.23

P25 AR 20 (A) 55.1 39 0.06 -

A and R denote anatase and rutile, respectively.

Relative anatase crystallinity: the relative intensity of the diffraction peak from the anatase (10 1) plane (reference: the sample prepared at R=0).

and C are the initial concentration and the reaction concentration
of acetone, respectively [22,37]. The photocatalytic activity of P25
was also measured as a reference to compare with that of the syn-
thesized catalysts. Each set of photocatalytic measurements was
repeated three times, and the experimental error was found to be
within £5%.

3. Results and discussions
3.1. XRD analysis

The XRD patterns in Fig. 1 illustrate the phase structural evolu-
tion of the samples prepared at different R. It can be seen that the
prepared samples consist of well crystallized anatase [JCPDS No. 21-
1272, space group: 141 /amd (1 4 1)] without any impure phase. With
increasing R, the XRD peak intensities of anatase steadily become
stronger and the width becomes slightly narrower, indicating the
formation of greater anatase crystallites and the enhancement of
crystallization. The average crystalline sizes of the samples are
listed in Table 1, indicating that the increasing of R results in the
increase of crystallite sizes. This result is similar to our previous
report that F~ enhances the anatase crystallization and promotes
the crystallites coarsening [22,37]. This also implies that the partial
decomposition of TFA at high temperatures results in the formation
of F~ in the solution. Therefore, it is not surprising that with increas-
ing R, crystallization and coarsening of anatase are enhanced due
to the formation of more F~.

3.2. BET surface areas and pore structure

Nitrogen adsorption-desorption isotherms are measured to
determine the specific surface areas and pore size distribution
curves of TiO, samples, and the corresponding results are pre-
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Fig. 1. XRD patterns of TiO, samples prepared with varying R at 180°C for 12 h.

sented in Fig. 2. It can be observed from Fig. 2a that the nitrogen
adsorption-desorption isotherms of pure TiO, samples prepared
at R=0 are of type IV (Brunauer-Deming-Deming-Teller (BDDT)
classification) with two hysteresis loops, implying bimodal pore
size distributions in the mesoporous and macroporous region. At
low relative pressures between 0.4 and 0.8, the hysteresis loop is of
type H2, suggesting the presence of the inkbottle-like pores with
narrow necks and wider bodies [54,57,58]. However, at high rel-
ative pressures between 0.8 and 1.0, the shape of the hysteresis
loop is of type H3, associated with plate-like particles giving rise to
slit-like pores [54,57,58].In addition, with increasing R, the hystere-
sis loops shift slightly to a higher relative pressure region and the
area of the hysteresis loops gradually becomes small. Fig. 2b shows
corresponding pore size distribution curves of TiO, powders pre-
pared at R=0 and 2. Pure TiO, powders show small mesopores (ca.
3.5nm) and large mesopores with a maximum peak pore diam-
eter of ca. 40nm. According to the previous study [57,58], the

(@)
1504 |—m— R=0
G —O0—R=2
§
- 100
[
=]
B
=}
0N
b=
©
) n - g
g X e Peds
3 -
2 -5-8-8-8
.c:md
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P;)
(b) 0.04
—a— R=0
= —0— R=2
5 0.03-
O,
s }
)
E 0.2 1 o)
=2 N
g O ] O,
[ = J ;O;—:
S 001 L A e
/O n my 00:0-0 J
\_ g
=/
OO%
0.00 T

1 10 100
Pore diameter (nm)

Fig. 2. Nitrogen adsorption-desorption isotherms (a) and corresponding pore size
distribution curves (b) of TiO, samples prepared at R=0 and 2.
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Fig. 3. SEM (a, b, d) and TEM (c) images of TiO, samples prepared at R=1 (a), 2 (b, ¢) and 5 (d).

bimodal mesopore size distribution is from two different aggre-
gates in the powders. The powders contain fine intra-aggregated
mesopores formed between intra-agglomerated primary particles
(represented by the hysteresis loop in the lower P/Py range) and
large interaggregated mesopores produced by interaggregated sec-
ondary particles (hysteresis loop in the higher P/Py range). With
increasing R, the peak pore size of intra-particle pore shifts to the
right indicating the increase of intra-particle pore size owing to
enhanced crystallization and growth of anatase crystallites.

3.3. Morphology aspect

It was reported that hollow microspheres were expected to
exhibit a fast motion of charge carriers and enhancement of photo-
catalytic activity because of their closed packed interpenetrating
networks, and large internal surface area [59,60]. As shown in
Fig. 3, the morphology and structure of the product are exam-
ined by SEM and TEM. In the absence of TFA (in pure water), the
samples are solid sphere (not shown here). On the contrary, TiO,
hollow spheres with diameters of around 500-800 nm can be eas-
ily obtained in the presence of TFA. Further observation shows
that with increasing R, the diameter of all the samples increases
slightly (from ca. 600nm at R=1-1000nm at R=5) (see Fig. 3),
indicating that the concentration of TFA has a positive effect on
the size of hollow spheres. To get more information about the
hollow structures, the samples are characterized by TEM. Fig. 3c
exhibits the TEM image of the TiO, hollow spheres obtained at
R=2. The electron-density difference between the dark edge and
pale center further confirms the hollow interiors clearly. Localized
Ostwald ripening or chemically induced self-transformation mech-
anism can be used to explain the formation of TiO, hollow spheres
or hollowing of solid spheres [61,62]. So, it is not difficult to under-
stand that the diameter of hollow spheres is larger than that of
TiO, solid spheres and the size of hollow spheres increases with
increasing R [47-50]. Our previous results have also indicated that
fluoride in the acidic condition can promote self-transformation
of amorphous TiO, solid spheres and formation of TiO, hollow
spheres [61].

3.4. XPS and IR studies

The surface chemical compositions and chemical states of the
samples are further investigated by XPS. XPS survey spectra (not
shown here) indicate that all TFA-TiO, powders prepared at differ-
ent R contain Ti, O, C and F elements. Fig. 4 shows high-resolution
XPS spectra of F1s region of TFA-TiO, samples prepared at R=0.5
and 2. The F1s region consists of two peaks. The main peak at
684.0eV is ascribed to F~ physically adsorbed on the surface of TiO,
hollow spheres, while the minor peak at 689.5 eV is associated with
C-Fbonding of TFA [28]. The former implies that high-temperature
hydrothermal decomposition of TFA results in the production of
F~. The latter suggests that some CF3COO~ anions still exist in the
solution. Further observation shows that the relative intensity of
the C-F peak from TFA increases with higher R, implying that the
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Fls (F)
]
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Fig. 4. High-resolution XPS spectra of F1s of TiO, hollow microspheres prepared at
R=0.5(a) and 2 (b).
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Fig. 5. High-resolution XPS spectra of O1s of TiO, samples prepared at R=0 (a), 0.5
(b)and 2 (c).

R=2 samples contain more CF3 groups due to un-decomposition
of more TFA. The above results suggest that there are two kinds
of fluorine anions (F~ and CF3CO0~) adsorbed on the surface of
TiO, hollow spheres, with increasing R, CF3COO~ concentration
increases. Fig. 5 shows O1s high-resolution XPS spectra of the sam-
ples obtained at R=0, 0.5 and 2. The O1s region of pure TiO, sample
prepared at R=0 (Fig. 5a) can be fitted into two smaller peaks owing
to the asymmetric shape of peak. The main peak at 530.0eV is
ascribed to the Ti-O bonds in TiO,, while the minor peak at 531.5 eV
is due to the hydroxyl groups [63-65]. A new peak at 532.6eV
appears for the samples prepared at R=0.5 and 2, which can be
ascribed to the carbonyl (C=0) groups of TFA [28]. It is not surpris-
ing that an increasing R results in the increase of peak intensity
at 532.6 eV. Interestingly, the peak areas of hydroxyl groups of the
samples gradually increase with increasing R, indicating that more
TFA adsorbed on the surface of TiO, also results in the increase of
hydroxyl group concentration on TiO, surface. This is not difficult to
understand because the action of hydrogen bonding of TFA to H,O
will cause the increase of the surface absorbed water. Fig. 6 shows
that corresponding high-resolution XPS spectra of C1s region of
the samples prepared at R=0, 0.5 and 2. The C1s region of the R=2

(a)R=0

(b R=05 1~

Relative intensity (a.u.)

C1s (CF,)

282 284 286 288 290 292 294
Binding energy (eV)

Fig. 6. High-resolution XPS spectra of C1s of TiO, samples prepared at R=0 (a), 0.5
(b) and 2 (c).
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Fig. 7. FTIR spectra of TiO, samples prepared at R=0 and 2.

sample is fitted into four peaks at 284.9, 285.9, 288.6 and 292.7 eV,
which are respectively attributed to the C-C and C-H; C-OH; C=0;
and CF3 groups. The latter three peaks are related to the carbon
in the fluorocarbon entities of TFA, also their intensity increases
with increasing R. The curve fitting results of XPS spectra of O1s
and Cl1s regions further confirm that with increasing R, more TFA is
adsorbed on the surface of TiO, through surface complex reaction
[28,29].

The adsorbed TFA on the surface of TiO, is further confirmed
by the FTIR spectra. Fig. 7 shows FTIR spectra of TiO, prepared at
R=0 and 2. The broad peaks at 3400 and 1650 cm~! observed for
two TiO, samples correspond to the bending and stretching mod-
els of surface-adsorbed water and hydroxyl groups, respectively
[28,66]. This indicates that water molecules are easily adsorbed on
the surface of TiO,. For TFA-modified TiO, sample, two small peaks
observedat 1053 and 1140 cm~! in the spectrum are assigned to the
C-F stretching vibration of TFA adsorbed on the TiO, surface [28].
Further observation indicates that the peaks at 1380-1400cm™!
region are ascribed to carboxyl (C=0) groups, which are also from
the surface-bound TFA.

3.5. Hydroxyl radical analysis
The fluorescence emission spectra from TA and TiO, mixed solu-

tion are measured every 15min during UV illumination. Fig. 8
shows the changes of fluorescence spectra with irradiation time.

35
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Fig. 8. PL spectral changes observed during illumination of TiO, sample prepared at

R=2in a5 x 10~* M basic solution of terephthalic acid (excitation at 315 nm). Each
fluorescence spectrum was recorded every 15 min of UV illumination.
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Fig. 9. Plots of the induced PL intensity at 425 nm against irradiation time for the
TiO, samples prepared at R=0, 0.5, 1, 2 and 5.

A gradual increase in PL intensity at about 425nm is observed
with increasing irradiation time. However, no PL and PL increase
is observed in the absence of UV irradiation or TiO, powders. This
indicates that PL is from chemical reaction between TA and *OH
produced during TiO, photocatalytic reaction at the water/TiO,
interface [55,56]. Fig. 9 shows the dependence of PL intensity at
425 nm on illumination time. It can be seen that the PL intensity
linearly increases with time for all the prepared samples. So, it
is reasonable to infer that *OH radicals generated via photocat-
alytic reaction is proportional to irradiation time almost obeying
zero-order reaction rate kinetics [55,56]. The formation rate of
*OH radicals can be expressed by the slop of these lines shown
in Fig. 9. Obviously, the formation rate of *OH radicals in all TFA-
TiO, samples is much larger than that of pure TiO,. This can be
explained according to our previous suggestion that trifluoroac-
etate complex or F-Ti groups can capture the photo-generated
electrons in the conduction band of TiO,, thus, reduce the recom-
bination between electrons and holes [28,37]. Consequently, the
production rates of *OH radicals are enhanced for all TFA-TiO,
samples. It is not also difficult to understand that the formation
rate of *OH radicals increases with further increasing R due to the
increase of the amount of surface-adsorbed TFA complexes and
fluorides.

3.6. Photocatalytic activity

Fig. 10 shows the dependence of the apparent rate constants
K, of the TiO, samples on R. Pure TiO, sample prepared without
TFA shows good photocatalytic activity and its K, value reaches
4.24. This is associated with its large specific surface area, bimodal
mesoporous size distribution and anatase phase structures. With
increasing R, the photocatalytic activity of the TiO, hollow spheres
is obviously enhanced and is higher than that of TiO, solid spheres
due to the enhancement of TiO, crystallization, formation of hollow
structures and surface fluorination of TiO, via TFA and F~. At R=2,
the sample shows the highest photocatalytic activity and its Kj is
6.58.This superior photocatalytic activity is attributed to an optimal
concentration of surface-bound CF3COO~ and F~ anions. However,
the photocatalytic activity decreases when R is further increased.
This resultimplies that the photocatalytic activity strongly depends
on the concentration of trifluoroacetate and F~ complexed on the
TiO, surface because the trifluoroacetate complex and F~ can serve
not only as a mediator of interfacial charge transfer but also as a
recombination center. Our previous results also indicate that high
fluoride concentrations are not suitable for the enhancement of
photocatalytic activity [22,37]. In this study, an optimal R is 2.
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Fig. 10. Comparison of the apparent rate constants of P25 and the TiO, samples
prepared at different R.

When R is above 2, CF3CO0~ and F~ ions steadily become recombi-
nation centers and the activity decreases. On the contrary, with
increasing R, the formation rates of *OH radicals on the surface
of UV-illuminated TFA-TiO, hollow spheres always increase. This
indicates that the formation rate of *OH radicals during photo-
catalysis is not in agreement with the photocatalytic activity [37],
implying that the method of the above *OH radicals detected is
not suitable for gaseous photocatalytic reactions. Another possi-
ble explanation is that the formation rate of *OH radicals is an
important factor influencing photocatalytic activity, but is not the
only factor. Some other factors such as specific surface areas, pore
structures, crystallinity and the modifier concentration also have a
great influence on photoactivity [67,68]. Of course, further work is
required to address this difference and its mechanism [37].

We also investigated the photocatalytic activity of the TFA-TiO,
hollow spheres for the photocatalytic degradation of Rhodamine
B (RhB) in water in order to demonstrate their potential appli-
cation for water purification. The characteristic absorption peak
of RhB at 553 nm was used to monitor the photocatalytic degra-
dation process [69]. The results showed that the absorption peak
at 553 nm dropped rapidly with increasing UV exposure time and
almost disappeared after 1 h (not shown here), indicating the com-
plete photocatalytic decolorization of RhB aqueous solution during
the reaction, also the R=2 samples having higher photocatalytic
activity than P25. Further experiments indicated that the hollow
spheres could be more readily separated from the slurry system
by filtration or sedimentation after photocatalytic reaction and re-
used than nano-sized P25 powder photocatalytic materials due to
their large weight, weak Brownian motion and good mobility [69].
After five recycles for the photodegradation of RhB, the catalyst did
not exhibit any significant loss of activity and changes of morphol-
ogy, confirming the TiO, hollow spheres with good stability and
mechanical strength. Therefore, the prepared TiO, hollow spheres
can be regarded as an ideal photocatalyst for environmental purifi-
cation. We believe that the prepared TiO, hollow spheres are also of
greatinterestin catalysis, solar cell, separation technology, biomed-
ical engineering and nanotechnology.

4. Conclusion

TFA and F~ modified TiO, hollow microspheres with highly
photocatalytic activity are synthesized by one-pot hydrothermal
treatment of Ti(SO4), solution in the presence of trifluoroacetic
acid. High-temperature hydrothermal environment results in the
decomposition of TFA, thus production of F~. CF3CO0~ and F~
induce the formation of hollow structure and adsorb on the surface
of TiO,. R displays a great influence on the photocatalytic activity



14 J. Yu, L. Shi / Journal of Molecular Catalysis A: Chemical 326 (2010) 8-14

and microstructures of mesoporous TiO, hollow spheres. The pho-
tocatalytic activity of all TFA-TiO, hollow spheres is higher than
that of P25 and pure TiO,. At R= 2, the photocatalytic activity of TFA-
TiO, hollow spheres reaches the highest and exceeds that of P25 by
a factor of more than two times. This is due to the fact that an opti-
mal TFA concentration is beneficial to reduce the recombination of
photo-generated electrons and holes, also the hollow nanostruc-
ture can enhance the transfer and transport of charge carriers and
reactant and product molecules. When R is above 2, CF3CO0O~ and
F~ ions steadily become recombination centers of photo-generated
electrons and holes and the activity decreases.
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