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Pure rutile titania was prepared at a calcination temperature of 600 °C by using a photo-assisted sol-gel method.
Compared with the traditional sol-gel method the photo-irradiation introduced into the colloid preparation
process can accelerate the phase transformation from the anatase to rutile phase. Moreover, it was found that
the as-prepared rutile powder samples exhibited a regular polyhedron shape and small grain size distribution.
These rutile particles showed a remarkable photocatalytic activity in decomposing organic pollutants under
ultraviolet irradiation. The photocatalytic degradation rates of rutile particles in aqueous solution were
correlative with not only the grain surface area but also the particle agglomeration state.

Introduction

Semiconductor photocatalysts have attracted much attention
due to their applicability in the treatment of wastes and pollu-
tants in air and water.! Among them, titanium dioxide (TiO5)
has been most often used because of its chemical stability and
excellent photocatalytic activity. It is well-known that TiO,
has three polymorphs: rutile (tetragonal, P4,/mnm), anatase
(tetragonal, [4,/amd), and brookite (orthorhombic, Pcab).
Anatase TiO, is believed, on the basis of the results of many
experiments, to be more active than rutile,® while several
reports claimed that rutile showed higher activity for specific
types of photocatalytic reactions.” It has also been reported
that the difference between rutile and anatase photosensitiza-
tion does not originate from the different positions of the con-
duction band and valence band edges. The very low activity of
either neat or modified rutile is due to adsorption properties
and charge carrier lifetime instead of redox features.'®!!
Usually rutile powders are produced at high calcination tem-
peratures, for example, Balachandran and Eror have reported
that anatase transforms into the rutile phase at 750 °C due to a
fine crystallite size;'> Ding and Qi have also reported that ana-
tase did not transform to rutile until the annealing temperature
was increased to 800°C;!? Robert er al have demonstrated
that single crystals of anatase were transformed into rutile at
900-950°C, which resulted from a perferred orientation of
the product.'* The pure rutile particles prepared at such high
calcination temperatures consequentially exhibit large grain
sizes and small surface areas, which result in their poor adsorp-
tion of active species and low photocatalytic activity.

Recently we found that under ultraviolet light irradiation
(A > 290 nm) of TiO, colloids during a sol-gel preparation
process the phase transition temperature (PTT) from amor-
phous to anatase was decreased by nearly 100°C compared
with that of the traditional sol-gel method. Our early work'®
confirmed that oxygen vacancies induced by ultraviolet illumi-
nation promoted the phase transformation of TiO, powders.
In this paper we synthesized rutile titania by using the same
photo-assisted sol-gel method and found that the PTT of ana-
tase-to-rutile was decreased to 600 °C. The rutile powders pre-
pared by such a photo-assisted sol-gel method showed small
grain sizes and relatively large specific surface areas.
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Furthermore, we used rhodamine B and 2,4-dichlorophenol
as target pollutants to investigate the photocatalytic activity of
these rutile powders under UV irradiation. The experimental
results revealed that the specific surface area of the catalyst in
the decomposition reaction was not the crucial factor for its
high activity but that the surface properties and agglomerated
state of the samples played a key role during the photocatalytic
process.

This study may provide an alternative approach for
enhancement of photocatalytic activity of pure rutile powders
in the decomposition of organic pollutants in aqueous solu-
tions.

Experimental section

Materials preparation

Two sets of titania colloids were prepared in the same manner
as described elsewhere.”> The major and only difference
between the two colloids was that one system was UV-irra-
diated and the other was not. Titanium isopropoxide, Ti-
(OC5H;)4(Acros, >98%), was used as the titanium precursor
in the sol-gel process. Other chemicals and solvents were of
reagent grade and used without further purification. In a typi-
cal synthesis 5.0 ml titanium isopropoxide was first dissolved in
10 ml of propyl alcohol and the solution was then slowly
dropped into 40 ml of an ethanol solution containing 2.5 ml
hydrochloride acid and 1.5 ml deionized water under vigorous
stirring. The mixture was illuminated for about 8 h before the
solvent evaporation. The solvent of the TiO, colloids was
allowed to evaporate from the system at room temperature
and then the dry gel was calcined at various temperatures to
obtain the powder samples. The samples prepared by the
photo-irradiated method are denoted as P-sample, such as
P-400 (annealed at 400°C) and so on, while the other set
of non-irradiated samples are identified as N-sample.

Photocatalytic degradation

Rhodamine B (RB) was from Tokyo Kasei Kogyo Co., Ltd.;
2,4-dichlorophenol (2,4-DCP) was from Beijing Chemical
Co. and was used without further purification. An aqueous
suspension of a dye (2.0 x 107> M, 50 ml) and TiO, (10 mg)
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was contained in an 80 ml Pyrex glass vessel and was stirred
about 30 min in the dark to reach the adsorption/desorption
equilibrium. Subsequently the dispersion was irradiated under
air-equilibrated conditions with ultraviolet light. The UV
irradiation was provided by a 500 W high-pressure mercury
lamp and passed through a 1.0 cm thick circulating water
cuvette to remove the heating IR beams. After irradiation a
4 ml aliquot was taken at various intervals and the TiO, pow-
der was separated off from the reaction mixture by centrifu-
ging, then variations in the concentration of the dye in the
degraded solution were monitored by UV-Vis spectroscopy
(Shimadzu UV-1601PC). The characteristic absorption bands
at ca. 554 nm for RB and ca. 284 nm for 2,4-DCP were mon-
itored during the degradation process.

Characterization

The powder X-ray diffraction patterns were collected with
CuKa radiation (4 = 1.5406 A) of 50 kV and 300 mA at a scan
rate of 0.02° per 0.12 s. The evolution of the transformation of
anatase to rutile was calculated using the ratios of areas under
background-subtracted {101} anatase and {110} rutile peaks.'®
The Raman spectra were taken in the backscattering geometry
using the 514.5 nm line of an Ar ion laser as the excitation
source with a Renishaw-2000 Raman spectrometer, and the
spectral resolution and accuracy of the Raman shift are esti-
mated to be ~2 cm™'. The morphology of the synthesized
powders was observed with SEM (JSM-6301F). The BET sur-
face area of the samples, which were degassed at 473 K for 2 h,
was measured by the adsorption of N, molecules at 77 K.

Results and discussion

It is obvious that photo-irradiation of the TiO, colloid acceler-
ated the phase transformation behavior of anatase to rutile.
Fig. 1 shows the XRD patterns of this process for P-samples
[Fig. 1(a)] and N-samples [Fig. 1(b)]. As it can be seen, the
PT reaction occurred at 450-600°C for the former and at
550-700°C for the latter; thus, the PTT of anatase to rutile
decreased 100 °C for the UV-irradiated set of powder samples
compared to the non-irradiated ones. The sharper and nar-
rower diffraction peaks imply an increase of the particle size
with increase of the calcination temperature. Moreover,
Table 1 presents the rutile phase content at various tempera-
tures during this process. At 600°C anatase is completely
transformed into rutile in the P-samples while only 48% of
anatase was transformed in the N-samples at the same
temperature.

Fig. 2 compares the Raman spectra of two sets of the sam-
ples during the PT process of anatase to rutile. In the UV-irra-
diated set [Fig. 2(a)] the distinct bands at 144, 393, and 638
cm™! at 450°C are all ascribed to the anatase phase due to
the Eg+ Big+ (Ajz+ Big) + E, vibrational modes of Raman
activity. As the calcination temperature increase to 500°C, a
new band at 446 cm ™! attributed to the rutile phase appeared,
indicating that the PT reaction took place. With increasing
temperature three other characteristic bands of rutile at 143,
230, and 608 cm™! were also apparent, in addition to an
increase in the intensity of the 446 cm™' band, while the band
intensity of anatase gradually decreased. The characteristic
bands of anatase completely disappeared at 600 °C and rutile
was the only phase observed, which implied that the PT reac-
tion occurred in the 450-600 °C range, in good agreement with
the XRD results. Compared with the UV-irradiated set, the PT
reaction of the non-irradiated set occurred at 550-700°C [Fig.
2(b)], 100°C higher than in the irradiated samples.

The preparation-induced surface morphology difference in
powders of the two sets was also clearly seen from their
SEM pictures. Fig. 3(a,b) show the morphology and shapes
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Fig. 1 The XRD patterns of the transformation process of TiO,
powders prepared with (a) and without (b) UV irradiation.

of P-500 and P-600, respectively. These particles were regular
polyhedron and did not agglomerate. Moreover, the particle
size distribution was relatively narrow at 100-200 nm. As a
rule, the size ratio of the largest particle to the smallest particle
was < 2. In contrast, the N-500 and N-600 samples [Fig.
3(c,d)] show a much different morphology. These particles
are irregular, deformed and agglomerated. The grain size is
not uniform; some larger grains are surrounded by small ones.
The particle size distribution is estimated to be 200-500 nm,
and the size ratio of the largest particle to the mean size is
> 3. This grain size inhomogeneity demonstrates the discontin-
uous grain growth.

Table 2 shows the BET surface areas of these samples. As
can be seen, the difference in surface areas of two sets of
samples, even at the same calcination temperature, is signi-
ficant. For the P-sample Sggt is 32 m? gf1 while that for the
N-sample is 2.5 m? g~! at 600°C; that is the former is more
than ten times as large as the latter. This difference most likely
results from the different agglomeration state of the two sets of
particles.

Table 1 Rutile phase content of powder samples at different tempera-
tures (°C)

Rutile phase content (%)
T/°C 450 500 550 600 650 700
UV-irradiated 0 29.7 66.8 100 - -
Non-irradiated - 0 9.5 48.3 95 100
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Fig. 2 The Raman spectra of TiO, powders at various temperatures
prepared with (a) and without (b) UV irradiation.

Finally, we evaluate the photocatalytic activity of these TiO,
samples by decomposing the organic dye molecule rhodamine
B (RB), a dye often used as a tunable laser dye because of its
stable photochemical properties.!” The degradation results are
depicted in Fig. 4. It is clearly shown that the photolysis of RB
under the used conditions is very slight (blank) and thus the
excitation of the dye can be neglected compared with the exci-
tation of TiO, . For the P-600 sample 90% of the dye molecules
in an TiO, aqueous dispersion was degraded within 50 min
while only 20% of the dye was degraded for N-600 after 80
min of UV irradiation. The most interesting thing is that
although the BET surface area of N-500 (69 m? g~') is larger
than that of P-600 (32 m? g™ '), the degradation rate of the for-
mer is slower than that of the latter. The degradation rate of
P-400 was rather equivalent to that of P25, which is ascribed to
its high surface area of 158 m? g~!. Similar results were also
observed in the degradation of 2,4-DCP, shown in Fig. 5.
For the N-600 sample no obvious change of absorption spectra
can be observed while for the P-600 sample, approximately
30% of 2,4-DCP was decomposed during the 180 min irradia-
tion time. However, the degradation rates of P-500 and P-400
were very similar although their BET surface areas were differ-
ent in value (Table 2).

Fig. 3 Field emission SEM pictures of TiO, powder samples
annealed at different temperatures: (a) P-sample, 500 °C; (b) P-sample,
600 °C; (c) N-sample, 500°C; (d) N-sample, 600 °C.
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Table 2 The special surface areas of powder samples at various
temperatures (°C)

Sper/m” ¢!
T/°C 400 500 600
P-samples 158 103 32
N-samples 76 69 2.5

Generally, the smaller the surface areas the poorer the
photocatalytic activity of powder samples, but in our present
work this factor is not the most important and crucial factor.
It is well-accepted'®?° that the photocatalytic activity of
suspended TiO; in solution strongly depends on the physical
properties of TiO, (e.g., crystal structure, surface area, surface
hydroxyls and particle size) and operating conditions (e.g.,
light intensity, oxygen, initial concentration of chemicals,
amount of TiO, and pH). It has been well-documented that
the more O,, OH™ adsorbed on the catalyst surface the higher
the photocatalytic activity of powder samples since these spe-
cies play a very important role in the photocatalytic reactions
of semiconductor oxides.?'*> Our experimental results have
shown that the surface area of the samples is not the only
important factor in the decomposition of RB and 2,4-DCP
solutions, the difference in surface states and agglomeration
states between two sets of TiO, samples may also be crucial
factors. From the SEM images [Fig. 3(a,b)] we can see that
the TiO, particles prepared by the photo-assisted sol-gel
method exhibit very little particle agglomeration. These parti-
cles exhibit a regular polyhedral shape. The stacking is loose
and there are many pores among the particles. Thus, these par-
ticles can be easily dispersed into solutions and adsorb H,O,
O,, etc., more effectively. For the P-600 sample, although its
BET surface area is smaller than that of the N-500 sample
the adsorption capability of the former is 2 times higher than
that of the latter, which has been demonstrated by adsorption
of RB and 2,4-DCP solutions in our experiments. This result
most likely originates from the difference in the agglomerated
states of the two sets of samples. As for the non-irradiated
samples [Fig. 3(c,d)], the powders show a ceramic-like agglom-
eration and thus could not be well-dispersed into solutions,
resulting in the lost of effective surface area. These particles
are irregular and the boundaries among the particles are
blurred, such that the amount of O,, H,O, OH™, etc.,
adsorbed on the surface is small, leading to a poor photocata-
lytic activity of the rutile particles. This experimental result
further confirms that one of the fundamental reasons of the
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Fig. 4 Degradation rates of RB aqueous solutions (2 x 107> M, 50
mL, 10 mg catalyst ) with various powder samples and Degussa P25:
(O) blank, (V) N-600, (A) N-500, (&) P-600, (@) P-500, (M) P-400,
(O) P25.
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Fig. 5 The variation in absorption spectra of 2,4-DCP versus irradia-
tion time during the photodegradation process with different as-pre-
pared powder samples: (V) N-600, (A) N-500, (&) P-600, (@) P-500,
(M) P-400, (Od) P25. The initial conditions of the reaction system:
2,4-DCP (1 x 107* M), 50 mL, 10 mg catalyst .

low photocatalytic activity of rutile is its poor adsorption
capacity toward O,,%22 OH2%?7 and other activated species.

Conclusions

Very different rutile particles were prepared by using a photo-
assisted sol-gel method, which showed very different micro-
structural and photocatalytic properties from those prepared
by the traditional sol-gel method. The as-prepared rutile
powder samples were obtained at a relatively low calcination
temperature of 600 °C and exhibited a narrow particle size dis-
tribution. Moreover, these particles had a regular polyhedral
shape and hardly displayed any particle agglomeration, which
results in their high adsorption capacity. The photocatalytic
activity of these rutile powders was remarkable in the decom-
position of rhodamine B and 2,4-dichlorophenol under ultra-
violet illumination.
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