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Rapid Synthesis of Nanostructured Pure Anatase TiO; with
High Thermal Stability by Polymeric Sol-Gel Route

V. Tajer-Kajinebaf?!, H. Sarpoolaky ?

Abstract

The nanostructured anatase TiO, with high thermal stability was prepared by polymeric sol-gel method
without any additives. The particle size distribution of polymeric titania sol was determined by dynamic light
scattering (DLS). The properties of prepared titania were investigated by TG-DTA, XRD, FESEM and TEM.
The decolorization capability of resultant anatase was also evaluated using methyl orange photodegradation
in aqueous solution by UV-visible spectrophotometer. The results of DLS showed the particle size
distribution of the polymeric sol is in the range of 0.5-2 and 1-3 nm after 1 and 50 days, respectively. Titania
prepared by polymeric method showed high thermal stability against phase transformation from anatase to
rutile. Also, crystallite size of anatase calcined at 400-750 °C was in the range of 10-50 nm. The prepared
nanostructured anatase showed an acceptable decolorization capability for methyl orange degradation.
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1. Introduction

Titania is a reference material in the term
of photocatalytic efficiency under UV-
irradiation, with well-established
technological applications [1]. The use of
titanium dioxide as a photocatalyst in the
destruction of organic pollutants [2, 3] and
dyes [4-8] has been recently become
interesting research topic. However, TiO2 has
the ability to degrade organic materials and
dyes on surface of titania via photocatalysis in
the presence of UV-light and an oxygen
source [9]. Nowadays, there are many
proposed innovative and commercial ceramic
applications for titania-coated materials such
as bathroom tiles, sanitary wares, and self-
cleaning glass for the control of organic
contaminants and decolorization that require
high processing temperatures and hence high
thermal stability [10]. Among the different
forms of titania, anatase is the most
photoactive form [11-13] but it is
thermodynamically metastable. Also, the
relatively low surface area and anatase-rutile
transformation at high temperatures are
disadvantages. The phase transformation
requires movement of cations and anions
which leads to mass transport during

conversion and rapid loss of surface area upon
sintering [14]. The transformation
temperature of anatase to rutile depends on
the initial (anatase) particle size, synthesis
route, dopants and impurities. Therefore, it is
of interest to develop methods that increase
the anatase-rutile transformation temperature.
The studies show the anatase phase is
generally converted to the rutile at
temperatures lower than 600 °C [15-17].
Many researchers have tried to increase the
thermal stabilization of titania [11, 18, 19].
The most popular methods are the use of
dopants and additives like zirconia [14, 20,
21], alumina [22-25] and silica [26-29].
Although, the as-prepared samples are mostly
amorphous and additives form impurity
phases at higher temperatures. Recently, it has
been observed that the different synthesis
routes such as sol-gel, hydrothermal [29-31],
microwave-assisted hydrothermal [18, 32,
33], chemical vapor synthesis (CVS) [34] and
ultrasonic spray pyrolysis [35, 36] has also
great effect on the transformation
temperature. Although successful results are
given using these methods but sol-gel route is
still increasingly of interest due to easy and
fast. To our knowledge, the use of TTIP as
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direct starting material via polymeric sol-gel
route has not been reported for preparation of
nanostructured anatase with high temperature
stability. In the present work, polymeric sol-
gel route as a very easy, fast and reproducible
method is introduced to produce anatase
nanopowders with the high thermal stability
without any additives. The synthesis
conditions are discussed first, and then molar
ratio and subsequently heat-treatment
conditions are introduced to produce anatase
nanopowder. The thermal and structural
evolutions of the resultant titania are then
studied and finally, the results on the
decolorization properties of nanostructured
anatase are presented.

2. Experimental

Titanium tetraisopropoxide (TTIP, Ti
(OCsHy7)a, Merck 821895), isopropanol (IPA,
C3H70H, Merck 109634), hydrochloric acid
(HCl 37% solution, Merck 100317) and
deionized water were used as raw materials.
Titania polymeric sol was obtained by
hydrolysis of TTIP via the addition of a less
than equivalent amount of H.O ([H20]/ [Ti] <
4) in order to obtain a precipitate free
polymeric sol. A solution of water and
hydrochloric acid as a catalyst in isopropanol
was added dropwise to a solution of TTIP and
isopropanol during high speed stirring. The
molar ratio for TTIP: IPA: H20: HCI of the
final sol was 1:31:0.8:0.23, respectively.

Stirring was continued for 4 h to get a
stabilized sol. The final product was a
transparent polymeric titania sol. For gel
preparation, a part of the polymeric sol was
dried at room temperature for 24 h. Then, the
resultant dried gel was subsequently calcined
at temperatures of 400, 550, 650, 750 and 850
°C in air for 1 h with a heating rate of 1
°C/min. The particle size distribution of
polymeric sol was determined by the dynamic
light scattering technique (DLS Malvern, UK,
and ZS3600).

Thermal properties of the dried gel were
characterized by thermogravimetric analysis
(DTA-TG PERKINELMER) in a nitrogen
flow with a heating rate of 7.5 °C/min in the
temperature interval 25-900 °C. The phase

composition and the average crystallite size of
the gel calcined at different temperatures were
identified using X-ray diffraction technique
with CuKa wavelength at 30 mA and 40 kV
(XRD, Jeol JDX-8030). Microstructure of
titania was characterized using field emission
scanning electron microscopy (FESEM
MIRAWTESCAN) and transmission electron
microscopy (TEM, EM 208, Philips) with an
accelerating voltage of 30 and 100 KkV,
respectively. The decolorization capability of
the prepared anatase nanopowder was
measured by the degradation of methyl
orange in an aqueous solution. 3 mg catalyst
per mL solution (20 mg/lit) was irradiated by
a UV source (Sunny, 360-415 nm, 125 W).
After 70 min UV-radiation, the concentration
of methyl orange solution was examined by
UV-visible  spectrophotometer  (Agilent,
8453).

3. Result and Discussion
3.1. Particle Size Distribution

Fig. 1 shows the particle size distribution
of the polymeric sol after 1 and 50 days that is
in the range of 0.5-2 and 1-3 nm, respectively.

Fig. 1(a,b) shows that particle size of the
polymeric titania sol increases after 50 days.
Previous works showed that by adding a
small amount of water, the hydrolysis reaction
is done slowly, resulting in a partially
hydrolyzed alkoxide and the formation of a
linear inorganic polymer [37]. This is obvious
in Fig. 1 (c). It seems at the beginning of
condensation reaction, the size of branched
polymers is very small. However, during
aging, the number and length of branched
polymers increase due to the development of
condensation reaction which is clearly seen in
Fig. 1 (d).

3.2. Thermal Analysis

To  determine  the  transformation
temperature of TiO, the dried gel was
subjected to thermogravimetric analysis. The
results are shown in Fig. 2.

The pattern follows 45% weight loss
during three steps. The first weight loss (22%)
which is up to 200 °C is accompanied by an
endothermic peak in the DTA curve. This
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Fig. 1. The particle size distribution of titania polymeric sol:
a,b) plots of number (%) versus size (nm) after 1 and 50 days, respectively;
c,d) plots of intensity (%) versus size (nm) after 1 and 50 days, respectively.

peak is attributed to the removal of adsorbed
water, alcohol and bound water [38].

The second and third weight losses (5 and
18%, respectively) are accompanied by a
series of exothermic reactions which is
attributed to the combustion of organic
compounds and the decomposition of the
hydroxyl group (Ti (OH) 4).

The broad exothermic peak corresponding
to third step can be attributed to TiO, phase
transition of amorphous to anatase. There is
no peak corresponding to anatase-rutile phase
transition up to 900 °C. During the
decomposition of Ti (OCsHy7)4 in the presence
of oxygen, each mole of TTIP reacts with 18
moles of oxygen to produce one mole of
TiO2, 12 moles of CO2 and 14 moles of H20
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Fig. 2. The thermogravimetric curve of the dried
polymeric titania gel.

according to the following chemical reaction
[39]:

Ti (OCsH7)4 + 180,— TiO; + 12C0O; + 14H,0 Q)
while, in the absence of oxygen, Ti (OCsH7)4
is decomposed according to the following
reaction:

Ti (OCsH7)s — TiO2 + 4CsHg + 2H,0 2)
when titania is synthesized at a lower O./He
flow rate ratio, a greater proportion of TTIP
decomposed according to reaction 2 and some
of the resulting hydrocarbon is deposited as a
powder. By heating this powder under oxygen
atmosphere all the carbon got oxidized. On
the other hand, when the O2/He flow rate ratio
is high, a larger quantity of CO> is generated
according to reaction 1. According to the
previous research, this is probably because of
the presence of carbon in the titania structure
which postpones the phase transformation
from anatase to rutile [34]. So, the anatase-
rutile transformation may be suppressed due
to remain carbon in titania structure that
prevents atoms arrangement.

3.3. Structural Properties

The XRD patterns of the titania gel
calcined at different temperatures are shown
in Fig. 3.
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Fig. 3. XRD patterns of the gel calcined at different
temperatures.

The XRD pattern of the dried gel shows
fully amorphous phase. It is well shown that
anatase peaks appear during calcination
process.

These peaks become sharper with
increasing calcination temperature up to 750
°C. The characteristic rutile peaks appear at
850 °C. However, the crystallization
temperature recorded by the thermo
gravimetric analysis is slightly higher than
that obtained by XRD. This can be attributed
to the fact that heating rate in DTA/TG
apparatus (7.5 °C/min) is more than that of
the heat-treatment furnace (1 °C/min).

The average crystallite size is calculated
from the line broadening of X-ray diffraction
peak using the Scherrer's equation as
expressed by Eq. (1) [29]:

L=KM\pB cosd )

where L is the crystallite size, k is the
Scherrer constant usually taken as 0.89, A is
the wavelength of the X-ray radiation
(0.15418 nm for CuKa), and B is full width
half maximum (FWHM) of diffraction peak
measured at 20. The FWHM value was
extracted from the XRD pattern fitted using
the X'Pert HighScore software. Also, the
anatase weight ratio (WA) was estimated
from XRD intensity data by using Eq. (2):

WA =1-[1 + 0.8IA/IR]-1 )

where Ia and Ir represent X-ray integrated
intensity of (101) reflection of anatase and
(110) reflection of rutile, respectively [29].
Also, the lattice strain percentage was
determined by new X'pert software. The
results are recorded in the Table 1.

The results show that titania prepared by
polymeric sol-gel route has higher thermal
stability  against  anatase-rutile  phase
transformation. No significant rutile peak is
observed for the gels calcined up to 750 °C
according to the absence of the (110) rutile
reflection at 20 = 27.4°. It seems that the
transformation is suppressed due to the
presence of carbon at high temperatures as
previously described. Since the anatase is the
most photoactive polymorph of titania [11-
13], this result would be attractive for
photocatalytic applications.

Table 1. Decrease of the maximum residual stress in fiber and matrix.

Temp. ('C) Major Phase Minor If:ﬂggz[?"'te Size 'SI] iT())r Wa Lattice Strain (%)
25 Amorph - - - 1 -
400 Anatase - 9.6 - 1 1.689
550 Anatase - 21.8 - 1 0.763
650 Anatase - 27.6 - 1 0.614
750 Anatase - 46.0 - 1 0.382
850 Anatase Rutile 59.4 59.7 0.51 0.301
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500 nm
Fig. 4. FESEM images of the resultant samples: a) dried titania gel and b) heat treated titania powder.

3.4. Morphology

FESEM images of the nanostructured
anatase powder are shown in Fig. 4.

SEM image of the dried polymeric sol
(gel) shows that agglomerates consist of
nanometer spherical particulates (Fig. 4a).
Figs. 4(b,c) also show the particles of the gel
calcined at 400 °C are smaller than 50 nm
(Fig. 4c) that is in accordance with the
average crystallite size calculated by the
Scherrer's equation (Table 1). Therefore,
according to these images, anatase
nanopowder can be produced by polymeric
sol-gel route.

Also, TEM image (Fig. 5) shows that
anatase powder calcined at 400 °C is
composed of particle in nanometer scale (10—
20 nm). These results are in agreement with
XRD results.

3.5. Decolorization Capability

Fig. 6 compares the concentration changes
of methyl orange aqueous solution in the
presence of prepared anatase nanopowder
under UV-radiation in different times.
The removal efficiency of dye can be
estimated by applying the following Eq. (3):

Removal efficiency (%) = [(Co-C)/C] x 100 3)

Where Co is the original methyl orange
content and C is the residual methyl orange in
solution [40]. These results show that the
amount of absorbed methyl orange solution in

500 nm

480 nm wavelength after 0, 30 and 70 min is
1.428, 0.551 and 0.026, respectively. Thus,
the removal efficiency (%) after 30 and 70
min is obtained 61% and 98%, respectively.
So, the decolorization capability of the
prepared anatase nanopowder would be
acceptable.

Fig. 7 shows the concentration changes of
methyl orange solution in the presence of
anatase nanopowder calcined at different
temperatures after 70 min UV-radiation.
According to Fig. 7, titania calcined at 400 °C
shows the highest decolorization capability.

130 nm 71000X

Fig. 5. TEM micrograph of the nanostructured anatase
particles.
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Fig. 7. Concentration changes of methyl orange solution for anatase nanopowder calcined at different temperatures.

These results indicate that despite the
increase of the anatase peak intensity by
increasing calcination  temperature, the
decolorization capability decreases. This may
be related to larger crystallite size of titania
calcined at higher temperatures that reduces
the surface area of anatase powder (according
to Table 1).

4. Conclusions

In the present work, the nanostructured
pure anatase nanopowder with high thermal
stability was synthesized via a simple
polymeric sol-gel route. The particle size
distribution of the polymeric titania sol was in
the range of 0.5-2 and 1-3 nm after 1 and 50
days, respectively. Titania prepared by
polymeric sol-gel route showed higher

thermal stability against anatase-rutile phase
transformation. Also, crystallite size of
anatase calcined at 400-750 °C was in the
range of 10-50 nm. The prepared anatase also
showed an  acceptable  decolorization
capability for methyl orange degradation in an
aqueous solution. The dye removal efficiency
of the nanostructured anatase was obtained
98% after 70 min of radiation.
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