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Abstract:Nanostructured titania was synthesized by colloidal and polymeric sol-gel routes. Stable colloidal and
polymeric titania sols were prepared by adjusting the proper values of the acid/alkoxide and the water/alkoxide molar
ratios. The properties of sols were determined by dynamic light scattering technique and synthesized titania was
characterized by thermogravimetry and differential thermal analysis, X-ray diffraction, Fourier transform infrared
spectroscopy, optical microscopy and field emission scanning electron microscopy. The results showed particle size
distribution of colloidal sol 10-50 nm compared to polymeric one which was 0.5-2 nm. Phase analysis of the colloidal
sample revealed anatase as the major phase up to 550 °C, while the polymeric route resulted only anatase phase up
to 750 °C. On the basis of results, titania prepared by the polymeric route showed better thermal stability against phase
transformation than the sample prepared by the colloidal route. Also, microstructural studies showed that titania

nanopowder can be produced by both sol-gel routes.
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1. INTRODUCTION

Nowadays nanostructured titania has found
increasingly attention in science and research
interest due to its potential applications such as
photovoltaic  [1-3], photocatalytic  [4-6],
electrochromic devices [4-71, sensing
applications and etc. [4,8]. Among the different
synthesis methods, sol-gel technique has shown
promising results because of the relative
simplicity of the procedure and the almost
unlimited number of possibilities for the
formation of materials with improved or new
properties [9] such as homogeneous multi-
component systems [10], mesoporous and
macroporous materials, nanopowders, fibers, thin
films and etc. [11]. The sol-gel method which is a
versatile process used in making various ceramic
materials is a general name for a process that
converts a colloidal or polymeric “solution” (sol),
to a gelatinous substance (gel) [9]. Generally the
sol-gel process can be divided into two main
types: the colloidal (particulate) and the
polymeric sol-gel routes [9,12]. In sol-gel
process a metal alkoxide or inorganic salt is
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hydrolyzed and a simultaneous condensation
reaction occurs to form colloidal or polymeric
sols [12]. The so-called colloidal route is based
on the formation of colloids in aqueous media,
where the particles are prevented from
agglomeration by mutual repulsion of similar
charges at the particle surface [9]. In this method,
the hydrolysis and condensation reactions are
fast, compared with the polymeric sol route. The
rapid condensation reaction in the colloidal sol
route causes particulate growth and/or the
formation of precipitates. Colloidal sols can be
obtained by the precise control of reaction
conditions and/or the peptization of the
precipitate by adding acid [12]. While in the
polymeric route, metal-organic precursors are
reacted in alcoholic media, where the polymeric
particles remain separated because of their small
size [9]. In this route, the hydrolysis reaction is
slower and is typically achieved by adding a
small amount of water, resulting in a partially
hydrolyzed alkoxide leading to the formation of a
linear inorganic  polymer. Through the
subsequent gellation process, polymeric sols
form a gel network [12]. Colloidal sols are
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generally used for the production of crystalline
[9,12] and mesoporous materials, while by
polymeric sols, amorphous and microporous
materials may be formed [9]. Fig. 1 shows
schematic diagram of synthesis processes by
colloidal and polymeric sol-gel routes.

Nanostructured titania is mostly produced by
sol-gel technique [14-20]. The sol-gel chemistry
of transition metal alkoxide as titanium 1is
complex, because transition metal precursors are
highly reactive due to have a low
electronegativity and can exhibit various
coordination numbers [9]. Metal alkoxides are
popular precursors because they react readily
with water [21]. Many researchers used titanium
tetraisopropoxide  (Ti(OPr)4) to  produce
nanostructured titania by colloidal or polymeric
sol-gel routes [18,22-29].

In colloidal route, hydrolysis-condensation
reactions can be written as Eq. (1,2):
Ti(OPr)4 + xH,0-3 Ti(OH), + 4PrOH + (x-4)H,0  (hydrolysis) (1)

Ti(OH), + Ti(OH), —»=(HO); TIOTi(OH); + H20  (condensation) ~ (2)
(x>4)

After peptization with acid and reflux, the
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Fig. 1. Schematic diagram of synthesis processes by
colloidal and polymeric sol-gel routes [13]..

result is a clear blue stable titania sol.

In polymeric route that produces transparent
sol, hydrolysis-condensation reactions can be
written as Eq. (3,4):

Ti(OPr)y + xH,0 —3=Ti(OPr);x(OH)x + xPrOH  (hydrolysis)  (3)

Ti(OPr)4+Ti(OPr) 4. (OH),—»(PrO)4_, TiOTi(OPr) 4, +xPrOH
(condensation) (4)

(x<4)

The prepared products precisely are heated to
remove hydroxyl and organic groups and finally
TiO, will be synthesized after calcination.

The present study focuses on the comparison
of titania colloidal and polymeric sols, as well as
the properties of nanostruructured titanaia
synthesized by these routes.

2. EXPERIMENTAL PROCEDURES
2. 1. Materials

Titanium tetraisopropoxide (TTIP,
Ti(OC;H,),) (Merck, 821895), isopropanol (IPA,
C;H,OH) (Merck, 109634), hydrochloric acid
(37% solution) (Merck, 100317) and deionized
water were used as received without further
purification as raw materials for synthesis of
colloidal and polymeric titania sols.

2. 2. Preparation of Samples
2. 2. 1. Colloidal method

Colloidal titania sol was prepared by
hydrolysis of titanium tetraisopropoxide via the
addition of an excess H,O ([H,O)/[Ti] > 4). A
solution of TTIP in isopropanol (0.45 mol/lit)
was added dropwise to a solution of water in
isopropanol (4.5 mol/lit) while stirring at high
speed. Then the alcohol was removed from the
solution by rotary system and the washed product
was dispersed in water to achieve to Ti
concentration of 0.4 mol/lit. The solution was
peptized with acid by adjusted pH to 1.5 and was
refluxed at about 75 °C for 20 hr. The result was
a semi-opaque titania dispersion. Then to break
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Fig. 2. Preparation processes of titania sols by the a) colloidal and b) polymeric routes.

the weakly agglomerated particles, the sol was
poured in beaker glass and subsequently held for
1 hr in an ultrasonic bath. Finally a clear blue
stable sol was obtained by this method.

2. 2. 2. Polymeric Method

Polymeric titania sol was obtained by
hydrolysis of titanium tetraisopropoxide by
addition of a less than equivalent amount of H,O
([H,OJ/[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 in
isopropanol during high speed stirring. The molar
ratio for TTIP:IPA:H,O:HCI of the final sol was
1:31:0.8:0.23,  respectively.  Stirring  was
continued for 4 hr to get a stabilized sol. So, the
final product was a stable transparent titania sol.

The preparation processes of the colloidal and
polymeric sols are shown in Fig. 2 (a,b).

For gel preparation, the colloidal and
polymeric sols were dried at room temperature
for 48 hr and in oven at 110 °C for 24 hr. Then
resultant gels were subsequently calcined at 400,
550, 650, 750 and 850 °C in air for 1 hr with a
heating rate of 1 °C/min.

Also, to compare resultant coatings of the
colloidal and polymeric sols, TiO, films were
deposited by dip-coating from both sols on glass
slides. The coatings were treated in air at 450 °C
for 1 hr using heating rate of 1 °C/min.
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2. 3. Characterizations

Particle size distribution of the prepared sols was
determined by dynamic light scattering technique
(DLS, Malvern, UK, ZS3600). Thermal properties
of the dried gels were characterized by differential
thermal and thermogravimetric analysis (DTA-TG,
PERKINELMER) in a nitrogen flow with a heating
rate of 7.5 °C/min up to 900 °C. The phase
composition and the average crystallite size of the
samples were identified using X-ray diffraction
technique with Cu Ka wavelength at 30 mA and 40
kV (XRD, Jeol JDX-8030). Infrared measurements
were performed using FTIR spectrometer (Bruker,
Tensor 27) at room temperature on sample wafers
consisting of 100 mg dry KBr and about 1 mg
sample. Optical microscope (MO, Meiji Techno,
ML7100) was used to study the homogeneity and
microstructure  of the coatings. Also, the
morphology of the samples was characterized by
field emission scanning electron microscope
(FESEM MIRAWTESCAN) with an accelerating
voltage of 20 kV.

3. RESULTS AND DISCUSSION
3. 1. Particle size distribution

Particle size distribution of the colloidal and
polymeric sols is shown in Fig. 3.

Results showed particle size of the colloidal
and polymeric sols is in the range of 10-50 nm
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Fig. 3. The particle size distribution determined by the dynamic light scattering technique:
a,b) colloidal and polymeric sols, respectively;
c,d) colloidal and polymeric sols after aging, respectively.

and 0.5-2 nm, respectively. The particle size
distribution of the colloidal sample showed a
little shift to the smaller size after 50 days aging
at room temperature while it has not changed for
the polymeric sol within period.

Comparing these curves, it can be seen that the
particle size distribution of the colloidal sol is
broader and the mean particle size (20 nm) is
larger than that of the polymeric sol (0.8 nm). In
fact, in colloidal route due to excess of water,
hydrolysis occurs faster and leads to the
formation of larger particles. Also, stability of the
colloidal sol is less than that of polymeric sol due
to precipitation of large particles after 50 days
aging at room temperature.

In colloidal sol the growth of particles from
nuclei proceeds by diffusion of solute precursors
into the existing nuclei. Once primary particles
are formed, the small ones dissolve, and the
product species are incorporated into the large
particles, which leads to disappearance of small
particles while large particles become bigger.
Particle growth can also continue through an
aggregation process, the prevention or control of
which is often described as sol stability. While in
polymeric sol, hydrolysis and condensation
reactions carried out under certain carefully
controlled conditions may lead to the formation
of a three-dimensional network of branched
polymers. These polymeric systems grown by

random processes are fractal objects and can be
represented by a mass fractal dimension (Df) that
relates the mass m to the radius r of the sol
particle via m « r Df [9].

3. 2. Thermal analysis Properties

The differential thermal and thermogravimetric
analysis of the colloidal and polymeric samples
(dried gels) are presented in Fig. 4 (a,b).

The thermogravimetric curve of the colloidal
samples (Fig. 4a) follows 19% weight loss during
two steps. The first step extends up to about 100
°C that is attributed to the removal of adsorbed
water corresponding to endotherm peak
[24,30,31]. The second step extends up to 420 °C
and shows the expulsion of organics and the
dehydroxylation of Ti(OH),. The
dehydroxylation step is along with TiO, phase
transition according to exotherm peaks at 150 and
300 °C. The former corresponds to TiO, phase
transition from amorphous to anatase and the latter
could be due to phase transition from anatase to
rutile. Finally the weight loss ends at about 400 °C
which is minimum calcination temperature for
complete removal of the organic molecules.

The thermogravimetric curve of the polymeric
sample (Fig. 4b) follows 45% weight loss during
three steps. The first step that extends up to 200
°C can be attributed to the removal of alcohol and
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Fig. 4. The differential thermal and thermogravimetric analysis of the a) colloidal and b) polymeric samples.

adsorbed water [9]. The second step to 250 °C
corresponds to removal of isopropoxy groups (-
OC;H5) [9] and the third step that extends up to
400 °C can be attributed to the dehydroxylation
of Ti(OH),. The board exotherm peak
corresponding to the third step is attributed to
TiO, phase transition from amorphous to anatase
and the weight loss beyond 400 °C is negligible
that is in agreement with the literature [9]. No
significant thermal effects of the transformation
of the anatase into the rutile phase are detected up
to higher temperature.

Comparing themogravimetric curves, it can be
seen that weight loss of the polymeric sample is
more than colloidal one due to removal of
isopropoxy groups that can be shown according to:

Also, comparing differential thermal analysis
curves shows that anatase-to-rutile phase
transition is shifted to higher temperature in the
sample prepared by polymeric route.

3. 3. Structural properties

The XRD patterns of the colloidal and
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polymeric gels calcined at various temperatures
are shown in Fig. 5. The strongest peaks of
anatase and rutile are located at 20 = 25.3 © (101)
and 27.4 ° (110), respectively [32].

According to Fig. 5a, anatase peaks in the
dried colloidal gel become sharper by increasing
calcination temperature. This means that in the
colloidal route, anatase phase formed even before
calcination while in the polymeric route, no
crystalline peak is seen in the dried state. Hence,
phase structure of the colloidal gel (without
calcination) is anatase; while it is amorphous for
the polymeric one. Also the XRD patterns of the
colloidal samples indicate anatase as major phase
to 550 °C that by increasing temperature until
reaching 850 °C, these peaks are gradually
resolved and rutile peaks are completed. Phase
analysis of the polymeric samples shows purely
anatase phase at entire calcination temperatures
except 850 °C. The results show that in
polymeric route anatase-to-rutile phase transition
delays up to 750 °C that can be attributed to
remain organic groups even at high temperature
according to TG curve (Fig. 4b).
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Fig. 5. XRD patterns of the a) colloidal and b) polymeric gels calcined at various temperatures.

The average crystallite size (L) was calculated
from the line broadening of X-ray diffraction
peak using the Scherrer's equation as expressed

by Eq. (5):
L=KMp cosO (5)

where K is the Scherrer constant usually taken
as 0.89, A is the wavelength of the X-ray radiation

(0.15418 nm for Cu Ka), and B is full width half
maximum (FWHM) of diffraction peak measured
at 20 [22,33]. The FWHM value was extracted
from the XRD pattern fitted using the X'Pert
HighScore software. Also, the rutile weight ratio
(WR) was estimated from XRD intensity data by
using Eq. (6):

WR = [1 + 0.8IA/IR] (6)

Table. 1. XRD results of titania prepared by the colloidal and polymeric routes

. Phase Crystallite Size (nm)
Sample Temp. (€) Major Minor Wr Anatase Rutile
25 Anatase - 0 8.7 -
400 Anatase - 0 8.8 -
Colloidal 550 Anatase Rutile 0.43 37.7 37.9
650 Rutile Anatase 0.81 37.7 46.2
750 Rutile Anatase 0.96 - 37.9
850 Rutile - 1 - 59.7
25 Amorph - - - -
400 Anatase - 0 9.6 -
Polymeric 550 Anatase - 0 21.8 -
650 Anatase - 0 27.6 -
750 Anatase - 0 46.0 -
850 Anatase Rutile 0.49 59.4 59.7
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Fig. 6. FTIR absorption spectra of the a) colloidal and b) polymeric samples calcined
at different temperatures.

where IA and IR represent X-ray integrated
intensity of (101) reflection of anatase and (110)
reflection of rutile, respectively [20,33]. The
calculated numbers of rutile ratio are also
included in Table 1.

So, titania prepared by the polymeric route
shows better thermal stability against phase
transformation from anatase to rutile.

3. 4. Adsorption Behaviour

The FTIR absorption spectra of the colloidal
and polymeric samples calcined at different
temperatures are shown in Fig. 6.

The broad band at 2800-3800 cm-! is assigned
to O—H for absorbed water molecules [34] and the
broad band approximately 3400 cm-! is attributed
to the O—H stretching vibration [35,36] of different
Ti—OH species. The band at 1622 cm-! is attributed
to adsorbed water [35] that is more distinctive in
the colloidal samples. The absorption peak at
600-900 cm-! is assigned to Ti-O [37]. Shifu and
Gengyu claimed that the band at wave number
near to 660 cm-! corresponds to the vibration
spectrum of Ti—O [38] that it shifted to about 550
cm-! for the polymeric species. Zhijie Li et al.
claimed that Ti—O-Ti vibration appears in the
range of 400—-600 cm-! as a result of condensation
reaction [33]. Also, Djaoued et al. attributed
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infrared bands in the range of 433438 cm! and
489-496 cm! to anatase and rutile, respectively
[27]. According to Fig. 6 the band at 435 cm-!
assigned to TiO, in anatase phase [39] is more
obvious for the polymeric samples.

3. 5. Microstructure and Morphology

To evaluate the properties of the colloidal and
polymeric sols for the production of thin film and
to compare their behaviour during drying, both
sols were deposited on glass substrates in similar
conditions with a constant rate of 6 mm/min and
immersion time of 30 sec. Fig. 7 shows optical
microscope images of TiO, films prepared by
colloidal and polymeric sols before and after
calcination at 450 °C.

The resultant film of the colloidal sol is
compact, semi-transparent and crack free (Fig.
7a); while the obtained film of the polymeric sol
is transparent and cracked (Fig. 7b). As shown in
Fig. 7c, the colloidal film seems without crack
after calcination; while cracks in the polymeric
film are developed after calcination (Fig. 7d).

SEM images of the colloidal and polymeric
sols after drying are shown in Fig. 8. It can be
seen that the colloidal sol is agglomerated upon
drying while the polymeric specimen is
laminated. It seems the removal of alcohol as
solvent of the polymeric sol is faster than
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Fig. 7. Microscopic images of TiO2 films deposited on glass substrates of the:
(a) colloidal sol before calcination; (b) polymeric sol before calcination;
(c) colloidal sol after calcination; (d) polymeric sol after calcination.

evaporation of water as solvent of the colloidal
one that can promote crack formation in coatings
synthesized by the polymeric route.

As shown in Fig. 9(a,b), the dried colloidal and
polymeric gels are formed of spherical particles
due to the minimization of the overall surface
energy via dissolution and regrowth of monomers
during an Ostwald ripening [4]. For particles of

SEMHV-30.00 KV WD:7.6613 mm Colloidal
SEMMAG: 50.00k:  Det SE s00nm VEGAN TESCAN 0
Wiew fleld: 2.882 ym  PC. 18

Peffotmance In nanospace Viewfeld: 213mm  PC 14

nanometric size, the surface energy is an
important contribution to the free enthalpy of the
dispersion. So, most ultra-divided systems are
thermodynamically unstable in suspension and
spontaneously evolve in order to decrease the
surface area, the growth of particles involving the
well-known Ostwald ripening process [39,40].
According to these images, spherical particles of

SEMHV 3000 KV WD: 7.9026 mm Polymeric
SEM MAG: 8 x Det: SE 500 pm VEGANTESCAN 1
Perormance in nanospace

Fig. 8. SEM micrographs of the a) colloidal and b) polymeric sols after drying.
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Fig. 8. SEM micrographs of the a) colloidal and b) polymeric sols after drying.

the colloidal sample are smaller than that of the
polymeric one. The resultant spherical particles
of colloidal and polymeric sols grow after
calcination at 400 °C as are seen in Fig. 9(c,d).
Also, according to Fig. 9(e,f), titania powders
prepared by both routes after calcination are
smaller than 60 nm.

Therefore, according to the images of FESEM,

36

titania nanopowder can be produced by both
colloidal and polymeric sol-gel routes.

CONCLUSIONS

In the present work, nanostuctured titania was
synthesized by colloidal and polymeric sol-gel
routes. Comparative study on these routes
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showed that the polymeric titania sol is more
stable than colloidal sol and the particle size of
the polymeric sol is smaller than colloidal one
(10-50 and 0.5-2 nm for the colloidal and
polymeric sols, respectively).
Thermogravimetery analysis of the prepared gels
showed higher weight loss for polymeric sample
that can promote crack formation in coatings
prepared by the polymeric route. Phase analysis
of the colloidal sample revealed anatase as the
major phase at 400 °C and 550 °C converting to
rutile at 650 °C, while the polymeric sample
showed pure anatase phase up to 750 °C. On the
basis of TG-DTA and XRD results, titania
prepared by the polymeric route showed better
thermal stability against phase transformation
than that prepared by the colloidal route. Also,
FESEM images showed that titania nanopowder
can be produced by both sol-gel routes.
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