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Single-phase and biphase TiO, nanoparticles have been prepared by the sol-gel method.
Our results showed with the increase of the gelatinization time and the calcination, the
size of initial anatase particles and the size of final biphase particles were increased;
however; distortion and agglomeration of both of TiO; nanoparticles were decreased.
Moreover, the mass fraction of rutile (MFR) phase and the activation energy of the phase
transformation (PT) from anatase to rutile decrease. We demonstrated that the morphol-
ogy and homogeneity of the initial anatase nanoparticle could have more important than
its initial size to appear the lower activation energy.

Keywords Activation energy; phase transformation; sol-gel method; titanium dioxide
nanocrystallites

Introduction

Natural polymorphs of TiO; are known to exist as rutile and anatase and brookite. Different
applications of TiO, have been found to depend strongly on the crystalline structures
morphology and particle size [1-7]. For instance, rutile phase is used as a white pigment, a
coating material for optical lenses due to its effective light scattering, dielectric gate material
for field emission transistor devices as a result of its high dielectric constant (>100) [7,8]
and gas sensor due to the dependence of the electric conductivity on the ambient gas
composition [9]. Moreover, anatase phase is used as an anode material in which lithium
ions can intercalate reversibly [10], photocatalysts [2—6], ultraviolet filters for optics, and
packing materials [11].

In view of the synthetic methods and application materials, Zhang et al. [12], Shen
et al. [13], Zumeta et al., [14] and Carp et al. [2] have reported that the photocatalytic
and photovoltaic properties of TiO, with two different phases of anatase (70%—75%) and
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rutile (30%—25%) are better than pure anatase or rutile TiO, nanoparticles. The mixtures
of anatase and rutile have recently been fabricated by chemical and physical methods,
including a solvothermal, hydrothermal, ultrasonic irradiation and sol-gel [1-3,15]. Anatase
is metastable phase and the phase normally found in the sol-gel route of TiO, nanoparticles
[15,16]. As usual, the preparation of the biphase (anatase-rutile) TiO, nanoparticles needs
to crystallize the as-prepared titanium hydroxide at high temperature (>=500°C). The actual
transformation behavior for the preparation of biphase TiO, depends on initial particle size,
impurity content, starting phase, and calcination temperature. Furthermore, the activation
energy has an important role in the phase transformation (PT). The alteration of initial
particle size and morphology can be changing the activation energy required for the PT
from anatase to rutile (AEPT). Li et al. [17] reported that, AEPT, transition onset point
(TOP) was decreased and the mass fraction of rutile (MFR) was increased with the decrease
of initial size of anatase TiO, nanoparticles, even if distortion existed in sample. But they
did not study the role of the morphology of initial anatase TiO, nanoparticles on AEPT,
TOP, and MFR.

The preparation of TiO, mixed phase with lower AEPT will be useful both in saving
energy and getting better properties. Therefore, further studies are still necessary in order
to get a better understanding of the impact of size and morphology on AEPT. There is no
report, known to us, which studied the effect of the gelatinization time and the calcinations
on the morphology of the initial nanoparticles for PT and AEPT. In this paper, we have tried
to control AEPT of TiO, nanopowders and to obtain a mixed phase of titanium dioxide. In
addition, the effects of different parameters such as the morphology and the initial crystallite
size due to the alteration of the gelatinization time and the calcination of the sol-gel route
on PT of prepared TiO, nanoparticles have been discussed.

Experimental Details

Materials and Synthesis of TiO; Nanoparticles

The 5.0 ml titanium tetrachloride (99.5% Merck) was dropped into 50 ml ethanol (99.8%
Merck) under vigorous stirring and argon gas environment until the yellowish solution
disappeared. The pH of the final solution was approximately 1.0-1.5. The solution was
mixed in several times (as 24, 72, and 120 hours) under humid air atmosphere with 88%
humidity and temperature of 22°C. After the formation of the sol-gel, each prepared solution
putted in the aging process up to 3—5 hours. We then prepared each gel solution with using
ultrasonic waves with a frequency of 40 kHz and 60 Watt power for 30 min. Each sol-gel
solution was vaporized at 80°C in environmental conditions, until a dry-gel was obtained.
The dry-gel was dried overnight in an oven at 120°C. The TiO, powders were grounded
using mortar and pestle. The as-prepared sample was thermally treated at the temperature
rang 300°C to 900°C for 1 hour at each temperature. The thermal treatment was carried
out in a convention electrical resistance furnance (Carbolite, England) under an ambient
atmosphere at a rate of 5°C min~'.

Characterization of TiO, Nanostructures

X-ray diffraction (XRD) at 30 kV was used to identify the crystalline phases and to estimate
the crystallite size. The XRD patterns were recorded with 26 in the range of 10°-80° by
step scanning, using 20 increments of 0.02° and a fixed counting time of 5 sec step~’,

with a GBC-MMR, employing Cu-K, radiation. Scanning electron microscopy (SEM)
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with type Philips-XL30 at 16 kV and transmission electron microscopy (TEM) with type
Phillips CM-120 at 100 kV were used to further examine the crystallite (particle) size, the
crystallinity and morphology of the as-synthesized TiO, samples.

Results and Discussion

SEM and TEM Characterization

Figure 1 shows SEM images taken from TiO, powder samples at a calcination temperature
of 500°C and the gelatinization time of (a) 24 hours and (b) 120 hours. The nanoparti-
cles were agglomerated and poorly crystallized at a low gelatinization time. These images
obviously showed high homogeneity and good morphology of the samples had strongly
dependent on the gelatinization time. Figure 2 shows the TEM micrographs taken from
powder samples made with the gelatinization time of 120 hours and calcined at 300°C and
500°C. After being thermally treated at 300°C for 1 hour, loosely aggregated nanoparticles
with the nonhomogeneous particle were observed and the dispersivity and homogeneity
of the particles was not good [Fig. 2(a)]. In this case, the nanoparticles were strongly
agglomeration. After a further calcination at 500°C for 1 hour, the anatase TiO, nanopar-
ticles were nearly spherical and the size of about 20 &+ 5 nm. According to Fig. 2(b), the
nanoparticles had a good homogeneity and an appropriate morphology. As a result, the
as-prepared powder in the lower/higher calcination consisted of particles with a high/low
agglomeration.

Figure 1. SEM images of samples calcined at 500°C for 1 hour. The sol-gel solution mixed for (a)
24 hours and (b) 120 hours.
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Figure 2. TEM images of the gelatinized samples for 120 hours and calcined after 1 hour at (a)
300°C and (b) 500°C.

XRD Characterization

The XRD patterns of the as-prepared samples obtained at different experimental conditions
are shown in Fig. 3. Figures 3(a), 3(b), and 3(c) show in a calcination step at temperature
ranging from 400°C to 500°C, the crystallinity improved with the decrease of broadening
of the XRD peaks of anatase phase (101). There were not also any corresponding peaks
to confirm the crystallization of rutile or brookite in this temperature range. When the
calcination increased from 500°C to 550°C, the anatase-rutile transformation appeared and
it preceded and completed primarily in the powders with the lowest gelatinization time. At
the calcination temperature from 550°C to 750°C, observing that the intensity of the rutile
peak increased significantly while the intensity of the anatase peak decreased.

When the samples calcined at 900°C, the anatase peak (101) disappeared and a single
rutile phase was observed in the gelatinization time of 24 hours and a little intensity of the
anatase peak was observed in the gelatinization time of 72 hours and 120 hours.

The average crystallite size (D) was calculated from full width at half-maximum
(FWHM) according to Debby—Scherrer’s formula [18] (as shown in Table 1):

D = 0.91/(Bui-cos Onia) (D)

where X is the wavelength of the X-ray radiation (0.1541 nm), 6y is the Bragg’s angle in
degree. By is the full width at half maximum (FWHM) of the peak.

According to Table 1, both anatase and rutile particle sizes increased with the increase of
the calcination and the gelatinization time at ranging from 400°C to 750°C and from 24 hours
to 120 hours, respectively. In spite of the fact that the size of the anatase nanoparticles
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Figure 3. XRD patterns of TiO, nanopowder calcined at different temperatures and gelatinized in
(a) 24 hours, (b) 72 hours, and (c) 120 hours; (A: anatase, R: rutile).

continued to grow, the size of the rutile particles remained fixing at the temperature ranging
from 750°C to 900°C. Nevertheless, the decrease in the size of anatase particles was
observed at calcination of 550°C and each gelatinization time that, maybe, because of
the beginning of PT. Therefore, the small broadening of XRD peaks sequence after the
heat treatment was attributed to an increase in the crystalline size, indicating that the
amount of rutile formed depended on the gelatinization time of the solution, the calcination
temperature and the average crystallite size of the initial anatase phase. The results of XRD
patterns were in good accordance with the results of SEM and TEM images.

MFR and AEPT

If a sample contains only anatase and rutile, the phase content of a sample can be calculated
from the integrated intensities of anatase and rutile peaks. MFR (Xr) was calculated from

the formula [17,19].
~1
Iy
Xp = [1 108 (—)} @)
Ig

where Io and Ig are the integrated intensity of anatase (101) and rutile (110) peaks,
respectively.

MEFR at different experimental conditions was calculated and the results shown in Table
1. Based on the results of MFR, we obtained the best combination, according to refs. [12—14]
from the view of photocatalytic and photovoltaic properties, of anatase (70%—75%)-rutile
(30%—25%) at the calcination of 750°C and various gelatinization times.

Figure 4 shows the phase contents of rutile in samples which were treated isochronally
at 1 hour in the temperature range 550°C-900°C. The growth of rutile phase was also
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Figure 4. Evolution of the amount of Rutile phases in the various calcinations. The samples gela-
tinized in (a) 24 hours, (b) 72 hours, and (c) 120 hours.

better in the gelatinization process for 24 hours because of the smaller crystallite size of the
initial anatase TiO,. At the same time, temperature controlled heat and mass transportation
causes anatase to grow by merging other anatase particles although its net amount was
diminishing. Therefore, it was easier to overcome the energy barrier to start the nucleation
of a new phase for TiO, nanoparticles with smaller sizes compared to the larger particles
because more free surface area and interface can be provided in smaller particles for the
rutile formation. Moreover, anatase/rutile got packed and became denser toward the interior
of the particles as the growth of the anatase (A) phase itself and the concurrent growth of
the rutile (R) phase proceeded [17,20,21].

The reaction rate for this transformation demonstrated that there must be lots of
nucleation and growth site for transformation and also there was high driving force for
the transition (free energy change for PT). In summary, the main factor determining the
rate for transformation of phase A to phase R by a nucleation and growth mechanism was
AGp_r, which is the difference in free energy between A and R. So, it seems that the free
energy between anatase and rutile phase in transformation of the samples that drived in the
high gelatinization time was low. So, to clarify this inference, we have calculated AEPT
using Avrami and Arrhenius equations. It has been shown that kinetics of PT is followed
by Avrami formula as follows [20].

Xg=1—exp( —k.t) (3)

where ¢ and k are the time and the kinetic constant, respectively. The kinetic constant can
be calculated for each transformation fraction. AEPT can be obtained according to the
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Figure 5. Arrhenius plots for samples obtained at different times; as (a) 24 hours, (b) 72 hours, and
(c) 120 hours.

Arrhenius formula [17,19,20].
Ln(k) = (— E,/RT) + Ln(k,) “4)

where k-, E,, T, and R are a material properties constant, the activation energy, the temper-
ature in Kelvin, and the universal gas constant (8.314 J mol~'°K~1), respectively.

From the Arrhenius plots of various kinetic constants for the as-prepared samples
obtained at different experimental conditions (Fig. 5) and with the calculation of slop, the
activation energy was obtained as 85.87, 77.19, and 67.25 k J mol~!, when the samples
mixed for 24, 72, and 120 hours and calcined at different temperatures, respectively.

Figure 6 shows the activation energy vs. the gelatinizing time. In this figure, there
is a linear relationship between increasing gelatinization time and decreasing activation
energy. AEPT also decreased with the increase of the gelatinization time. As a result, TOP
was decreased with the decrease of the size of the initial anatase crystallite; however, the
activation energy was increased.

This is not in relative agreement with the reported results by Li et al. [17], who have
concluded that only the size of the initial anatase nanoparticle was the main factors in AEPT.
They did not report the importance role of morphology of the initial TiO, nanoparticles in
PT. Apparently, distortions, agglomeration and homogeneity effects have more important
in the decrease of AEPT.

The homogeneity of the samples was better; however, distortions and agglomeration of
the samples were less when the gelatinization time or the calcination temperature increased
(as shown in SEM, TEM, and XRD results). Thus, the decrease of the average size of the
initial anatase nanoparticles was an important factor for the decrease of TOP. We suggest
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Figure 6. The activation energy vs. the gelatinization time for samples obtained at different experi-
mental conditions.

that a good morphology and low distribution of the anatase nanoparticles were another
important factor that has contributed in the decrease of AEPT.

Conclusion

Nanocrystalline anatase and/or rutile (TiO,) were prepared from stable sols produced using
low-cost method of sol-gel by two main mechanisms; via controlling the gelatinization time
and calcination temperatures. Our results showed that anatase was only phase in titanium
dioxide powders up to 500°C and when the calcination increased in the region after 500°C,
PT happened in TiO, nanopowders and biphase occurred. We used the Avrami and the
Arrhenius equations and the activation energy obtained at various experimental conditions.
Although the crystallite size and TOP were increased with this alteration, AEPT of TiO,
nanoparticles decreased when the gelatinization time increased. We suggest that a good
morphology and low distribution of the anatase nanoparticles were another important
factor that has contributed in the decrease of AEPT. In one word, TOP and AEPT of TiO,
nanoparticles improved with the control of the morphology and the size due to the alteration
of the calcination and the gelatinization time of the sol-gel route.
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