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a b s t r a c t

A novel method has been developed for the preparation of nano-sized TiO2 with anatase phase. Nanopar-
ticles with diameter about 6 nm were prepared at a relatively low temperature (75 �C) and short time.
The synthesis was carried out by the hydrolysis of titanium tetra-isopropoxide (TTIP) in the presence
of water, ethanol, and dispersant under ultrasonic irradiation (500 kHz) at low intensity. The results show
that variables such as water/ethanol ratio, irradiation time, and temperature have a great influence on the
particle size and crystalline phases of TiO2 nanoparticles. Characterization of the product was carried out
by different techniques such as powder X-ray diffraction (XRD), transmission electron microscopy (TEM),
high resolution transmission electron microscopy (HRTEM) and UV–vis spectroscopy.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the application of nanoparticles is getting more
generalized and covering different fields including optoelectronics
[1], catalysis [2], medicine [3], sensor devices [4,5] and etc. Among
the metal oxide nanostructures, titanium dioxide has specific
chemical and physical properties that make it an attractive mate-
rial for various applications such as catalysis, white pigment for
paints or cosmetics, electrodes in lithium batteries [6], dye-sensi-
tized solar cells [7], photocatalyst [8] to deal with environmental
pollution, wastewater treatment, and air purification. More re-
cently, TiO2 has been tested as a dielectric material for the next
generation of ultrathin capacitors [9] and as a photonic crystal
for photonic band-gap materials [10,11].

The applications of TiO2 strongly depend on the high homoge-
neity and definite phase composition [12], morphology, particle
size, high surface area, and porosity [13,14]. All the above param-
eters depend on the sample history [15], the method of preparation
[16], and heat treatment [17]. Some parameters play a more
important role than the others. For example, while composition
and size or surface area to volume ratio of the nanoparticles are
important factors for their applications in catalysis, controlling
their shape is vital for fabricating photonic crystals [18]. Thus, it
is very important to develop the synthetic methods in which the

crystalline phase as well as the size and morphology of the TiO2

nanocrystals can be controlled.
Many studies have been conducted on the synthesis and mor-

phology control of TiO2 nanoparticles. The nanoparticles of TiO2

have been obtained via chemical vapor deposition (CVD) [19],
the oxidation of titanium tetrachloride [20,21], the reversed mi-
celle method [22,23], oxidation of metallic Ti powder [24], the
hydrolysis of titanium salts and titanium alkyloxide (Ti(OR)4) in
solution [7–18], hydrothermal method [25], and the sol–gel tech-
nique [26].

The sol–gel method precipitates give usually amorphous nano-
particles in nature, which requires further heat treatment to induce
crystallization. However, the heat treatment or calcination process
frequently gives rise to particle agglomeration and grain growth
[27,28]. The hydrothermal method is widely employed to enhance
crystallinity state. The obtained powders by this method even re-
quire calcination at the higher temperature of 550 �C to reach their
full photocatalytic potential [29,30] and longer aging time to ob-
tain crystalline TiO2 at low temperatures [31]. Many factors such
as reaction temperature, reaction time, method of preparation,
and the medium may influence on the crystallization process.

The application of ultrasound in nanocrystalline synthesis has
become an important method in recent years [32]. The rapid
growth of this application is due to its unique effects. Acoustic cav-
itation produced by ultrasonic waves can strongly increase the sur-
face area and mass transfer between two phases, both of which
enhance better the diffusion coefficient on the interface mixing
than conventional agitation [33,34]. The advantages of this method
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in nanotechnology include rapid formation of nanoparticles with
narrow size distributions and high purities. During sonication,
acoustic streaming leads to enhance the medium mixing and in
addition the particle size of solids present in the medium reduces
and the reactive surface area increases [35–37].

It is worth mentioning that only a few investigations have so far
dealt with crystallization process of TiO2 by ultrasound irradiation.
TiO2 with different crystalline phases and morphologies has been
prepared under high intensity ultrasonic irradiation and cleaning
bath [13,14,38–44]. Yang et al. [45] have synthesized rod-like
and star-like nanocrystalline rutile TiO2 in TiCl4/HCl solution. Latt
and Kobayashi [46] were developed the reduction of particles size
and increased the surface area of resultant nano-sized TiO2 pow-
ders under ultrasonic irradiation with reflection method. Ohayon
and Gedanken [47] have synthesized nanocrystalline TiO2 in non-
aqueous medium. It has been found that ultrasound can accelerate
the crystallization process of titania at high intensities [39,13].

In the present work, titania nanoparticles have synthesized by
hydrolysis of Ti(OC3H7)4 under ultrasonic irradiation at 500 kHz
for the first time. The most important point of this work is to syn-
thesize the nanocrystals of TiO2 at low intensity and relatively low
temperature in a short time.

2. Experimental

2.1. Materials

Titanium tetra-isopropoxide (TTIP) (Merck purity >98%), etha-
nol (analytical grade) and glacial acetic acid 100% (Merck) were
used without any further purification. De-ionized water was used
for the sample preparation.

2.2. Sonochemical synthesis of TiO2

Nanocrystalline TiO2 was synthesized by hydrolysis of titanium
tetra-isopropoxide (TTIP) in the presence of de-ionized water, eth-
anol, and acetic acid as a dispersant under ultrasonic irradiation
(500 kHz, 11.6 W). In a typical synthesis, 50 mL of de-ionized water
was mixed with acetic acid (0.2 mL) and sonicated in a sonication
cell. Then a mixture of 2 mL TTIP and 5 mL ethanol was injected
drop-wise into the aqueous solution in 2 min. The mixture was
sonicated continuously for 3 h under ambient air. The sonication
was conducted without cooling so that the temperature was raised
from 25 to 75 �C at the end of the reaction. The obtained precipi-
tates were separated by centrifugation (15,000 rpm in 20 min)

and washed with de-ionized water and ethanol several times.
The product was dried at 40 �C for 24 h. Similarly, another sample
was prepared by the conventional stirring method.

2.3. Characterization of nanoparticles

Structure, morphology, and the optical properties of the final
product have been studied using X-ray diffraction, transmission
electron microscopy (TEM), high resolution transmission electron
microscopy (HRTEM) and UV–vis spectroscopy. The X-ray diffrac-
tion (XRD) patterns were recorded in a wide angle range
(2h = 15�–70�) by Bruker-axs, D8 advance model in scanning step
of 0.9�/min, with monochromatized CuKa radiation (k = 1.5406
ÅA
0

). TEM measurements was carried out by Leo 912AB, 120 kV
(Zeiss) from Germany and HRTEM (Hi-TEM is Hitachi 300 kV H-
9500 TEM with accelerate voltage 300–100 kV and resolution
0.1 nm for the crystal lattice and 0.18 for point to point) was used
for characterization. The optical properties of the nanoparticles
were studied by UV–vis spectroscopy (Unico 2800).

3. Results and discussion

3.1. Effect of temperature

Fig. 1 shows the XRD patterns of TiO2 prepared under ultrasonic
irradiation at various temperatures and stirring method. The initial
temperature for all experiments except one case was fixed at 25 �C.
The XRD of products obtained with ultrasound at final tempera-
tures of 25 and 50 �C (Fig. 1a and c) does not show any sharp pat-
terns with characteristics of crystalline phases. The particles
synthesized at these low temperatures are amorphous in nature.
However, with increasing the temperature of hydrolysis to 75 �C,
their crystallinity improves. In contrast to stirring method (Fig. 1
b), under ultrasound when the reaction temperature rose to
75 �C, the characteristic peaks of anatase was appeared (Fig. 1 e).
The XRD spectra of the sample obtained at this temperature dis-
plays broad and low-intensive peaks at 2H: 25.23, 36.88, 37.75,
47.78, 53.82, 54.99, 62.59, and 68.62 which shows that this sample
has a pure anatase structure [8]. The average crystallite size of pre-
pared TiO2 was calculated by applying the Debye–Scherrer formula
[48] and estimated to be from 4.8 to 5.6 nm.

On the other hand, the initial temperature significantly affects
the formation of nanocrystals. In this regards, 50 mL of de-ionized
water was mixed with acetic acid and sonicated in a sonication cell
until the temperature reached to 75 �C, then a mixture of 2 mL TTIP

Fig. 1. Effect of temperature: a, c, and e (initial temperature: 25 �C) and d (initial temperature: 75 �C) under ultrasound, and b with stirring (initial temperature: 25 �C).
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and 5 mL l ethanol was injected drop-wise into the solution. The
produced mixture was sonicated continuously for 2 h at 75 �C.
The XRD of product (Fig. 1 d) shows that the intensity of anatase
peaks became very weaker than Fig. 1 e with initial temperature
of 25 �C.

This behavior could be explained by the final temperature of the
collapse of the cavity according to an idealized model for the col-
lapse process:

T f ¼ T inðPf ðc� 1Þ=PinÞ

When there is a compression from Pin (initial pressure inside
the cavity) to Pf (final pressure inside the cavity), the temperature
rises from Tin (initial temperature) to Tf (final temperature). As the
temperature of the liquid (Tin) increases, its vapor pressure (Pin)
also increases. Therefore, Tf is decreased according to the men-
tioned equation. In higher vapor pressure, more vapors enter to
the bubble during its formation and it leads to cushion the collapse
of the bubble. This predicts that as the bulk temperature increases,
the temperature of the hot spot formed by the collapse of the cav-
ity decreases. As a result, the crystallinity of the particles reduces
since high temperatures can not be obtained during the cavitation
process.

3.2. Effect of irradiation time

The effect of irradiation time on the product crystallization and
the grain size of TiO2 powders was studied by the XRD patterns
through the peak intensity and the width of the longest peak
(Scherrer equation), respectively (Fig. 2). It is interesting that the
anatase phase was appeared at low temperature (75 �C) and low
sonication time (1.5 h). With increasing the time of sonication,
the peaks became sharper and the particle size reduced initially
and then remained approximately constant. This means that

prolonging of sonication time has little influence on the particle
size (the insert part in Fig. 2).

3.3. Effect of mole ratio (water/alcohol)

The XRD patterns of TiO2 nanoparticles at different mole ratio of
water/alcohol are shown in Fig. 3. It can be obviously seen from the
XRD patterns that the intensities of anatase peaks became steadily
weaker and finally were disappeared by decreasing the water/alco-
hol ratio. The titania particles synthesized at ratio 10 are amor-
phous in nature. This is similar to the observations made by Yu
et al. [37]. This is probably due to the fact that ethanol suppresses
the hydrolysis of titanium alkoxide and rapid crystallization of the
TiO2 particles [49,50]. In addition, ethanol is a volatile solvent and
more likely can diffuse into the cavitation bubble. The vapor of eth-
anol in the bubble affects the cavitational collapse and reduces the
final temperature in an adiabatic compression. As a result, the low
temperature produced by the collapse of the cavities containing
more ethanol leads to the amorphous nature of the product.

The grain size of the nanoparticles as a function of water/alco-
hol mole ratio is inserted in Fig. 3. Obviously, the grain size de-
creases initially with increasing mole ratio of water/alcohol. It
has been found that an increase in water content in the hydrolysis
reaction produces a higher nucleation rate which results to the de-
crease in the average particle size. The water/alcohol ratio controls
the size of the resulting nanocrystals whereas in the absence of
alcohol, the thermal hydrolysis leads to irregular shapes with high
polydispersity of the resulting particles [7]. It is worth to mention
that the alcohol significantly affects on the formation of
nanocrystals.

3.4. Effect of mole ratio (H2O/TTIP)

It can be obviously seen from the XRD patterns that the
intensity of anatase peaks decreases with increasing the ratio of

Fig. 2. Effect of irradiation time on the crystallinity and the grain size.
Fig. 3. Effect of mole ratio (water/ethanol) on the crystallinity and the grain size
(irradiation time: 2 h, TTIP: 2 mL, acetic acid: 0.2 mL, final temperature: 75 �C).
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H2O/TTIP (Fig. 4). The grain size of the powder with different mole
ratios or different concentrations is shown in the insert part of
Fig. 4. It is shown that the grain size does not grow up as the con-
centration changes. Therefore, different concentrations may have
little affects on the grain size of the powder. This is similar to the
observations made by Li et al. in the classical method [51].

It is well known that water plays an important role in the for-
mation of nucleus and the growth of the crystals. The nucleus
can be homogeneously formed in the H2O/TTIP ratio P10 [52]. It
should be mentioned that each mole metal alkoxide needs 2 mol
water in the preparation of titania according to the following
reaction:

nTiðORÞ4 þ 2nH2O! nTiO2 þ 4nROH

The formation of nucleus can occur readily rather than the
growth of the nanocrystals as the H2O/TTIP ratio increases and this
leads to small size of nanoparticles [52]. On the other hand, the di-
rect influence of ultrasound on the particles would decrease by
decreasing the concentration of particles in the solution [44]. In
this case, lower particles are subjected to the cavitation effect
and crystallinity of the particles would decrease.

3.5. TEM micrograph

Fig. 5a shows the TEM micrograph of TiO2 nanoparticles. The
diameter of the particles is estimated to be less than 10 nm. This
is consistent with the sizes deduced from XRD analysis. HRTEM im-
age shows that the sample is a single crystal with a growing direc-
tion and a step of one atomic layer can be seen (Fig. 5b). The
crystallinity of the product is also proven by SAED (insert in

Fig. 5b). It displays that the TiO2 nanoparticle is single crystalline
of anatase phase, and the bright diffraction spots are indicative of
its high crystallinity. Moreover, exhibiting diffraction spots rather
than uniform bright rings, means the orientation instead of ran-
dom positions on the TEM grid.

3.6. Optical measurements

In Fig. 6, UV–vis spectra of the samples are presented. The
absorption at the wavelength of 270 nm can be attributed to the
absorption of the tetrahedral titanium species and the quantum
size effect of the nanoparticles as reported by Xu et al. [53]. In gen-
eral, the absorption by tetrahedral titanium species occurs below
370 nm with the maximum at 260–270 nm [54]. As it is shown
in Fig. 6, the absorption intensity of TiO2 in the presence of ultra-
sound was stronger and the absorption band shifted to shorter
wavelength with respect to the stirring method. This result illus-
trates that the sonication method is more useful than the stirring
method to obtain TiO2 with the anatase structure. The shift of
the absorption onset for stirring method to longer wavelengths is
consistent with the band-gap narrowing due to the particle
growth.

Fig. 7 shows the PL spectrum of TiO2 suspension in alcohol. It is
seen a strong emission band at 360 nm and a weak broad band
ranging from 390 to 500 nm. The former arises from the radiative
annihilation of excitons (band-to-band recombination), while the

Fig. 4. Effect of mole ratio (water/TTIP) on the crystallinity and the grain size
(irradiation time: 2 h, acetic acid: 0.2 mL, final temperature: 75 �C, without
ethanol).

Fig. 5. TEM (5a), HRTEM and SAED (5b) images.
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latter is attributed to the electron transition mediated by defect
levels in the band-gap such as oxygen vacancies [55]. Oxygen
vacancies have been considered as the most common defects and
usually act as radiative centers in luminescence processes [56]. It
is obvious that, a better crystallinity can be expected with fewer
defects formed during the reaction, resulting in the disappearance
of this emission which is related to the defect of structure.

4. Reaction mechanism and kinetics

4.1. Effect of water

According to Livage et al. [57], the total sol–gel synthesis can be
described by an alcoholic permutation reaction, hydrolysis, and
condensation reactions which are competitive with alkoxolation,
oxolation, and olation.

The structure of the final gel depends on the relative contribu-
tion of alkoxolation, oxolation, and olation. These reactions devel-
op the three-dimensional skeletons of titania. The amount of water
used during the gelation procedure determines the contribution of
each reaction. For the low amount of water, the rate of hydrolysis is
low and the excess titanium alkoxide in the solvent favors to the
development of Ti–O–Ti chains through alcoxolation (M: Ti4+, R:
iso-C3H7).

As each Ti is coordinated with four oxygen atoms therefore, the
development of Ti–O–Ti chains results in three-dimensional poly-
meric skeletons with close packing. In a medium amount of water,
the hydrolysis favors the formation of Ti(OH)4 and reduces the rel-
ative contribution of alcoxolation. Furthermore, the excess water
suppresses the development of Ti–O–Ti chains by oxolation, as the

equilibrium favors the creation of Ti–OH species. As a result, the
particles are loosely packed due to the presence of a large quantity
of Ti–OH and insufficient development of three-dimensional poly-
meric skeletons. For high concentration of water, the large excess
of water favors the formation of TiðOHÞ4OþH2 by the coordination
of water to Ti(OH)4 (solvation phenomenon). The presence of the
reactive Ti–HO+–Ti species can contribute to the development of
polymeric Ti–O–Ti chains through the olation reaction.

Thus, a three-dimensionally developed gel skeleton again yields
closely packed particles. Briefly, the amount of water used during
the gelation procedure is determinant in terms of reaction mecha-
nism occurring during the gel formation. As a consequence, the
amount of active sites is attributed to the water amount.

4.2. Effect of ultrasound irradiation

The hydrolytic species of TTIP in water were condensed and a
large number of tiny gel nuclei was formed and then aggregated
to larger clusters. It is well known that the chemical and physical
effects of ultrasound arise from acoustic cavitation. The implosive
collapse of the bubble generates local hot spots through adiabatic
compression within the gel and hence the polycondensation of
Ti–OH or Ti–OR is promoted [39]. This leads to the faster lose of
the organic residue and water. Thus, more growth units are formed
and the TiO2 nucleus can grow with a higher speed [42]. In this
case, the interfacial zone of the cavity is a preferred region for
the crystallization. This is due to the low vapor pressure of the
reactants and also the achievement of a high temperature at this
region [42,39]. As a result, the formation, growth, and crystalliza-
tion of TiO2 nuclei are accelerated in this region and led to a large
number of small size nuclei. Since more particles are subjected to
the cavitation effects, a higher crystallinity of the particles was
achieved.

5. Conclusions

A fast sonochemical method has been described for the synthe-
sis of TiO2 nanocrystal at low temperature (75 �C) and low inten-
sity. Under proper conditions, nanopowders could be obtained
with the grain size less than 6 nm. Among the parameters which

Fig. 6. UV–vis spectrum of the nano-TiO2 suspension (time: 3 h).

Fig. 7. PL spectrum of TiO2 suspension.
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may have an effect on the grain size and microstructure of the
nanopowders, temperature, water/ethanol ratio, and irradiation
time were found to be more effective than the concentration. In
addition, optical investigations revealed that the as-prepared
TiO2 nanoparticles showed its quantum size effects.
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