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INTRODUCTION

Nanosized TiO2 has attracted increasing attention in the
scientific community for its wide applications in photocatalysts,
solar cells, gas sensors and optoelectronic devices1,2. In recent
years, the excellent photocatalytic property of TiO2 is due to
its wide band gap and the long lifetime of photogenerated holes
and electrons3-8. With an appropriate light source, a TiO2 photo-
catalyst generates electron/hole pairs to initiate a series of
chemical reactions that eventually mineralize the pollutants9,10.
Titanium dioxide usually exists in the form of anatase, rutile
and brookite. In a photocatalytic study, anatase TiO2 is gene-
rally considered to be more active than rutile crystalline11. The
anatase phase is thermodynamically metastable and easily
transforms into the stable rutile phase, when TiO2 is calcined
at high temperature. Moreover, anatase TiO2 with a higher
crystallinity means fewer defects for the recombination of
photogenerated electrons and holes12. Rutile TiO2 has been
shown to be negligibly photoactive for the photo-oxidation of
many organic pollutants in aqueous media, but its resistance
to disaggregation is higher than that of anatase TiO2

11,12. It
should be considered that photoactivity also strongly depends
on bulk and surface physicochemical properties of the photo-
catalysts, such as the type of phases, the surface hydroxylation,
the porosity, the surface area, the adsorption capacity, the
distribution of the supported photoactive component and the
surface acid-base properties13-15.
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The physical, chemical and photochemical properties of
TiO2 nanoparticles are dependent on the manufacturing
method. To enhance the application of TiO2, several processes
have been developed over the last decade and can be classified
as liquid process sol-gel16-21, solvothermal22,23, hydrothermal24-26,
solid state processing routes (mechanochemical alloying/
milling)27-30, thermal hydrolysis31,32 and other routes such as
laser evaporation33 and ultrasonic synthesis34. However, TiO2

particles prepared by these processes are relatively large with
inhomogeneous morphologies. The sol-gel process has notable
advantages such as high purity, good uniformity of the micro-
structure, low temperature synthesis, easily controlled reaction
conditions and hence has been widely adopted for preparing
nanostructured TiO2 particles.

There are several parameters for controlling the sol-gel
process to prepare TiO2 particles with significant properties.
It has been demonstrated that the precursor’s concentration of
titanium alkoxide greatly affects the crystallization behaviour
and the characteristics of the final particle35,36. The size, stability
and morphology of the sol produced from alkoxide is strongly
affected by the hydrolysis and pH. The pH of the prepared
solution has a great influence on the final size of TiO2 nano-
particles. The reaction morphology and the effect of the pH
on the formation of TiO2 particles are of great interest, because
nanosized particles are formed under these conditions.
Therefore, a controlled pH and reaction morphology are
required for the optimization of the preparation conditions of
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TiO2. In this study, TiO2 nanopartices were prepared by the
sol-gel route using titanium tetra-isopropoxide. The micro-
structural morphology was investigated depending on the
amounts of HCl and NH4OH and the effect of the pH on the
preparation of TiO2 nanoparticles was studied. Subsequently,
the phase transformations of amorphous Ti(OH)4 to anatase
TiO2 and anatase to rutile was investigated.

EXPERIMENTAL

Titanium tetra-isopropoxide [TTIP, Ti(OCH(CH3)2)4] and
isopropyl alcohol (IPA, C3H8O) were mixed in the molar ratio
of 1:10 and stirred for 1 h. Another solution was prepared
from a mixture of H2O and isopropyl alcohol with a molar
ratio of 10:1. This solution was then titrated into the TTIP-
IPA solution and stirred for 2 h until a uniform colloidal TiO2

sol was produced. A TiO2 sol is chemically unstable in the
neutral pH range and therefore it easily agglomerates when it
transforms into the gel state. However, this instability can be
controlled by adding an acid. Solutions with various pH were
used as the hydrolysis catalyst. The desired pH value of the
solution was adjusted by adding HCl and NH4OH. The gel
preparation process started when both solutions were mixed
together under vigorous stirring. After the peptization process,
the volume of the solution decreased and a suspension was
produced. Depending on the preparation conditions, the resul-
tant suspension was white-blue or opaque with a high viscosity.
The viscous solution was dried at 100 ºC in an oven for 24 h.
After being washed with ethanol and dried at 100 ºC in an
oven for 10 h, a yellow-white powder was obtained. Finally,
the prepared powder was heat-treated at temperatures ranging
from 200-600 ºC for 3 h.

The crystallization process of the precursor was evaluated
by thermogravimetry-differential thermal analysis (TG-DTA,
SETRAM, France), using a sample weight of about 24 mg
and a heating rate of 10ºC/min. The crystalline phases and
average crystallite sizes after heat-treatment were identified
by powder X-ray diffraction (XRD, CuKα, 40 kV, 30 mA,
Rigaku, Japan) with a scan rate of 3 º/min. The particle size
and microstructural morphology of the nanocrystalline powders
were observed by scanning electron microscopy (SEM, JSM-
35CF, JEOL).

RESULTS AND DISCUSSION

The preparation of the TiO2 colloids in the nanometre
range can be effectively conducted through the hydrolysis and
condensation of titanium alkoxides in aqueous media. In the

presence of water, alkoxides are hydrolyzed and subsequently
polymerized to from a three-dimensional oxide network. These
reactions can be schematically represented as follows:

Ti(OR)4 + 4H2O → Ti(OH)4 + 4ROH (hydrolysis) (1)
Ti(OH)4 → TiO2·xH2O + (2-x)H2O (condensation) (2)

where R is ethyl, i-propyl, n-butyl, etc.43. It is well known that
the tetravalent cations are too acidic so that the nucleation of
the stable hydroxide Ti(OH)4 cannot occur. Water molecules
formed according to reaction (2) always bear a positive partial
charge. Therefore, oxolation and olation can proceed simulta-
neously during nucleation and growth leading to an amorphous
oxide TiO2·nH2O where the number n of water molecules
depends on the experimental conditions. Depending on the
experimental procedure, the precipitation of TiO2 leads to rutile
or anatase phases44,45. The stage of deoxilation prior to olation
can be controlled by adjusting the pH and initial water concen-
tration. This control leads to precipitation of anatase nano-
particles of TiO2 in the experimental procedure.

Table-1 shows the effect of catalysts of NH4OH/HCl, the
molar ratio of catalyst/TTIP and pH on the morphology and
crystalline structure of the TiO2. When the catalyst is NH4OH
or there is none in the solution with the pH level from 10.07 to
5.04, powder forms with amorphous phases were observed.
Otherwise, when the catalyst is HCl in the solution with the
pH level from 3.96 to 1.90, an agglomerated granular and bulk
form with amorphous and anatase phases were observed.
Therefore, TiO2 nanoparticles with various morphologies and
crystal structures were synthesized by the hydrolysis reaction
of titanium tetra-isopropoxide using the molar ratio of catalyst
and TTIP with various pH values in acid and base solutions. The
morphology and phase transformation of TiO2 powder prepared
by hydrolysis of titanium tetra-isopropoxide were strongly
influenced by the presence of the catalysts HCl and NH4OH.

Fig. 1 shows SEM micrographs of the TiO2 powders dried
at 100 ºC with a catalyst of NH4OH. The TiO2 powder exhibited
a homogeneous spherical morphology and a particle size
distribution with sizes of 100-200 nm for pH 10.67 in Fig. 1(a)
and 9.45 in Fig. 1(b). The particle morphology and particle
size distribution had an inhomogeneous tendency to decrease
depending on a relatively lower pH value of 7.77 in Fig. 1(c)
and 5.04 in Fig 1(d). On the other hand, Fig. 2 shows SEM
micrographs of the TiO2 powders dried at 100 ºC with a catalyst
of HCl. It showed a granular form for pH 3.96 in Fig. 2(a) and
a bulk-like form for pH 2.95(b), 2.12(c), 1.92(d).

The effect of pH on the TiO2 nanopowder after heat-treat-
ment was evaluated for the crystalline phase and size. Fig. 3

TABLE-1 
EFFECT OF CATALYSTS OF NH4OH/HCl, THE MOLAR RATIO OF CATALYST/TTIP 
AND pH ON THE MORPHOLOGY AND CRYSTALLINE STRUCTURE OF THE TiO2 

Samples Catalyst Molar ratio catalyst/TTIP pH Morphology Crystal structure 
N 1.0 NH4OH 1.0 10.07 Powder Amorphous 
N 0.5 NH4OH 0.5 9.45 Powder Amorphous 

N 0.25 NH4OH 0.25 7.77 Powder Amorphous 
N 0.0 No catalyst 0.0 5.04 Powder Amorphous 

H 0.05 HCl 0.05 3.96 Agglomerate Amorphous 
H 0.1 HCl 0.1 2.95 Granule Amorphous 

H 0.25 HCl 0.25 2.12 Bulk Anatase 
H 0.5 HCl 0.5 1.90 Bulk Anatase 
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Fig. 1. SEM micrographs of the TiO2 powders dried at 100 ºC with a catalyst
of NH4OH; (a) pH 10.67, (b) pH 9.45, (c) pH 7.77 and (d) pH 5.04

Fig. 2. SEM micrographs of the TiO2 powders dried at 100 ºC with a catalyst
of HCl; (a) pH 3.96, (b) pH 2.95, (c) pH 2.12 and (d) pH 1.92

shows XRD patterns of TiO2 powders calcined for 3 h at (a)
200, (b) 300, (c) 400 and (d) 500 ºC with NH4OH as the
catalyst; (A) NH4OH/TTIP = 0.5, (B) NH4OH/TTIP = 0.25.
The representative (101) plane diffraction peak at 25.3° is used
for anatase and (110) peak at 27.5° for rutile. This shows that
the anatase phase was observed above 200 °C, while the rutile
phase above 500 ºC. In the case of (A) NH4OH/TTIP = 0.5
(pH 9.45), the rutile phase was increased compared to the case
of (B) NH4OH/TTIP = 0.25 (pH 7.77) in Fig. 3. The effect of
calcination temperature on the crystallization with HCl as the
catalyst was also investigated. Fig. 4 shows XRD patterns of
TiO2 powders calcined for 3 h at (a) dried, (b) 200, (c) 300 and
(d) 400 and (e) 500 ºC with HCl as the catalyst; (A) HCl/TTIP
= 0.25, (B) HCl/TTIP = 0.5 (Fig. 4). It shows that the anatase
phase was observed above 100 ºC and the rutile phase was
observed above 500 ºC in the case of (A) HCl/TTIP = 0.25
(pH 2.12), while the rutile phase was increased above 400 ºC
in the case of (B) HCl/TTIP = 0.5(pH 1.92) (Fig. 4).

Table-2 shows the formation of various phases for the
TiO2 powders as a function of pH and the calcination tempe-
rature (Am: amorphous, A: anatase, R rutile). When the tempe-
rature was raised, the anatase phase transformed to the rutile
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Fig. 3. XRD patterns of TiO2 powders calcined for 3 h at (a) 200, (b) 300,
(c) 400 and (d) 500 ºC with a catalyst of NH4OH; (A) NH4OH/
TTIP = 0.5, (B) NH4OH/TTIP = 0.25
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Fig. 4. XRD patterns of TiO2 powders calcined for 3 h at (a) dried, (b) 200,
(c) 300 and (d) 400 and (e) 500 ºC with a catalyst of HCl; (A) HCl/
TTIP = 0.25, (B) HCl/TTIP = 0.5
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TABLE-2 
FORMATION OF VARIOUS PHASES FOR THE TiO2 POWDERS 
AS A FUNCTION OF pH AND CALCINATION TEMPERATURE 

Sample pH Dried 200 
ºC 

300 
ºC 

400 
ºC 

500 
ºC 

N 1.0 10.07 Am Am A A A + R 
N 0.5 9.45 Am Am A A A + R 

N 0.25 7.77 Am Am A A A + R 
N 0.0 5.04 Am Am A A A + R 

H 0.05 3.96 Am Am A A A 
H 0.1 2.95 Am Am A A A 

H 0.25 2.12 A A A A + R A + R 
H 0.5 1.90 A A A + R A + R A + R 

*Am: amorphous, A: anatase, R: rutile. 
 

phase, which could be attributed to the thermally-promoted
crystallite growth. In particular, the phase transformation of
amorphous Ti(OH)4 to anatase TiO2 and anatase to rutile were
significantly activated by the HCl catalyst. On the other hand,
the phase transformation and the crystallization of the particles
were not activated by the NH4OH catalyst. This reveals that
nucleation and growth of the rutile phase have been initiated
at temperatures somewhere from 400-600 ºC. It may be
assumed that the growth of rutile crystallization was affected
by the pH value of acid.

Fig. 5 shows the average calculated weight fractions of
anatase as a function of the calcination temperature. The exis-
ting phase in the powder after heat-treatment was identified
by XRD. The weight fraction of rutile in the powders was
estimated in the following equation46.
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Fig. 5. Calculated rutile weight fractions of the TiO2 powders as a function
of pH

)I/I8.01(
1

X
RA+

= (3)

where, X ; weight fraction of rutile in the powders, IA: X-ray
integrated intensity of the strongest peaks of anatase (2θ =
25.3º, (101) plane), IR : X-ray integrated intensity of the strongest
peaks of rutile [2θ = 27.5º, (110) plane].

The anatase to rutile transformation is shown as a function
of the temperature and pH level in Fig. 5. It is noted that the
temperature of the rutile ratio is shifted to a low temperature
of 300-400 ºC in strong acid. This is attributed to the high surface
energy of the particles in strong acid. Therefore, the rutile ratio
increases rapidly depending on the lower pH level as well as

at higher temperatures, while increases slowly at the higher
pH level. It is assumed that the anatase phase has been elimi-
nated following large rutile particles with poor agglomeration
and aggregation takes place during the particle growth process
at higher temperatures.

The average crystallite size of the heat-treated powders
was calculated using X-ray diffractometry line broadening
method through the following Sherrer’s equation47.

)cos(

K
D

θβ

λ
= (4)

where D is the crystallite size, λ is wavelength of the radiation
(λ = 1.5418 Å), θ is Bragg’s angle, β is the full width at half
maximum (radian) and K is constant (0.9-1.4). Fig. 6 shows
the average grain size of anatase as a function of calcination
temperature. The average sizes of anatase TiO2 nanoparticles
were in the range of 10-48 nm at calcination temperatures
between 100 and 500 ºC. Anatase TiO2 nanoparticles could be
obtained above 300 ºC in acid (pH 2.12, pH 1.92) with sizes
of 10-27 nm, while in the base (pH 10.67, pH 1.92) with sizes
16-47 nm. The anatase nanoparticles could be prepared at a
lower temperature in the base solution and at above 300 ºC in
the acid solution with a lower particle size compared to the
base solution at the same temperature between 300 and 500
ºC. It is considered that the remaining amount of anatase
became very small in the acid solution, because the phase
transformation from anatase to rutile was significantly activated
in the acid solution at an increasing temperature. It is noted
that nucleation and growth of the rutile phase have been
initiated at temperatures from 400-600 ºC. Consequently, the
phase transformations of amorphous Ti(OH)4 to anatase TiO2

and anatase to rutile were significantly activated by the HCl
catalyst and temperature. On the other hand, the phase
transformation and the crystallization of the powders were not
activated by the NH4OH catalyst.
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Fig. 6. Average grain size of anatase as a function of calcination temperature

Conclusion

Titanium dioxide nanoparticles with a homogeneous
particle distribution were successfully prepared using a hydro-
lysis reaction of titanium tetra-isopropoxide. The micro-
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structural morphology and phase transformation of TiO2

particles prepared by hydrolysis of titanium tetra-isopropoxide
were strongly influenced by the presence of catalysts. In the
case of NH4OH, the morphology of the TiO2 powder exhibited
a powder form. In the case of HCl, it showed a bulk or granular
form. The phase transformations of amorphous Ti(OH)4 to
anatase TiO2 and anatase to rutile were significantly activated
by the HCl catalyst. On the other hand, the phase transfor-
mation and the crystallization of the particles were not activated
by the NH4OH catalyst.
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