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bstract

Titanium dioxide nanoparticles have been prepared by hydrolysis of titanium isopropoxide. Aqueous solution with various pH and peptizing the
esultant suspension has been applied for preparation of the TiO2 nanopowder with narrow size distribution. The influence of pH on the particle size

nd morphology of prepared powder has been evaluated. Synthesized powder is characterized by X-ray diffraction, scanning electron microscopy
SEM) and transmission electron microscopy (TEM). Experimental results have shown that the as-prepared powders have entirely consisted with
natase crystalline phase. Only powder acquired from an acidic solution has fine particle size with spherical morphology. The anatase to rutile
ransformation occurred at temperatures lower than 600 ◦C.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

One of the most important nanomaterials which have
ttracted a great attention due to its unique properties is titanium
ioxide. Titania (TiO2) powders possess interesting optical,
ielectric, and catalytic properties, which leads to industrial
pplications such as pigments, fillers, catalyst supports, and
hoto-catalysts [1–5].

It has been demonstrated that the final properties of this
aterial depend to size, morphology and crystalline phase of

he prepared TiO2 nanopowder. In order to prepare of TiO2
anostructured material with significant properties several pro-
esses have been developed over the last decade and can be
lassified as liquid process (sol–gel [6–9], solvothermal [10,11],
ydrothermal [5,12,13]), solid state processing routes (mechan-
cal alloying/milling [14,15], mechanochemical [16,17]), RF
hermal plasma [18] and other routes such as laser ablation [19].
rom the above methods, the sol–gel method is normally used
or preparation nanometer TiO2 powder. Experimental results

ave shown that the prepared powders by uncontrolled sol–gel
ethod generally lack the properties of uniform size, shape,

nd unagglomerated state and providing the titanium oxide with
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avour properties need to control process conditions. There are
everal parameters for controlling sol–gel process to prepare
iO2 nanopowder with significant properties. It has been demon-
trated that the precursor’s concentration of titanium alkoxide
reatly affects the crystallization behavior and characteristics of
he final powder [20]. In addition, the size, stability, and mor-
hology of the produced sol from alkoxides is strongly affected
y the water titanium molar ratio (r = [H2O]/[Ti]) [21,22]. The
ormation of colloidal TiO2 at high r ratio is of great interest,
ecause the small size of particles is formed under this condition.
lso, the peptization process in which the reaction can be carried
ut at molecular level by heating the solution or using peptiza-
ion agent has the same effect on the characteristics of the final
owder which has been prepared by sol–gel method [23–25].
inally, the pH of prepared solution has a great influence on

he final size of TiO2 nanoparticles [26,27]. Therefore, the con-
rolled size and narrow size distribution of prepared powder can
e obtained with optimization the preparation conditions. In this
esearch work, we have tried to optimize preparation condition
or providing narrow size distribution of the nanometer TiO2
owders by controlling the pH of the solution.
. Experimental

In this work, the precursor solution was a mixture of 5 ml titanium isopropox-
de, TTIP (97%, and supplied by Aldrich Chemical) and 15 ml isopropanol
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peratures lower than even 100 C. The temperature observed in
our result is much lower than that achieved by others [33]. The
effect of calcination temperatures on the crystalline size of TiO2
was shown in Figs. 4 and 5. When the temperature has been
S. Mahshid et al. / Journal of Materials

99%, supplied by Merck). A 250 ml solution of distilled water with various
H was used as the hydrolysis catalyst. The desired pH value of the solution
as adjusted by adding HNO3 or NH4OH. The gel preparation process started
hen both solutions were mixed together under vigorous stirring. Hydrolysis of
TIP offered a turbid solution which heated up to 60–70 ◦C for almost 18–20 h

peptization). After peptization process, the volume of the solution decreases
o 50 cm3 and a suspension was produced. Depending on the preparation con-
itions, the resultant suspension was white-blue or opaque with high viscosity.
he prepared precipitates were washed with ethanol and dried for several hours
t 100 ◦C. After being washed with ethanol and dried at 100 ◦C in a vacuum
ystem for 3 h, a yellow-white powder is obtained. Finally, the prepared powder
as annealed at temperature ranging from 200 to 800 ◦C for 2 h.

Several techniques were employed for characterization of the powders. Pow-
er X-ray diffraction (Philips PW 1800) was used to identify the crystal phase and
o estimate the average crystallite size as well. The particle size and morphology
f the powder were observed by Philips XL 30 scanning electron microscope
SEM) and Philips 200 transmission electron microscope (TEM).

. Results and discussion

The preparation of the TiO2 colloids in the nanometer range
an be effectively conducted through the hydrolysis and conden-
ation of titanium alkoxides in aqueous media. In the presence of
ater, alkoxides are hydrolyzed and subsequently polymerized

o form a three-dimensional oxide network. These reactions can
e schematically represented as follows:

i(OR)4 + 4H2O → Ti(OH)4 + 4ROH (hydrolysis) (I)

i(OH)4 → TiO2xH2O + (2 − x)H2O (condensation) (II)

where R is ethyl, i-propyl, n-butyl, etc. [28]. It is well known
hat the tetravalent cations are too much acidic so that the nucle-
tion of stable hydroxide Ti(OH)4 cannot occur.

Water molecules formed according to reaction (II) always
ear a positive partial charge [29]. Therefore, oxolation and
lation can proceed simultaneously during nucleation and
rowth leading to amorphous hydrous oxide (TiO2·nH2O)
here the number n of water molecules depends on experi-
ental conditions. Depending on the experimental procedure,

he precipitation of TiO2 lead to rutile or anatase phases
30,31]. The formation of such structures from aqueous
olecular precursors can be described as follows. When

eoxolation (O Ti–OH2 → HO–Ti–Ti–OH) dose not occur dur-
ng nucleation olation lead to a linear growth along one
f the two equivalent directions in the equatorial plan of
Ti2O2(OH)4(OH2)4]0 dimers. Then, oxolation between the
esulting TiO(OH)2(OH)2 linear chains after an internal proton
ransfer leads to corner-sharing octahedral chains (Ti3O bridges)
haracteristics of the rutile structure. The formation of rutile may
hen be associated to the metastability of apical Ti O bonds
ithin monomers or dimers. Now, if deoxolation occur prior to
lation, condensation can proceed along apical direction leading
o skewed chains typical of the anatase structure. Controlling the
tage of deoxolation prior to olation can be obtained by adjust-
ng the pH and initial water concentration. This control leads to
recipitation of anatase nanopowder TiO2 in the experimental

rocedure. Fig. 1 shows the XRD pattern of the prepared pow-
er in the different pH. When the pH level of the solution is
igher than 2, a white suspension of rough precipitant is formed
mmediately after hydrolysis reaction. Otherwise, when the pH
ig. 1. XRD patterns for TiO2 particles obtained from different pH solutions
nd dried at 100 ◦C for 3 h.

evel of the solution is 2, a homogenous suspension of fine par-
icles is formed. The crystallite size of the particles has been
stimated from the Debye–Scherrer’s equation using the XRD
ine broadening as follows [32]:

= kλ

s cos θ
(1)

here s is the crystallite size, λ the wavelength of the X-ray
adiation (Cu K� = 0.15406 nm), k a constant taken as 0.94, θ

he diffraction angle and B is the line width at half maximum
eight. The (1 0 1) plane diffraction peak is used for anatase and
1 1 0) peak for rutile. Fig. 2 shows the crystalline size of as-
repared TiO2 nanoparticles in the different pH. As it can be
ound from Fig. 2 the smallest crystallites have been obtained
rom the hydrolysis of TTIP in the acidic solution (pH 2) and
he dried powder at 100 ◦C. Fig. 3, shows the XRD pattern of
he prepared powder from acidic solution (pH 2) and calcined
t various temperatures in atmospheric condition for 2 h. It can
e found that all samples are crystalline and the dried powder
t 100 ◦C has anatase phase. It shows that the control of deox-
lation process by initial water concentration and peptization
ould accelerate the anatase crystallization and shift it to tem-

◦

Fig. 2. Crystalline size variation of prepared powders at different pH.
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Fig. 3. XRD patterns of prepared powders at different calcination temperatures.
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Fig. 4. Particle size variation via calcination temperatures.

aised to 200 and then 400 ◦C, the size of formed crystallites has
ncreased which could be attributed to the thermally promoted
rystallite growth. The size of anatase crystallites increases from
.6 to 38.7 nm when calcination temperature has been elevated
o 600 ◦C. At 600 ◦C, apart from anatase, sharp rutile peaks was
lso observed in the XRD result. The formed rutile showed quite
ifferent behavior having larger size than the remained anatase
articles. This, in fact, reveals that nucleation and growth of

utile phase would have been initiated at temperature somewhere
rom 400 to 600 ◦C [34]. Anatase to rutile transformation tem-
erature is shifted to the very low temperature level for nanosize
rystallites because of the high surface energy of the particles.

p
w
t
i

Fig. 5. SEM micrographs of dried powd
Fig. 6. SEM micrographs of powders prepared at 400 ◦C.

his temperature has been mostly reported from 600 to 900 ◦C
or the initiation and finishing temperature respectively [32]. It
s then possible to assume that the growth of rutile particle starts
ight after its nucleation. Furthermore, the rutile crystallite size is
7.5 nm at 600 ◦C, while it increases slightly to 53.4 nm when the
emperature goes to 800 ◦C. At this temperature, anatase phase
as been eliminated and there were only large rutile particles in
he sample. Fig. 6 shows the SEM micrographs of TiO2 particles
repared at different pH and calcined at 100 ◦C temperatures. As
hown in Fig. 6, the as-prepared powder in acidic solution (pH
) consist of spherical particles with poor agglomeration and
ggregation takes place during the particle growth process at
igher temperatures. On the other hand, the as-prepared powder
n basic solution (pH 9) consists of nonspherical particles with
igh agglomeration.

It is observed that, in the higher calcination temperatures,
he larger particle size with spherical morphology is obtained.
or the sample calcined at 400 ◦C (Fig. 7), the particle size is
lmost 100 nm. Shape and morphology is clearly observed in the
EM micrographs of the samples calcined at that temperature.
rom the SEM photographs of samples prepared under different

H values, it has been revealed that the spherical morphology
as a specification of the prepared powder under acidic solu-

ion of pH 2 and it was not seen in other samples. The TEM
mage and the select-area electron diffraction (SAED) pattern

ers at 100 ◦C: (a) pH 2; (b) pH 9.
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Fig. 7. (a) TEM and (b) SAED photograph

f the as-prepared sample are shown in Fig. 7(a and b), respec-
ively. It is obviously shown that the as-prepared powder is
ompletely crystalline and entirely consists of anatase phase.
rom the micrograph their diameter is estimated to be below
0 nm which is in good agreement with XRD results. In Fig. 7(b)
he SARD pattern of as-prepared TiO2 particles which is dried at
00 ◦C is shown. The first four rings are assigned to the (1 0 1),
0 0 4), (2 0 0), (0 0 5) reflections of the anatase phase. The SAED
tudies are in good agreement with XRD measurements.

. Conclusion

Nanocrystalline TiO2 powder can be prepared by the
ydrolysis of titanium isopropoxide alcoholic solution and
hen peptization of the resultant suspension up to 60–70 ◦C
or 18–20 h. According to the particle size obtained from
ebye–Scherrer equation, the powder obtained from a solution

t pH 2 consist of very fine anatase crystallites even at temper-
ture lower than 100 ◦C. When the powder is treated thermally
t 400 ◦C, the diameter of nanoparticles is approximately 28 nm
nd still consists of pure anatase phase. As the calcinations tem-
erature is increased, the particle size increases. Rutile phase
s formed at calcinations temperatures below 600 ◦C and grows
lightly when heated up to 800 ◦C. Powder morphology in these
riteria is almost spherical which is due to acidic condition that
revents agglomeration.
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