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A new approach for direct synthesis of well-shaped pure rutile titania nanocrystals by hydrothermal synthesis is

reported. The synthesis of the 20 nm rutile particles from titanium isopropoxide and pH 0.5 nitric acid is

achieved by vigorous stirring of the solution during the hydrothermal treatment. The signi®cant effect of the

stirring and long aging control experiments suggest that, at this composition, most of the condensation to TiO2

occurs during the autoclaving step. The large colloid size distribution and the formation of the anatase

structure in the absence of stirring are attributed to the inhomogeneity developed in the solution under the

extreme conditions of the hydrothermal process. The signi®cance of the new method is the elimination of the

commonly used mineralizers that can induce impurities into the nanocrystals, in addition to the improved

colloid shape in comparison with standard procedures.

Introduction

In recent years, there has been increasing interest in the
application of nanosize titania for catalysts and supports,
ceramics, inorganic membranes, gas sensing, water puri®cation
and solar energy conversion.1±7 Nanosize titania is attractive
for these applications because of its large effective surface area
which enhances the surface reactions. Titania exists in three
main crystallographic forms that exist at standard pressure;
anatase, rutile and brookite. Each structure exhibits different
physical properties, such as refractive index, chemical reactivity
and photochemical reactivity.8 Each application that is based
on titania requires a speci®c crystal structure and, usually, also
a speci®c size.7,9±13 Thus, it is important to develop synthetic
methods in which the size and structure of the nanocrystals can
be controlled.

Anatase titania has been prepared by various methods, such
as sol±gel,5,14 hydrothermal,12,15 combustion synthesis16 and
inert-gas condensation.17±20 There are many reports on the
synthesis of anatase particles with sizes ranging from 5 nm to
several microns and a variety of shapes, for various applica-
tions. Similar methods have been used for the synthesis of rutile
titania. However, unlike anatase, it was found that the
synthesis of small well-shaped rutile particles is much more
dif®cult. Such colloids, prepared under acidic conditions using
mainly TiCl4, result in large or irregularly shaped particles.21

The only way to obtain small rutile TiO2 nanoparticles
reported so far involves the use of TiCl4 and mineralizers,
like SnCl4, NH4Cl, NaCl or SnO2.4,13

Usually, the mineralizers are selected in such a way that the
TiO2 will crystallize in the rutile structure. SnO2 is the most
widely used mineralizer, acting as a semicoherent surface for
the transforming rutile to grow on.4,13,22 The particles obtained
using mineralizers by the hydrothermal method were rod-like
or broom-like aggregates with sizes of 100 by 10 nm.15,20,23

Other attempts to prepare small rutile titania particles using
ammonium chloride as a mineralizer resulted in agglomerated
hairy spheroid particles.15 Sol±gel methods, where again
mineralizers were used to stabilize the rutile structure, also
did not provide ®ne nanoparticulate powders.13 Moreover, the
mineralizer-based synthesis described above suffers from the
presence of contaminant salts and, hence, the solutions have to
be repeatedly washed to eliminate the salts. To the best of our

knowledge, the preparation of spherical nanosize rutile titania
has not yet been reported. In addition, regardless of shape, pure
rutile nanosize titania has not been prepared from titanium
alkoxide without a mineralizer.

We report here on the preparation of pure rutile titania
particles having a diameter of 20 nm via highly controlled
hydrothermal synthesis. The direct synthesis to rutile TiO2 is
based on titanium isopropoxide and pH 0.5 nitric acid. It does
not involve the use of mineralizers that can induce impurities
into the nanocrystals. The direct synthesis of the pure rutile
nanoparticles is achieved by the addition of vigorous stirring
during the autoclaving step of the synthesis. In the absence of
stirring, under the same conditions, a mixture of anatase and
rutile was formed. Long aging experiments and the synthesis
results suggest that a major part of the condensation takes
place in the more acidic regions during the hydrothermal
treatment. Thus, stirring that maintains homogeneity in the
solution during the hydrothermal process is highly important
when a homogeneous product is required.

Experimental

The synthesis of rutile titania involved the following steps. An
aliquot of 5 mL of titanium isopropoxide and 5 mL of dry
isopropanol were added dropwise to a well-stirred 40 mL
solution of pH 0.5 nitric acid. The solution was stirred for 8 h,
whereupon the isopropanol was evaporated by heating the
solution to 82 ³C. The resulting solution was transferred into a
Te¯on container and placed in a titanium autoclave (Parr
instrument). As mentioned above, the key factor in the
preparation of pure rutile titania is the stirring during the
autoclaving process. The solution was stirred throughout the
autoclaving period using a homemade magnet-based system.
The autoclaving process was carried out at 250 ³C for 26 h with
a heating rate of 15 ³C min21. Each synthesis was carried out
twice, with and without stirring, the latter serving as a
reference.

The long aging experiments during the titania synthesis
involved the following steps. As in the preparation of the small
rutile particles, 5 mL of titanium isopropoxide and 5 mL of dry
isopropanol were added dropwise to 40 mL of well-stirred
nitric acid. The pH of the solutions was 0.5 in one case and 2.0
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in the other. The solutions were then aged at room temperature
for 6 months.

X-ray diffraction patterns were used to determine the
identity, quantity and size of each crystal phase present. The
powder XRD patterns were recorded using a Rigaku 2028 X-
ray diffractometer with Cu-Ka radiation. The average crystal-
lite size (D) of the powders was calculated from the Scherrer
formula.24 The quantitative ratio between the anatase and
rutile phases was calculated from the ratios of areas under
background-subtracted {100} anatase and {110} rutile peaks
using the method outlined by Spurr and Myers.25 TEM
imaging was carried out with a JEOL-JEM 100SX transmission
electron microscope. Samples for TEM analysis were prepared
by dispersing TiO2 onto TEM copper grids thinly coated with
amorphous carbon. Surface area measurements of the powders
were carried out with a standard BET surface area analyzer
(Micromeritics Gemini III 2375).

Results and discussion

Two sets of titania colloids were prepared by hydrothermal
synthesis of titanium isopropoxide and pH 0.5 nitric acid using
a similar procedure. During the hydrothermal treatment one
set was vigorously stirred while the other, as is usually the case,
was not stirred. Fig. 1 shows the powder XRD patterns of the
two sets prepared with and without stirring. From the XRD
patterns, it is clear that, in the case of the stirred sample
(Fig. 1a), pure rutile titania is obtained. The unstirred sample
(Fig. 1b) is a mixture consisting of 61% rutile, with the rest
being in the anatase form. The percentage of rutile was
calculated using the ratios of areas under the {101} anatase and
the {110} rutile peaks.5,25 The particle size calculated from the
X-ray line broadening by the Scherrer formula is 20.4¡2 nm
for the stirred sample (pure rutile), with the corresponding sizes
of the unstirred sample crystallites being 54.0¡5 nm for the
rutile crystallites and 21.6¡2 nm for the anatase. Fig. 2 shows
transmission electron micrographs of the two sets of titania
colloids. From the TEM pictures it is evident that, in case of the
stirred sample, the particles are small and well shaped, i.e.
almost spherical (Fig. 2a), whereas the TEM picture of the
unstirred sample shows bigger particles of irregular shape
(Fig. 2b). Fig. 3 shows size distribution histograms of the
stirred and unstirred colloidal powders counting 250 particles
of each sample. The average size of the stirred rutile titania is
17.5 nm, with a standard deviation of 6.9 (Fig. 3a). The average
size of the mixed anatase and rutile colloids made without
stirring is 28.6 nm, with a larger standard deviation of 11.9
(Fig. 3b). The TEM pictures show that stirring during the
hydrothermal process not only drives the formation of pure
rutile, but also improves the particle size distribution.

The mechanism for direct anatase or rutile titania formation
may be explained using the concepts of the partial charge

model.26 According to this model, hydrolysis of the titanium
cation occurs at low pH. The ®rst hydrolysis step leads to the
formation of [Ti(OH)(OH2)5]3z species which are stable under
strong acid conditions. These species are not able to condense
because of the positive charge of the hydroxo group.26 When
acidity is not suf®ciently low to stabilize these precursors,
deprotonation takes place, forming [Ti(OH)2(OH2)4]2z, which
also does not condense, probably because of spontaneous
intramolecular oxolation to [TiO(OH2)5]2z.27,28 Condensation
to both rutile and anatase starts when the solution activity is
high enough to allow further deprotonation to [TiO(O-
H)(OH2)4]z, which can undergo intramolecular deoxolation
to [Ti(OH)3(OH2)3]z, depending on the exact pH.26 In the
lower pH region, deoxolation does not occur and oxolation
leads to linear growth along the equatorial plane of the cations.
This reaction, followed by oxolation between the resulting
linear chains, leads to rutile formation. At higher pH values,
when deoxolation takes place, condensation can proceed along
apical directions, leading to the skewed chains of the anatase
structure. In other words, the structure of the precursor cation,
which is affected by the exact pH, determines the resulting
crystal structure.20,21,26,29

The acidity maintained during the preparation of the pure
rutile, pH 0.5, is probably in the range that prevents
condensation, as is evident from the following long aging
experiments. Titanium isopropoxide was hydrolyzed in pH 0.5
nitric acid, using the same procedure as for the preparation of
the pure rutile, and the solution was aged for 6 months. The
XRD pattern and TEM image of the hydrolysis products are
presented in Fig. 4a and 5a, respectively. The XRD measure-
ment shows that no crystallization has occurred, even after

Fig. 1 Powder XRD patterns of titania obtained by hydrothermal
synthesis: (a) with stirring, showing pure rutile titania, and (b) without
stirring, showing a mixture of anatase and rutile (the circles denote
peaks corresponding to anatase titania).

Fig. 2 Transmission electron micrographs of titania prepared by
hydrothermal synthesis: (a) with stirring and (b) without stirring.
The particles prepared with stirring are smaller and more uniform.

Fig. 3 Size distribution histograms measured from the TEM pictures
presented in Fig. 2: (a) titania prepared with stirring and (b) without
stirring. The particles prepared with stirring are smaller and their size
distribution is narrower.
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extended aging of the solution. The TEM image shows that
colloids were not formed during the aging period. In a reference
experiment that was carried out in a similar manner, except
using pH 2 nitric acid, different results were obtained. Fig. 4b
and 5b present the XRD pattern and the TEM image of the
pH 2 products. In contrast to the hydrolysis at pH 0.5, the
XRD and TEM measurements show that weakly crystalline
anatase TiO2 colloids were formed during the process. These
results cannot be regarded as evidence for the absence of any
condensation at pH 0.5. However, they show that at pH 0.5
most of the condensation and crystallization observed after the
hydrothermal treatment is probably the result of the hydro-
thermal process.

During the hydrothermal treatment, the solution is exposed
to high temperature (250 ³C) and pressure (560 psi). The results
showing that the TiO2 crystals are formed during this process
suggest that the condensation is made possible by these
conditions. Various thermodynamic and kinetic effects are
expected to in¯uence the temperature/pressure-induced con-
densation.30 One such effect, for example, is the signi®cant
increase of the pH at temperatures higher than 150 ³C,31,32

which should allow condensation towards the rutile structure,
followed by condensation to the anatase structure at even
higher pH values.26 Regardless of the exact mechanism by
which the hydrothermal treatment induces the condensation, it
is expected that the homogeneity of the solution during the
treatment will affect the homogeneity of the products. This
may include parameters such as size, shape and even crystal
structure, if, for example, pH gradients are developed in the
solution.33

During the autoclaving step of the hydrothermal synthesis,
local gradients of temperature and concentration are unavoid-
able. The outside heating causes the former, while the latter is
caused by evaporation of some of the solution components.
Both the concentration and temperature gradients can drive
pH inhomogeneity. Under such conditions, one can expect that
colloids of various properties will be formed, depending on the
local conditions each particle experiences. In other words, the
results presented above showing that stirring during the
hydrothermal process drives the formation of pure rutile,
and improves the particle size distribution in comparison with
the unstirred sample, can be explained by the homogeneity
achieved in the stirred synthesis.

The surface area of the rutile titania colloids prepared by this
method is 45 m2 g21, as measured by BET. The high surface
area is important for applications such as rutile-based dye-
sensitized solar cells,23 solar re¯ecting shields,9,10 gas sensing4

and catalysis.4,13 Some of these applications involve operation
at high temperatures in which sintering of the nanoparticles
causes a decrease of the surface area. It was reported that the
major cause for the surface area reduction is the enhanced
sintering during the transformation from anatase to rutile.4

Rutile titania containing 19 mol% SnO2 mineralizer was found
to experience less sintering, but the role of the SnO2 in the
stabilization was not clear.4 The stability of the pure rutile
synthesized in this work at high temperatures was tested using
the diameter of the nanocrystals as a probe. Fig. 6 presents the
crystallite size of rutile nanoparticles that were exposed to
various temperatures between 400 and 800 ³C for 3 h. The
crystallite size was calculated from the X-ray line broadening.
Fig. 6 shows that, up to 700 ³C, the crystallite diameter did not
change signi®cantly, indicating that the rutile particles
experience a relatively low sintering rate in comparison with
the sintering rate at 800 ³C. This seems to indicate that the
presence of SnO2 does not affect the sintering process.
Therefore, the rutile titania prepared in the present work
should be suitable for high temperature applications, including
catalytic membranes.

Conclusions

Pure rutile titania particles having a diameter of 20 nm were
synthesized via a highly controlled hydrothermal process. Long
aging experiments show that, in the more acidic regions,
condensation does not occur at ambient conditions, in
agreement with the well-established metallic ion partial
charge model. The synthesis results show that condensation
takes place mostly during the hydrothermal treatment, where
inhomogeneity of the solution can develop due to the extreme
conditions of the process. Thus, stirring of the solution during
the hydrothermal process is necessary when a homogenous
product is required. The rutile titania nanocrystals prepared by
this method have a large surface area and are relatively stable at
high temperatures.

The small rutile colloids prepared in this work are superior to
similar materials made using mineralizers. The new colloids are
almost spherical, unlike the irregular shapes (usually needle-
like) obtained previously. The new colloids are the smallest

Fig. 4 Powder XRD patterns of the hydrolysis products of titanium
isopropoxide in nitric acid: (a) at pH 0.5, showing no crystallization,
and (b) at pH 2 showing weakly crystalline anatase titania (the circles
denote peaks corresponding to anatase titania).

Fig. 5 Transmission electron micrographs of the hydrolysis products of
titanum isopropoxide in nitric acid: (a) at pH 0.5, showing no colloids,
and (b) at pH 2 showing small colloids.

Fig. 6 Crystallite size of rutile titania exposed to various temperatures
for 3 h.
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reported so far, exhibiting a narrow size distribution. Finally,
their preparation does not involve the use of mineralizers,
which contaminate the samples and induce undesirable
characteristics.
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