JOURNAL OF

Formation of crystalline nanosized titania in reverse micelles at room

temperature

Dongbai Zhang, Limin Qi, Jiming Ma* and Humin Cheng

College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, China

Received 18th July 2002, Accepted 9th October 2002

|3|E!1919V\||

CHEMISTRY

First published as an Advance Article on the web 29th October 2002

Shuttle-like crystalline TiO, nanoparticles were synthesized by hydrolysis of titanium tetrabutoxide
in the presence of acids in NP-5 (Igepal CO-520)-cyclohexane reverse micelle at room temperature.
Pure rutile nanoparticles were obtained at appropriate acid concentrations. The influences of various
reaction conditions, such as concentration and type of acid, water content, H,O/Ti molar ratio, and
reaction time, on the formation, crystal phase, morphology, and size of the TiO, particles were

investigated.

1 Introduction

Nanosized titanium dioxide particles have been the subject of a
great deal of research because of their unique physicochemical
properties and applications in the areas of pigments, catalysts
and supports, fine ceramics, cosmetics, gas sensors, inorganic
membranes, environmental purification, and dielectric materi-
als."® The uses and performance for a given application are,
however, strongly influenced by the crystalline structure, the
morphology, and the size of the particles. As is well known,
titanium dioxide exists mainly in three crystal forms, i.e.
anatase, rutile, and brookite, each of which exhibits different
physical properties and photochemical reactivity. Therefore, it
is very important to develop methods for the synthesis of TiO,
nanoparticles in which the particle size and the crystal structure
of the products can be controlled.

Various methods have been used to produce titanium
dioxide powders in the past two decades, such as the classic
sulfate process, the chloride route, the sol-gel method,'®!! the
hydrothermal method,'>"* and the gas condensation method. >
To the best of our knowledge, all the crystalline TiO, particles
reported are formed under harsh conditions, such as high
temperatures with vigorous stirring,'>'* or in the presence of
mineralizers.!” Recently, a reverse micelle method was success-
fully applied to synthesize TiO, nanoparticles'®2° in reverse
micelles or water/oil (W/O) microemulsion systems using
titanium alkoxides as starting materials. The reverse micelle
method has the unique advantage that the numerous nanoscale
water pools existing in the micelle suspension are ideal micro-
reactors for synthesizing nanoparticles. Up to now, the TiO,
nanoparticles synthesized by using the reverse micelle method
were all amorphous hydrates of TiO,, hence the practical
applications of this method were restricted.

In this paper, the preparation of pure rutile nanoparticles
with widths of tens of nanometers and lengths of about
100 nm via a reverse micelle method at room temperature
is presented. The synthesis is based on the hydrolysis of
titanium tetrabutoxide under highly acidic conditions in a
reverse micelle system, which leads to the formation of pure
rutile nanoparticles or their aggregates at room temperature.
The effects of the concentration and type of acid, the reac-
tion time, and the water content in the reverse micelles on
the morphology and crystalline structure of the obtained
TiO, nanoparticle were investigated and possible mecha-
nisms for the formation of the crystalline titania are briefly
discussed.
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2 Experimental procedure
2.1 Materials

The nonionic surfactant NP-5 (Igepal CO-520) was purchased
from Aldrich and used without further treatment. Titanium
tetrabutoxide, cyclohexane, and the acids were of A.R. grade,
and the water used in this work was deionized and distilled.

2.2 Synthesis

A typical example of the synthesis of nanosize rutile titania is
as follows. 73 pL of 2.5 M aqueous hydrochloric acid was
added to 5 mL of 0.15 M NP-5-cyclohexane solution to form a
reverse micelle system with a w value (w = [H,O]/[NP-5]) of 8.
After complete mixing of the reverse micelle system, 135 pL of
1.25 M titanium tetrabutoxide-cyclohexane solution was
added so that the parameter 4 (h = [H,OJ/[Ti(OC4Hy)4]) was
28. Then, the mixture was allowed to stand at room
temperature (about 22 °C) for 20 days. As mentioned above,
different acids and various acid concentrations, and w and /&
values were employed to investigate how these factors influence
the morphology, size, and crystalline structure of the TiO,
particles.

2.3 Characterization

For the preparation of transmission electron microscopy
(TEM) samples, the products were mixed with ethanol under
sonication to form dispersions, and the dispersions were then
repeatedly centrifuged at 3000 rpm and re-dispersed in clean
ethanol under sonication to remove the unreacted titanium
tetrabutoxide and unbound surfactant. A small amount of the
final dispersion was dropped onto a Formvar-covered copper
grid placed on filter paper. After evaporation of the solvent,
conventional TEM micrographs were recorded on a JEOL
JEM-200CX transmission electron microscope operating at
200 kV. Powder X-ray diffraction (XRD) patterns were
recorded on a Rigaku Dmax-2000 diffractometer using Cu-
Ko radiation.

3 Results and discussion
3.1 Influence of pH

The pH of the reaction medium has a significant effect on the
crystal structure of the obtained TiO, nanoparticles. The TEM
micrographs and electron diffraction patterns shown in Fig. 1
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Fig. 1 TEM micrographs and electron diffraction patterns (insets)
of TiO, particles formed at different hydrochloric acid concentrations:
(a) 1.5 M; (b) 2 M; (¢) 2.5 M.

provide direct information about the size, morphology, and
crystalline structure of the TiO, particles obtained at different
acidities. It can be seen from Fig. 1(a) that irregular and
amorphous product was obtained when the concentration of
hydrochloric acid in the aqueous phase of the reverse micelle
system was below 2 M. When the acid concentration was
increased to 2 M, the TiO, particles formed were found to be
of a mixed crystal phase consisting of rutile and anatase
[Fig. 1(b)]. The electron diffraction pattern suggests that the
five fringe patterns observed, with spacings of 3.246, 2.088,
1.352, 2.447, and 1.653 A correspond to rutile (110), (210), and
(301) and anatase (103) and (211) spacings, respectively. Pure
rutile phase was formed when the acid concentration was raised
to 2.5 M [Fig. 1(c)]. In the electron diffraction pattern, the six
fringe patterns, with spacings of 3.247, 2.491, 2.281, 1.686,
1.484, and 1.425 A are consistent with rutile (110), (101), (200),
(211), (002), and (310) spacings, and the corresponding XRD
pattern is also shown in Fig. 2. When the acid concentration
was further increased to 4 M, only amorphous TiO, particles
were obtained.

In general, the titanium alkoxides hydrolyze rapidly in water
and amorphous titanium dioxide hydrate is obtained. In order
to obtain a crystalline product, hydrothermal treatment or
calcination is usually necessary.”? In the presence of acid,
however, the hydrolysis of titanium alkoxides is inhibited to a
certain degree, depending on the acidity of the aqueous phase.
At high acidity, the hydrolysis of the titanium alkoxides may
become very slow, which is favorable for the ordered
arrangement of TiO, molecules and the crystalline phase
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Fig. 2 XRD pattern of TiO, particles obtained with a hydrochloric
acid concentration of 2.5 M. The indexed peaks are due to rutile.
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may be allowed to form, even at ambient temperature.
Depending on the exact pH, both rutile and anatase can be
formed through different condensation routes.'® Anatase and
rutile TiO, are constructed by linking TiOg octahedra in
different bonding modes.'> Anatase TiO, results from face-
shared linking of TiOg octahedra and rutile TiO, is formed by
edge-shared linking of TiOg octahedra along the c-axis. It has
been reported that the concentration of TiCly, which is directly
related to the acidity of the reaction medium, significantly
influences the crystallization of rutile under hydrothermal con-
ditions.'? In the work of Wu and co-workers,?!*?? nanoparticles
of rutile or anatase were prepared through microemulsion-
mediated hydrothermal (MMH) and hydrothermal methods in
the presence of hydrochloric or nitric acid. It was found that
the concentration of the acid plays a dominant role in the
hydrolysis and polycondensation of titanium(iv) n-butoxide,
and higher HCI concentration favors rutile crystallization.
Their product was a mixture of anatase and rutile when the
concentration of hydrochloric acid was 1 M and pure rutile
nanoparticles were obtained with HCI concentrations of 1.5 M
or higher. Although the critical acid concentration for conver-
sion from the mixture of rutile and anatase to pure rutile in the
work of Wu and co-workers is some what different from our
result, which probably is due to differences in the reaction
temperature and reaction media, the general tendency to form
pure rutile under higher acid concentrations is consistent. At
even lower pH, the hydrolysis of the titanium alkoxides is
essentially suppressed, and the amorphous product is obtained
once again. In brief, our results indicate that crystalline TiO,
nanoparticles can be obtained directly by hydrolysis of
titanium tetrabutoxide in reverse micelle dispersions at an
appropriate acidity; low or unduly high acidity causes the
formation of amorphous products.

3.2 Influence of water content

To investigate the effect of the water content, w, ((H,OJ/[NP-5])
on the formation of TiO, particles, the hydrochloric acid
concentration, /1 ([H,OJ/[Ti(OC4Hy)4]) and the reaction time
were set at 2.5 M, 8, and 20 days, respectively, then the w value
was adjusted from 3 to 12 (the largest value), and micrographs
of the resulting products are shown in Fig. 2. It can be seen that
when w = 3 [Fig. 3(a)], well-dispersed shuttle-like nanopar-
ticles with widths of about 35-40 nm and lengths of about
150-160 nm are formed. Electron diffraction analysis indi-
cated that the products had the crystalline structure of rutile.
On increasing the w value from 3 to 5, both the width and the
length of the TiO, nanoparticles increased slightly, but the
shuttle-like morphology of the particles was unchanged. When
w = 10 [Fig. 3(b)], a lot of petal-like particles formed, which
are apparently aggregates of the shuttle-like particles and
show the same crystalline structure. In our work, the water
pools of the reverse micelles act as microreactors for the
hydrolysis of the titanium tetrabutoxide. Thus, as the water
content increases, the water pools become larger and so are
liable to inosculate with each other, hence rutile nanoparticles
from different pools will form aggregates, leading to the varia-
tion in morphology from shuttle-like to petal-like with
increasing w values. In the case of w = 12, however, the

-

Fig. 3 TEM micrographs of TiO, particles formed at different water
contents: (a) w = 3; (b) w = 10.
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Fig. 4 TEM micrographs of TiO, particles formed at different water to
Ti(OC4Hy)4 molar ratios: (a) 2 = 10; (b) & = 20; (¢c) h = 36.

obtained TiO, particles showed the same petal-like morpho-
logy, but a mixed crystalline phase consisting of rutile and ana-
tase, probably due to disruption of the reverse micelles during
the reaction with such a high water content.

3.3 Influence of H,O/Ti ratio

The TEM micrographs in Fig. 4 show the effect of the 4 value,
the water to titanium tetrabutoxide molar ratio, on the TiO,
nanoparticles formed in reverse micelles at constant w value
of 8, an acid concentration of 2.5 M, and a reaction time of
20 days. When / is less than 6, which is lower than the
coordination number of the Ti(iv) ions, the amount of the
water in the water pools of the reverse micelle system is not
sufficient to completely hydrolyze the Ti(OC4Ho)4 and, hence,
the process of crystallization is hindered, so only spherical
amorphous TiO, particles can be obtained. On increasing / to
greater than 10, the products changed from amorphous to
crystalline rutile. Fig. 4 shows the morphology and electron
diffraction patterns of TiO, particles formed at / values of 10,
20, and 36, respectively. It is obvious that the size of the
primary particles is barely influenced by the & value, but the
shuttle-like particles aggregate into petal-like particles with
increasing /1, and form flower-like aggloromates when 4 = 36.
A possible reason for this may be that increasing / values are
usually accompanied by an acceleration of the Ti(OC4Ho),
hydrolysis process, and the crystalline TiO, particles formed
are liable to aggregation in or between the water pools of the
reverse micelle dispersion.

3.4 Influence of the nature of the acid

Four different acids, hydrochloric acid, nitric acid, sulfuric
acid, and phosphoric acid, were used to adjust the pH of the
aqueous phase in order to examine the effect of the nature of
the acid on the morphology, crystalline phase, and particle size
of the TiO, nanoparticles formed. The values of w and & were
set to 8 and 28, respectively, the acid concentrations were all
controlled to be equivalent to 2.5 M hydrochloric acid, and the
other conditions were kept the same as those mentioned in
synthesis procedure. The results demonstrate that the nature of
the acid has marked effects on the crystalline phase,
morphology, and particle size of the TiO, nanoparticles.
From Fig. 5, it can be seen that when replacing hydrochloric
acid with nitric acid, the obtained TiO, particles retain the
shuttle-like morphology and rutile phase [Fig. 5(a)], but the
particle sizes are slightly smaller than those obtained using
hydrochloric acid, showing widths of 20-25 nm and lengths of
about 120 nm. On the other hand, using sulfuric or phosphoric
acid to adjust the pH of the aqueous phase meant that
crystalline TiO, particles were not formed at all the acid
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Fig. 5 TEM micrographs of TiO, particles formed in the presence of
different acids: (a) nitric acid; (b) sulfuric acid; (c¢) phosphoric acid.

concentrations used in the experiment. Instead, amorphous
spherical TiO, particles were obtained; the particles obtained
by using sulfuric acid were uniform small spheres with
diameters of about 40 nm [Fig. 5(b)], in contrast to the large
spheres with diameters of about 240 nm that resulted from
using phosphoric acid [Fig. 5(c)].

The formation of the crystalline TiO, particles depends on
the rearrangement of the TiO, molecules in an ordered manner.
It has been well documented that NO;~ and Cl™ anions show
a weaker affinity for titanium ions in aqueous solution than
do CH;COO™ and SO, anions.?>>* The strong affinity of
SO, for titanium inhibits the structural rearrangement of
the TiO, molecules and, subsequently, the phase transforma-
tion. In the synthesis of TiO, using a microemulsion as the
reaction medium, H,SO4 may accordingly inhibit the genera-
tion of crystalline phases of TiO,, due to the suppression of
molecular rearrangement, and the product thus remains
amorphous. This may also be the case with H3PO,4, which is
probably why only amorphous TiO, spheres were obtained in
the presence of sulfuric and phosphoric acid.

3.5 Influence of reaction time

Fig. 6 shows TEM micrographs of TiO, particles obtained
under standard conditions with different reaction times. It is
obvious that prolonging the reaction time will make the
particles grow and agglomerate. After a reaction time of 5 days
[Fig. 6(a)], well-dispersed shuttle-like particles with widths of
30 nm and lengths of 120 nm were formed. As the reaction time
was increased to 10 days, the shuttle-like particles began to
aggregate and form petal-like bundles of particles [Fig. 6(a)].
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Fig. 6 TEM micrographs of TiO, particles formed after different
reaction times: (a) 5 days; (b) 10 days; (c) 20 days.
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After 20 days reaction, the particle bundles begin to aggregate
and, eventually, flower-like particles are obtained [Fig. 6(c)].

3.6 Mechanism of formation of rutile nanoparticles

Titanium(1v) alkoxides are, in general, very reactive due to the
presence of highly electronegative OR groups that stabilize the
titanium cation in its highest oxidation state and render Ti(1v)
very susceptible to nucleophilic attack. According to the con-
cepts of the partial charge model,' the first step of hydrolysis
of titanium cations leads to the formation of [Ti(OH)(OH2)5]3 *
species which are stable under strongly acidic conditions and
are not able to condense with each other because of the strong
mutual repulsion between the complex ions as a result of the
positive charge of the hydroxo complex. Condensation to both
rutile and anatase starts when the solution acidity is high
enough to allow further deprotonation and intramolecular
oxolation to [TiO(OH)(OH,),]", which can undergo intramo-
lecular deoxolation to [Ti(OH);(OH,);]", depending on the
exact pH. In the lower pH region, deoxolation does not occur
and oxolation leads to linear growth along the equatorial plane
of the cations. This process, 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. Our results indicate that the mixed
crystal phase formed at relatively higher pH (2 M hydrochloric
acid) was converted into pure rutile at lower pH (2.5 M
hydrochloric acid), which is consistent with the above-
mentioned mechanism. In more acidic regions, condensation
and crystallization may be unable to occur at ambient
temperature due to the strong mutual repulsion between the
complex ions formed under the conditions mentioned above,
leading to the formation of amorphous TiO,.

4 Conclusion

Nanosize titanium dioxide particles with pure rutile crystalline
structures were obtained via a reverse micelle method under
strongly acidic conditions at room temperature. The reaction
conditions have significant effects on the crystal structure,
morphology, and particle size of the products. The acidity, the
type of acid used, and the microenvironment of the reverse
micelles are the key factors affecting the formation of rutile at
room temperature. Prolonged reaction times and increasing the
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[H>OJ[NP-5] and [H,O)/[Ti(OC4Hy),] ratios leads to agglom-
eration of the particles.
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