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Abstract: Titanium dioxide (TiO2) nanoparticles were synthesized by controlled hydrolysis of titanium
alkoxide in reverse micelles in a hydrocarbon solvent. Upon annealing in situ in the presence of the micelles
at temperatures considerably lower than those required for the traditional calcination treatment in the solid
state, the TiO2 nanoparticles became highly crystalline but still maintained the same physical parameters
and remained in a stable suspension. Thus, the method has allowed the preparation of crystalline TiO2

nanoparticles that are monodispersed in the same way as they are initially produced in the microemulsion.
Effects of the fluid properties on the crystallization of nanoparticles are discussed.

Introduction

Nanoscale semiconductors such as titanium dioxide (TiO2)
have been widely studied for a variety of applications.1-3 A
commonly applied preparation method for TiO2 nanoparticles
involves the use of microemulsion of reverse micelles in
hydrocarbon solvent, which facilitates controlled hydrolysis and
condensation of titanium salt in the micellar cavities.4 The
nanoparticles thus produced are typically amorphous so that a
high-temperature calcination process is followed to increase the
crystallinity of the nanoparticles.5 Crystalline TiO2 particles are
required for many applications, including for example their use
as efficient photocatalysts.6 In recent years, hydrothermal
synthesis has been developed to prepare crystalline TiO2

nanoparticles without the postcalcination treatment.7-9 However,
there is the agglomeration of nanoparticles in the hydrothermal
synthesis, similar to that found in the crystallization via
postcalcination.8 Modifications to the hydrothermal synthesis

include the use of surfactant molecules, which prevent the
produced nanoparticles from agglomeration in the solid state.9

Interestingly, although nanoscale TiO2 represents one of the most
important quantum semiconductor particles, there is hardly a
method that allows the preparation of crystalline TiO2 nano-
particles monodispersed in a stable suspension. The suspended
crystalline nanoparticles not only serve as ideal precursors for
further materials development but also offer some other unique
opportunities, such as enabling studies of their optical, photo-
catalytic, and other fundamental properties under solution-like
conditions.

The formation of crystalline TiO2 nanoparticles without
postcalcination treatment in hydrothermal synthesis demonstrates
that solvent may play an important role in the crystallization of
nanoscale semiconductors.7-9 As a logical extrapolation, espe-
cially in light of the recent advances in the processing of
nanomaterials by supercritical fluid technology,10-15 hot hy-
drocarbon solvent or fluid may be used to anneal the amorphous
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semiconductor nanoparticles synthesized and encapsulated in
micellar cavities under the conditions that cause no significant
damages to the micellar structures and the stable suspension.
In this paper, we report the synthesis of TiO2 nanoparticles in
reverse micelles in cyclohexane and the crystallization of these
nanoparticles via annealing in situ in the presence of the micelles
at temperatures considerably lower than those required for the
traditional calcination treatment in the solid state. Except for
their high crystallinity, the annealed TiO2 nanoparticles maintain
the same physical parameters and remain individually dispersed
to form a stable suspension in the microemulsion. Results from
the characterization of the crystalline TiO2 nanoparticles using
techniques such as X-ray powder diffraction and high-resolution
electron microscopy are presented. The potential for the further
development of the hot-fluid annealing process into a general-
ized method for stable suspension of agglomeration-free crystal-
line nanoparticles is discussed.

Experimental Section

Materials. Sodium bis(2-ethylhexyl) sulfosuccinate (AOT, 99%) was
purchased from Sigma. Titanium isopropoxide (97%) was obtained from
Alfa Aesar. All organic solvents were spectrophotometry grade and
used as received. Water was deionized and purified by being passed
through a Labconco Water purification system.

Nanoparticle Preparation. In a typical experiment, water (0.9 mL)
and the surfactant AOT (5 g) were added to cyclohexane (50 mL), and
the mixture was stirred to form an apparently homogeneous micro-
emulsion (Wo, defined as the molar ratio of water to surfactant, of 4.5).
For the preparation of TiO2 nanoparticles, a solution of titanium
isopropoxide (3 mL) in 1-hexanol (30 mL) was added to the micro-
emulsion, followed by slow stirring to allow hydrolysis of the titanium
salt in the reverse micellar cavities. The nanoparticles thus formed were
protected by the micellar structures, forming a solution-like homoge-
neous suspension.

AOT-protected water-in-cyclohexane microemulsions of otherWo

values (9, 15, and 18) were similarly prepared by varying the amount
of AOT while keeping the amount of water constant. The reverse
micellar cavities in these microemulsions were also used for the
hydrolysis of titanium isopropoxide to form TiO2 nanoparticles of
different average sizes.

Annealing. In a typical experiment, a microemulsion of micelles-
protected TiO2 nanoparticles in cyclohexane (9 mL) was deoxygenated
in a test tube via purging with dry nitrogen gas for∼10 min. The test
tube was then placed in a stainless steel reactor (High Pressure
Equipment Co.). After further purging with nitrogen gas, the reactor
was sealed and heated to 250°C in a furnace. Since the reactor was
not completely filled, the system pressure was close to the vapor
pressure of cyclohexane (390 psia at 250°C). After annealing at the
constant temperature for 7 h, the reactor was quickly cooled to the
ambient temperature to allow the retrieval of the suspended TiO2

nanoparticles in the test tube for characterization.

Measurements. UV/vis absorption spectra were recorded on a
Shimadzu UV-2101PC spectrophotometer. X-ray powder diffraction
measurements were performed on a Scintag XDS-2000 system.
Transmission electron microscopy (TEM) images were obtained using
Hitachi 7000 and Hitachi HF-2000 TEM instruments.

Results and Discussion

The TiO2 nanoparticles prepared in the microemulsion at
room temperature are amorphous according to X-ray powder
diffraction analysis (Figure 1), in agreement with what have
been reported in the literature.5 The UV/vis absorption spectra
of the nanoparticles are shown in Figure 2. The absorption onsets
are at 330-350 nm, consistent with the prediction in terms of
the Brus equation.16

For the crystallization of the TiO2 nanoparticles in the
suspension under agglomeration-free condition, the amorphous
nanoparticles were thermally treated in the presence of the AOT-
stabilized reverse micelles in cyclohexane at a constant tem-
perature (as high as 300°C) for up to 48 h. The thermally
annealed TiO2 nanoparticles remained well-suspended without
precipitation. The effect of the thermal treatment on the
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Figure 1. X-ray powder diffraction patterns of the TiO2 nanoparticle
samples as-prepared in the microemulsion (Wo ) 4.5) and after annealing
in near-critical and supercritical cyclohexane.

Figure 2. UV/vis absorption spectra of the TiO2 nanoparticles obtained in
microemulsions withWo of (in the direction of arrow) 4.5, 9, 15, and 18.
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crystallinity of the TiO2 nanoparticles was evaluated via X-ray
powder diffraction analysis. As shown in Figure 1, the annealing
temperature had significant effect on the crystallinity of the
resulting TiO2 nanoparticles, with high crystallinity for annealing
at 250 and 300°C and with the diffraction patterns correspond-
ing to pure anatase TiO2. The broadening in the diffraction peak
(corresponding to the 101 plane in the crystal structure) was
used to estimate the average TiO2 nanocrystal size in terms of
the Debeye-Scherer equation.17

whereD is the average nanocrystal diameter in angstrom,â is
the corrected band broadening (full width at half-maximum
(fwhm)), K is a constant related the crystallite shape and the
way in whichD andâ are defined,λ is the X-ray wavelength,
andθ is the diffraction angle. The average diameter thus esti-
mated for the TiO2 nanoparticles prepared in the microemulsion
of Wo ) 4.5 and annealed at 250°C for 24 h is 4.3 nm.

For the annealing at 250°C the results are insensitive to the
heating time. Compared in Figure 3 are X-ray powder diffraction
patterns of the TiO2 nanoparticles annealed for 7, 24, and 48 h
under otherwise the same experimental conditions. The average
particle sizes estimated from the diffraction peak broadening
are rather similar for these nanoparticles annealed for varying
periods of time (Table 1).

The crystalline TiO2 nanoparticles from the thermal annealing
in cyclohexane were also analyzed by TEM. For the analysis,
a small drop of the suspension was used to deposit the
nanoparticles on a copper grid. Shown in Figure 4 are typical
high-resolution TEM images of the TiO2 nanoparticles. The

thermally annealed nanoparticles are obviously crystalline, with
clearly visible lattice fringes corresponding to anatase TiO2. For
the nanoparticles prepared in the microemulsion withWo of 4.5
and annealed at 250°C for 24 h, a statistical analysis of 190
particles in TEM images yielded an average particle diameter
of 4.4 nm and a size distribution standard deviation of 0.5 nm.
The average TiO2 particle diameter thus obtained from the TEM
analysis is almost the same as the value estimated from the
broadening in the X-ray powder diffraction peak. Such an
excellent agreement may be considered evidence for the fact
that the crystal grain size and particle size of the annealed TiO2

nanoparticles are essentially the same.
The average size of TiO2 nanoparticles is dependent on the

micellar cavity size, which is dictated by theWo value.18 A larger
Wo value corresponds to reverse micelles of larger cavities,
resulting in the formation of larger TiO2 nanoparticles. In this
study, AOT-stabilized water-in-cyclohexane microemulsions
with Wo values of 9, 15, and 18 were also used to prepare TiO2

nanoparticles. These nanoparticles were annealed in situ in the
microemulsions at 250°C for 24 h. Except for their high
crystallinity, the annealed TiO2 nanoparticles exhibited no other
obvious changes, remaining well-suspended in the microemul-
sions. The X-ray powder diffraction patterns of the crystalline
TiO2 nanoparticles corresponding to the microemulsions of
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Figure 3. Effects of the annealing time on the crystallization of TiO2

nanoparticles.

Table 1. Effects of Experimental Conditions on Observed TiO2
Nanoparticle Sizes

Wo annealing tempa (°C) annealing time (h) av particle sizeb (nm)

4.5 200 7 3.9
4.5 250 7 4.1
4.5 250 24 4.3
4.5 250 48 4.3
4.5 300 7 4.3
9 250 24 4.9

15 250 24 5.4
18 250 24 5.7

a The system pressure was approximately the vapor pressure of cyclo-
hexane (195, 390, and 780 psia at 200, 250, and 300°C, respectively).
b Estimated from the broadening in X-ray powder diffraction peaks (eq 1).

D ) Kλ/(â cosθ) (1)

Figure 4. High-resolution TEM images of the crystalline TiO2 nanopar-
ticles.
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differentWo values are shown in Figure 5. The average particle
sizes were estimated from the peak broadening in terms of eq
1. The results show that larger crystalline TiO2 nanoparticles
are indeed obtained with the microemulsions of largerWo values.
As illustrated in Figure 6, the average size of crystalline TiO2

nanoparticles is close to linearly dependent on theWo value of
the microemulsion in which the nanoparticles are produced and
annealed.

For the dependence of micellar cavity size on theWo value,
a linear relationship widely cited in the literature is as fol-
lows.19,20

where d is the micellar cavity diameter in angstrom. The
proportionality constantR is typically 3, as supported by the

results from neutron scattering experiments.20 However, eq 2
is known to be valid only for largeWo values. Significant
deviations from experimental results (underestimating the mi-
celle sizes) for smallWo values (<10) have been reported in
the literature.19 The comparison in Figure 6 shows that theWo

dependence of the TiO2 nanoparticle size follows a different
linear relationship from eq 2, with the two lines crossing atWo

of ∼19. This is consistent with what is known in the literature,
namely, that the actual nanoparticle sizes are larger than those
predicted by eq 2, and the difference is more pronounced at
smallerWo values. Nevertheless, the empirical linearD - Wo

relationship shown in Figure 6 is useful in the control of the
average nanoparticle size via adjusting theWo value of the
microemulsion.

In the hot-fluid annealing, temperature is obviously important,
but the solvent also plays a critical role. Without the solvent,
the annealing of the micelles-protected TiO2 nanoparticles in
solid state at the same temperatures resulted in essentially no
crystallization. The mechanism for the crystallization in hot-
fluid annealing is unclear and likely complex. It may involve
collisions of the elements on nanoparticles with solvent mol-
ecules, which coupled with a moderately high temperature
probably cause localized melting and lattice rearrangement. The
use of cyclohexane, a solvent with a moderate critical temper-
ature (279.6°C), as the annealing fluid was to take advantage
of the unique properties of a supercritical fluid.21 The low
density and associated low viscosity (high diffusivity) and low
surface tension of supercritical fluids have found them wide-
spread applications in extraction and chromatography.22,23The
same properties may in principle benefit the crystallization
process by allowing more efficient and complete access of the
nanoparticle surface (including those small cavities and defects)
by the supercritical solvent molecules. However, as in extraction
and chromatography, supercritical fluid is not a requirement in
the in situ annealing of amorphous nanoparticles. Similar thermal
treatment at 250°C in solvents of higher critical temperatures,
such as tetradecane (critical temperature 420°C), also resulted
in the crystallization of TiO2 nanoparticles, though the X-ray
diffraction results appeared weaker and broader. A direct
comparison of annealing results with different solvents has been
complicated by the variation in solvent parameters other than
the critical temperature and some technical difficulties. Further
investigations are required.

A practically more important feature of the hot-fluid annealing
process is that the crystallization of nanoparticles is ac-
complished in situ in the reverse micelles. The resulting
crystalline nanoparticles remain monodispersed in stable suspen-
sion without any significant agglomeration effects. The process
may be generalized to offer a convenient method for the
preparation of micelles-protected nanocrystalline particles from
a variety of materials.
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Figure 5. X-ray powder diffraction patterns of the TiO2 nanoparticles
prepared and annealed in different microemulsions.

Figure 6. Relationship between the average size of the TiO2 nanopar-
ticles and theWo value is close to linear (O, s), but it is different from
the proportional dependence of the micellar cavity size on theWo

value (--).

d ) RWo (2)
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