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Abstract

Nanocrystalline titania powders were synthesized at low temperature (p100�C) by a sol–gel method that achieved fine control of
particle size and polymorph fraction. X-ray diffraction (XRD), transmission electron microscopy (TEM) and UV–Vis spectroscopy

were used to characterize the phase assemblages, crystal size and band gap of the powders. It was demonstrated that larger, well-

ordered titania crystals can be obtained by increasing aging temperature and time. These processing parameters can be adjusted to

select specific polymorphs from the gel precursors with particular size and shape. The quantum size effect was observed in the size-

controlled nanocrystalline titania particles, leading to a blue shift in UV absorption with decreasing in particle size. The anatase to

rutile transformation, which may proceed with brookite as a transition phase, is dependent on both particle size and surface

structure of the nascent crystals.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Titania semiconductor photocatalysts have been
widely studied for air and water purification due to
their powerful oxidation strength, high photostability
and nontoxicity [1,2]. The principles of photoexcitation
are well understood. Ultraviolet and visible light (2.5–
4.0 eV) match the band gap of titania to yield electron–
hole pairs. Photocatalytic efficiency depends on the ratio
of the surface charge carrier transfer rate to the
electron–hole recombination rate. Properties influencing
the photocatalytic activity of titania particles have been
reported to include surface area, crystallinity, crystallite
size and crystal structure [1,3]. Consequently, the
manipulation of microstructure, especially for nano-
crystalline powders, is essential to optimize photocata-
lytic efficiency. For titania, the three common
polymorphs among others are anatase, rutile and
brookite. It is generally accepted that anatase is the
most active photocatalyst, and that a combination of
high crystallinity and large specific surface area im-
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proves photocatalytic performance [4,5]. These physical
properties are controlled by the preparation method.
Of the three naturally occurring forms of titania,

anatase and brookite are thermodynamically metastable
with respect to rutile. All three crystal structures consist
of TiO6 octahedra connected variously by corners and
edges, as presented in Fig. 1. In rutile, two opposing
edges of each octahedra are shared to form linear chains
along [001]. These TiO6 chains are linked to each other
through corner connection. Anatase has no corner
sharing, but has four edges shared per octahedron.
The anatase structure can be viewed as zigzag chains of
octahedra, linked to each other through shared edges.
The density of rutile and anatase is 4.26 and 3.84 g/cm3

respectively [6]. In brookite, the octahedra share both
edges and corners, forming an orthorhombic structure
with a density of 4.11 g/cm3.
The sol–gel method, which involves the hydrolysis

and condensation of alkoxide precursors, is a reliable
method to synthesize ultra-fine metallic oxides and has
been widely employed for the preparation of titanium
dioxide nanocrystals [7,8]. Depending on the respective
kinetics of the two reactions, oxo-polymers can be
obtained from titanium alkoxides in homogeneous gels
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Fig. 1. Crystal structure of (a) anatase, (b) brookite and (c) rutile

showing the TiO6 octahedral arrangement and emphasizing their

fundamental octahedral cluster (unshaded octahedral).
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or fine precipitates. The overall polycondensation
reaction is a complex process and depends on many
parameters. The propensity for titanium alkoxides to
rapidly hydrolyze makes their sol–gel transformation
difficult to control [9], and consequently variations in
preparative route can yield very different products
[10,11]. Detailed and systematic studies of these effects
are rarely reported, and contrary results are readily
found in Refs. [3,12,13]. Some researchers investigated
the formation of TiO2 colloids via the hydrolysis and
condensation of alkoxides under a large excess of water
[14,15]. However, much ambiguity remains concerning
the evolution and fine control of titania nanocrystals
during the transition from titanium alkoxide precursor
to the oxide.
The widely used processing routes to fabricate titania,

such as sol–gel processing [16,17], cathodic electrodepo-
sition [18] and so on, usually require subsequent thermal
treatment at temperatures 4400�C to crystallize the
amorphous titania, a procedure accompanied by grain
coarsening and a reduction in surface area. This
represents a technological limitation as heat-treatment
at these temperatures prevents the immobilization of
titania nanocrystals on some common or potential
substrates, such as polymers and metals with low
melting points. This restricts the fabrication of catalytic
composites, electrodes and other devices. Therefore, the
development of low-temperature synthesis of nano-
crystalline titania is essential for its implementation
across a wider range of applications.
In this work, nanocrystalline titania powders with

controlled-size and polymorph composition were
synthesized at low temperatures (o100�C). The influ-
ence of processing parameters on the structure, phase
stability and photocatalytic properties of nanocrystal-
line titania are systematized. Unique observations
concerning the stability fields and crystallization of
titania polytypes are reported.
2. Experimental methods

2.1. Powder preparation

Tetrabutyl titanate (Ti(O–Bu)4) was hydrolyzed using
anhydrous ethanol (EtOH) as the solvent and various
water concentrations. Hydrochloric acid (HCl) was
added as a catalyst. These detailed procedures have
been reported earlier [19]. Aging of the dry and wet gel,
as well as water concentrations were varied system-
atically to study their influence on the products. The
wet-gel was dried at 60�C using a vacuum pump for 5 h.
The dry gel was then heat treated at different
temperatures.

2.2. XRD

Powder X-ray diffraction (XRD) was used for
identification of crystalline phases and estimation of
crystallite size. The XRD patterns were recorded in the
range of 2Y ¼ 102140� by step scanning, using 2y
increments of 0.02� and a fixed counting time of 5 s/step,
with a Siemens diffractometer (D5005) employing CuKa
radiation. Structure refinements were performed by a
Rietveld method using a fundamental parameters
procedure [20]. In this manner, the average crystal size
and polytype composition, as well as the unit cell
parameters, were obtained.

2.3. TEM

The samples were suspended in distilled water,
dispersed ultrasonically to separate individual particles,
and one or two drops of the suspension deposited onto
holey carbon coated copper grids. High resolution
electron microscopic (HREM) and bright field images
were collected using a JEOL JEM-3010 transmission
electron microscope operated at 300 kV.

2.4. DSC/TGA

The dried titania powders were subjected to thermo
gravimetric (TGA) and differential scanning calori-
metric (DSC) analysis (NETZSCH STA 409 system)
to determine the temperatures of possible decomposi-
tion and phase transformations. The samples were
heated at the rate of 10�C/min to 1200�C with N2 as
the balance gas and air as the sample gas.

2.5. BET

The Brunauer–Emmett–Teller (BET) surface area was
determined using a Micromeritics ASAP 2010 nitrogen
adsorption apparatus. The samples were dried in a flow
of inert gas (helium) at 250�C and the surface area of the
samples estimated by N2 chemisorption.

2.6. UV–Vis spectrometer

Powder samples used for the absorption studies were
introduced to a Jasco V-550UV–Vis spectrophotometer.
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The quantum size effect was estimated directly from UV
diffuse reflectance spectra.
3. Results

3.1. Effects of aging dry gel at low temperature

The as-prepared dry gel was aged at 100�C in air for
12 h. The DSC/TGA curves of the as-prepared and aged
dry gel are distinct (Fig. 2). The as-prepared dry gel
undergoes endothermic dehydration in the temperature
range 80–150�C [21]. Exothermic peaks, localized at
246�C and 430�C, reflect the processes of oxidation of
the organic residuals and increasing crystallization of
the anatase structure [22,23]. The weight-loss in the aged
dry gel, which is mainly due to the removal of water and
organic components from the structure, is less than that
for the as-prepared dry gel. There is only one prominent
endothermic peak at B118�C in its DSC curve. The
exothermic peaks were less pronounced than those of
the as-prepared dry gel. This may be due to evaporation
of some organic components during aging at 100�C for
12 h.
The XRD patterns of the as-prepared and aged dry

gel show that substantial crystallization of anatase took
place in the latter, illustrating that aging is not only
helpful for organics removal, but also for the atomic
diffusion and crystallization of anatase (Fig. 3).
Fig. 2. DSC/TGA curves of titania nano-powders

Fig. 3. XRD spectra of titania nano-powders (a
Selected-area electron diffraction (SAED) and
HRTEM studies confirmed that the crystallinity was
less developed in the as-prepared sample as compared to
the aged sample. Fig. 4 shows a HRTEM image of the
aged TiO2 sample. Most of the TiO2 grains in this
sample have a size of about 6–10 nm, in reasonable
agreement with the XRD results (8 nm). The diffraction
pattern clearly indicates a crystalline structure for this
sample. All the diffraction rings can be indexed using
anatase. The SAED patterns of the samples calcined at
200�C, 300�C, and 400�C are similar to that shown in
Fig. 4.
To improve our understanding of the phase stability

of nano-sized titania, both the dry and aged gels were
sintered in air from 200�C to 800�C for 2 h. At lower
temperatures (o500�C) Bragg reflections corresponding
to anatase only were recognized. The peak widths
gradually decrease with increasing temperature, indicat-
ing that the particle size of anatase increased slowly. It
was found that the onset transformation temperature of
anatase to rutile (A-R) was different in the two gels.
For the as-prepared dry gel, all reflections correspond to
anatase below 500�C. Rutile began to appear at 600�C,
and its proportion increased rapidly above that tem-
perature. Only trace anatase remained after heat-
treatment at 800�C for 2 h. As for the aged dry gel,
A-R transformation commenced at 500�C, which is
100�C lower than in the as-prepared dry gel, and was
complete at 800�C.
(a) as-prepared, (b) aged at 100�C for 12 h.

) as-prepared, (b) aged at 100�C for 12 h.
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XRD Rietveld refinement was performed using as
starting models the structures determined earlier for
rutile [24], brookite [25] and anatase [26]. The para-
meters refined were zero-point correction, unit cell
parameters, scale factor, background and peak width,
but atomic co-ordinates, occupancies and thermal
parameters were fixed. Typical agreement is depicted
in Fig. 5 and the overall results are summarized in
Fig. 6. The particle diameter for the as-prepared product
is o3 nm, with aging at 100�C for 12 h leading to an
Fig. 5. Observed, calculated and difference profiles, resulting from the Rietv

heat-treated at 700�C for 2 h.

Fig. 4. SAEDP and HRTEM image of titania nano-powders aged at

100�C for 12 h.
increase to 8 nm. Below 500�C, anatase crystals grew
slowly because of the large activation energy for an
atom to leave the matrix and attach itself to the growing
phase at lower temperatures. At 500�C and above, the
crystals in the as-prepared dry gel are slightly larger than
in the aged gel, as for example, diameters of anatase at
500�C were 28 and 19 nm, respectively. However, the
polymorph in the as-prepared gel was 100wt% anatase
at this temperature, while B5wt% rutile formed in the
aged gel. Above 600�C, the particle sizes for both
anatase and rutile increased rapidly due to the small
activation energy for atom mobility at higher tempera-
tures, but the particle size of rutile in the heat-treated
aged-gel was much smaller than that in the as-prepared
gel. In Fig. 6(c) the trend of unit cell parameters shows
that a decreased with temperature while c increased,
with the unit cell volume declining leading to a denser
packing of the atoms.
The results of BET surface area analysis are in good

agreement with the XRD and TEM results. The as-
prepared powders possess a specific surface area of
248.3m2/g, while the aged titania has a value of
160m2/g. Heat-treatment reduced surface area rapidly,
from 171.2m2/g at 300�C to 2m2/g at 700�C for the as-
prepared dry gel.
The UV–Vis absorption band edge is a strong

function of titania cluster size for diameters less than
10 nm, which can be attributed to the well-known
quantum size effect for semiconductors [27]. Extrapolat-
ing the spectral curves to the long-wavelength side
provides a measure of the band gap energy of the
nanoparticles. The UV–Vis spectra of the aged titania
are shown in Fig. 7. The absorption band edge of the
aged titania can be estimated as 382 nm (3.25 eV) with
weak absorption at 400–600 nm. It was found that the
eld analysis of X-ray powder diffraction data, for aged titania sample
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Fig. 6. XRD refinement results showing the phase development and unit cell trends during heat treatment.
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Fig. 7. UV–Vis spectra of aged titania nano-powders followed by
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titania heat-treated at 800�C exhibited an absorption
band edge at 414 nm (ca. 3.0 eV). The UV-absorption
spectra show that absorption shifts to longer wavelength
with increasing sintering temperature. At sintering
temperatures o500�C, it is clear that size quantization
causes the absorption edge to shift to lower energies.
Above 500�C, the quantum size effect faded, and
coincidentally the amount of rutile was higher. As the
band gap of rutile (3.0 eV) is smaller than anatase
(3.2 eV), the shift of the absorption edge to longer
wavelengths would be expected.
The fact that titania powders aged at 100�C exhibit

weak absorption at 400–600 nm at lower temperatures
can be explained by the presence of surface groups
formed during aging at 100�C, which form surface states
[28,29]. The distorted surface components formed a
surface state energy band that could lead to absorption
at longer wavelengths. Our previous FTIR results show
the existence of carbonates from 300�C to 400�C, which
also supports this deduction [19].

3.2. Effects of other processing parameters

From the foregoing description, it is clear that aging
of the dry gel promoted the crystallinity of anatase
significantly and changed polymorph stability. Based on
these results, the effect of wet gel aging and hydrolysis
water ratio were studied.

3.2.1. Aging time

After gelation, the wet gels were stored at room
temperature for up to 4 weeks prior to drying. The XRD
patterns of the dry gels clearly demonstrated that longer
aging times leads to greater crystallinity (Fig. 8). After 1
week, the intensities of peaks corresponding to anatase
increased compared to the as-prepared titania (Fig. 3),
while 3 weeks promoted the formation of rutile at room
temperature. Peaks for rutile become more prominent
after 4 weeks aging, indicating that aging of the wet gel
favors the formation of this thermodynamically stable
phase. In addition, the onset temperature for A-R

transformation decreased nearly 600�C compared to the
non-aged sample.
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Fig. 8. XRD patterns of the titania dry gels at different gelation time.

Fig. 9. XRD patterns of the titania powder with wet gel aged for 3 weeks.
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Fig. 10. Anatase and rutile phase development during sintering after aging the wet gel up to 4 weeks.
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It is also noted that brookite appeared during aging
the wet gel. Fig. 9 gives the XRD patterns of gels aged
for 3 weeks followed by firing at 200–400�C. Brookite
was only found in the temperature range of RT-400�C.
The particle size of brookite was o10 nm before it
transformed into anatase and rutile. The phase devel-
opment during further heat treatment is shown in
Fig. 10. The proportion of anatase in gels aged for 2
and 3 weeks increased at lower temperatures, while the
amount of brookite decreased until it disappeared above
400�C. The weight percentage of rutile grew steadily
during sintering in all of the aged samples, indicating
that aging the wet gel promoted the formation of rutile,
but its particle size was much smaller in the aged
samples. According to the XRD refinement, rutile
derived from aged gel has an average particle size of
110 nm compared to the 205 nm in the non-aged sample
at 700�C after 2 h sintering.
Distinct morphologies were also evident at different

sintering temperatures. Fig. 11 illustrates the morpho-
logical development in the sintered samples after aging
the wet gel for 4 weeks. At lower temperatures, two
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Fig. 11. TEM bright field images of titania powders heat treated at different temperatures for 2 h.
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kinds of grain shapes, finely faceted particles and large
lath-like grains could be recognized. The number of
lath-like particles increased with increasing temperature.
Detailed TEM analysis on different samples concluded
that the fine facet particles are anatase and/or brookite,
while the lath-like grains were rutile. The experimental
and simulated SAED pattern and HRTEM image of the
rutile from titania aged for 4 weeks followed by heat
treatment at 500�C for 2 h is shown in Fig. 12.

3.3. Water concentration

The hydrolysis and polycondensation reactions of
Ti(O–Bu)4 were conducted at room temperature using
four different water contents. The hydrolysis molar ratio
(r=[H2O]/[Ti (O–Bu)4]) was changed in the range of 1,
2, 4 and 8, and the samples were labeled according to
their hydrolysis water ratios, i.e., 1H2O–8H2O.
The most important consequence is that gelation time
is reduced significantly by increasing the water concen-
tration as an increase in r accelerates the cross-linking
process and reduces the gelation time [30]. At the highest
water concentration (r ¼ 8), some liquid is formed after
gelation, as the hydrolysis ratio is high, macromolecular
networks form rapidly through the reactions of hydro-
lysis and condensation, and have low interconnectivity.
Consequently the network is rather loose, and the
solvent may easily migrate out of the network. In
contrast, a system with lower r will form slowly leading
to a denser and more structured network that can
incorporate a higher solvent concentration.
The gel powders synthesized from different water

concentrations were calcined at various temperatures up
to 700�C. For these samples, it was found that the
weight percent and particle size of rutile (Fig. 13) were
quite distinct at calcination temperatures 4300�C.
Specifically, the onset temperature of A-R decreased
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with increasing r; this temperature difference between
the 1H2O and 8H2O samples being 200�C. In addition,
the rutile fraction was influenced by the water concen-
tration. For the concentration chosen as r ¼ 8; almost
98% of anatase phase has been transformed into rutile
at 600�C after 2 h, but for the samples with r ¼ 1 only
12% of anatase was transformed. Moreover, although
rutile was formed at lower temperatures with increasing
r; the particle size of rutile decreased, while that of
anatase in different samples were similar.
4. Discussion

4.1. Precipitation mechanism

When alkoxide [Ti(OR)4] reacts with water, the metal
ion increases its co-ordination to six by using its vacant
d-orbitals to accept oxygen lone pairs from nucleophilic
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Fig. 12. SAEDP and HRTEM image of the titania powders with 4

weeks aging time.
ligands. These six-fold structural units undergo con-
densation and become the octahedra that are incorpo-
rated into the final precipitate structure [31]. The
octahedra agglomerate through corner and/or edge
sharing during the condensation reactions. Although
the precipitates appear amorphous by X-ray diffraction,
the existence of short range order similar to that in
anatase [32] or brookite [33] have been confirmed by
small angle X-ray diffraction.
When the initial reaction product of alkoxide and

water is heated or aged at RT, crystalline precipitates
are formed. The predilection for a particular polymorph
to crystallize has been considered by several models.
Henry et al. [34] described a possible pathway for the
nucleation and growth of the rutile and anatase
structure from aqueous solutions based on the Partial
Charge Model. If deoxalation (O=Ti–OH2-OH–Ti–
OH) occurs before nucleation, condensation may be
oriented towards cis-skewed chains characteristic of the
anatase structure. If deoxolation occurs after nucleation,
the trans-linear chain characteristic of the rutile struc-
ture is rather formed. Gopal et al. [35] pointed out that
when the two octahedra join along an edge after initially
sharing a corner during condensation, the placement of
the third octahedron determines whether a rutile or an
anatase/brookite nucleus is formed. If the third octahe-
dron bonds to the two-octahedron to form a chain
which is the basic structural unit of rutile, a nucleus
favoring this polymorph is produced. If the third
octahedron joins in such a way that a right angle is
formed (the basic structural unit of anatase/brookite),
anatase and/or brookite may appear. The rutile config-
uration is thermodynamically favorable because its
linearity allows the relaxation of Ti–Ti bond, leading
to lower nucleation activation energy. In contrast, the
right-angle configuration cannot relax as easily, but
statistically favors nucleation of anatase/brookite.
Based on the above discussion, it may be thought that

in one liquid system there may exist several kinds of
growth units. The competition between the different
growth units of rutile and anatase/brookite and the
relative stabilities (from the aspect of energy and
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geometric configuration) depend on the processing
parameters. The probability for the formation of the
specific polymorph will be proportional to the number
and type of growth units. Bosc et al. [36] assigned the
structure of the dispersed alkoxide-derived colloids to
anatase after aging for 3 h, while the precipitate
obtained for longer aging (45 h) corresponds to a
mixture of anatase and rutile. Yin et al. [37] concluded
that chelation of TiO6 octahedra with citric acid and
acidification with nitric acid are critical for the phase
transition from amorphous to rutile. In this study, aging
of the dry gel at 100�C for 12 h favored the growth of
anatase nuclei, and improved its crystallinity. The
particle size of anatase can be controlled by adjusting
the dry gel aging time. Aging of the wet gel at room
temperature also promotes the crystal growth of anatase
and brookite at the initial stage. Keeping the wet gel for
longer periods favors the formation of rutile. The
amount of rutile can be controlled by adjusting the
wet gel aging time.

4.2. Polymorph transformations

The transformation sequence among anatase, broo-
kite and rutile depends on their initial particle size, as
this determines the thermodynamic stability of the
polymorphs at ultra-fine sizes. In their experiments,
Zhang and Banfield [38] found that at a particle size less
than 11 nm, anatase was the most stable phase; between
11 and 35 nm, brookite was favored; while above 35 nm,
rutile was preferred. In this study, particle size was not
the only factor influencing the A-R transformation. It
is also clear that both aging the dry gel and higher r

lower the A-R onset temperature. The particle sizes of
anatase before A-R are quite similar, and larger than
the critical particle size calculated by other researchers
(14–16 nm). The transformation of anatase to rutile is
reconstructive, and is governed by interface nucleation
and/or surface nucleation [39]. Aging the dry gel may
change the surface/interface structure, making the
nucleation of rutile possible at lower temperatures. In
the sol–gel process, the amount of water determines the
degree of hydrolysis and the type of initial species
formed, thus influencing the secondary polycondensa-
tion reactions which involve the polymerization of
hydrolyzed metal alkoxides in alcoholic solution. This
in turn affects the surface structure of the resultant
titania powders, and may be responsible for the decrease
in the A-R onset temperature.
In the as-prepared and aged dry gel samples, anatase

remains as the only phase at lower temperatures and its
particle growth is slow between 200�C and 400�C.
However, for temperaturesX500�C, the average particle
sizes of anatase are smaller than that of the as-prepared
samples with heat treatment at the same temperatures
(Fig. 6(a)). It is noteworthy that in the aged dry gel,
anatase commenced transformation to rutile at 500�C,
which is 100�C lower than for the as-prepared sample.
Those anatase particles larger than a certain value would
transform to rutile, leading to a reduction in the average
particle size of the remaining anatase.
Another common phenomenon to be noticed is that

the lower the A-R onset temperature, the smaller the
rutile particle size when heat treated at same tempera-
ture (see Fig. 13). This is because at low temperature, the
net transformation rate is limited by the rate of rutile
nucleation rather than rutile growth. Parameters favor-
ing rutile formation must provide more sites for rutile
nucleation. The more the nuclei of rutile, the smaller the
particle sizes.
Brookite was only formed in the samples aged as wet

gels. During calcination, both the amount of anatase
and brookite increased initially, and then both decreased
as the percentage of rutile increased above 300�C (Fig.
10). These results indicate that brookite may transform
to anatase and/or rutile, and then anatase transforms to
rutile.
According to Penn and Banfield [40], the interconver-

sion of anatase and brookite involves minor displace-
ments of some atoms into adjacent sites. Thus the
activation energy for the B-A transformation should
be much lower than that for the B-R transformation.
Only those brookite particles whose diameters are larger
than a certain value can transform to rutile. If the
particle size is less than that value, brookite is more
thermodynamically stable than rutile at lower tempera-
tures. The remaining brookite has a particle size less
than 10 nm below 400�C, and above that temperature,
brookite disappeared.
5. Conclusions

The influence of preparation parameters on the
microstructure and thermostability of titania powders
was studied systematically. It is concluded that pre-
parative methods substantially determine the crystal
structure of the nanocrystalline titania. The particle size
of anatase can be controlled by adjusting the aging time
of the dry gel. The amount of rutile can be controlled by
adjusting the wet gel aging time.
Particle size is not the only factor to influence the

transformation between nano-sized anatase and rutile.
The surface structure also contributes to the nucleation
of rutile and hence the A-R conversion. Brookite
transforms to anatase and/or rutile at lower tempera-
tures, and then anatase transforms to rutile.
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