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Abstract

Phase-pure, ultrafine nanocrystalline anatase with high specific surface area (up to 250 m2 g−1) was obtained upon injection of a titanium
alkoxide precursor into ethanol with designed volume of water under mild solvothermal conditions (<200 ◦C, 2 h). Primary particle sizes were
tuned by adjusting various reaction parameters, with the smallest grain sizes occurring at low temperatures (140–150 ◦C), low initial alkoxide
concentrations, and intermediate hydrolysis ratios (r ≡ [H2O]/[Ti(OR)4] = 5–10). Additionally, variations in the reaction temperature result in
changes in particle morphology and distribution, with high-temperature samples exhibiting bimodal distributions of small spherical and larger
cubic particles that suggest grain growth via Ostwald ripening. A crystalline product with high thermal stability and specific surface area up to
5 times that of commercial nano-titania can be obtained at a relatively low temperature of 150 ◦C. The physical properties of the titania samples
obtained in this study suggest they might be well suited for catalytic applications.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Nanocrystalline titanium dioxide (TiO2) has emerged as an
attractive multi-purpose material, its applications include in
photovoltaic solar cells, gas sensors [1,2], catalytic oxidation
of carbon monoxide and the photocatalytic decomposition of
organic environmental contaminants [3–9]. Its widespread ap-
plications make the preparation extensively studied [10–32]. In
recent years a wide variety of methods have been developed to
produce nano-titania with properties tailored to different appli-
cations, such as aerosol pyrolysis, sol–gel technique, calcina-
tion of amorphous titania, and surfactant-based colloidal syn-
thesis [10–17]. However, the products obtained in such synthe-
ses are usually inadequate for the purposes of catalytic applica-
tions, which require nanocrystalline titania consisting mostly or
entirely of fine-grained (<10 nm) anatase with extremely high
specific surface area (>200 m2 g−1) [18–21]. They either pro-
duce large primary particles (>20 nm) with low specific surface
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areas surfactant molecules on particle surfaces prevents molec-
ular species from accessing the active surface sites, thereby
limiting the product’s efficacy as a catalyst [10–17].

A surfactant-free hydrothermal technique (i.e., high-temper-
ature, high-pressure) has been shown to be an suitable way for
obtaining titania with small grain sizes, high specific surface
areas, and high crystallinity [18,20–25]. In stead of aqueous
system, ethanol, an organic solvent was chosen for our study.
This solvothermal technique was recently introduced to synthe-
size some ceramic oxides [26–32], including nanocrystal TiO2

powders [28–32]. These studies showed it had not only the ad-
vantages of hydrothermal synthesis, but also avoided contami-
nations from ion species dissolved in water, which improved the
surface area and quality. It also makes it possible to probe the
effects of the water:alkoxide molar ratio in same phase. Despite
the advantages that solvothermal synthesis offers, however, it
did not widely explore the relations between synthetic parame-
ters and physical properties of the obtained particles, i.e., ratio
of precursors to water in homogeneous phase (ethanol+water),
and did not yields anatase with specific surface areas above
200 m2 g−1.
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In the present work, a rapid solvothermal synthesis was
developed to produce phase-pure, monodisperse anatase nano-
crystals with small grain size and high specific surface area,
correspondingly, the following processes were designed to
maximize the performance of nanoscale titania in the many
applications that rely on its surface chemistry: first inject a pre-
cursor solution directly into a pre-heated bomb reactor, which
not only ensures rapid nucleation (and thus smaller particles)
but also minimizes the amount of time and equipment re-
quired for each reaction. To further promote fine grain sizes
and large surface areas, the reactions are performed at relatively
low temperature (140–300 ◦C) using short reaction times so as
to minimize grain growth via Ostwald ripening. Additionally,
near-neutral conditions were adopted to encourage the exclu-
sive formation of anatase; to guarantee a nearly neutral pH, an
alkoxide precursor is used rather than TiCl4, since the latter re-
leases chloride ions into the reaction medium thus creating an
acidic environment.

2. Experimental

2.1. Solvothermal synthesis

Solvothermal titania samples were prepared as follows: a
known amount of ultrapure water (MilliQ, 18.2 M� cm) was
dissolved in dry ethanol (90 mL, Pharmco Products) and heated
with stirring inside a 450-mL, corrosion-resistant Monel auto-
clave (Parr Instruments, Model #4562), equipped with a tem-
perature controller (Parr Instruments, Model #4843) and an au-
tomatic cooling loop. Once the reactor reached the desired reac-
tion temperature, the precursor solution prepared in dry ethanol
was transferred to a stainless steel pressure pipette and charged
into the reactor. A momentary temperature decrease of 5–10 ◦C
was observed upon injection of the ethoxide solution, but the
target reaction temperature was restored within 1–2 min. The
reaction mixture was stirred at constant temperature for 2 h and
then quenched by plunging the bomb into a room-temperature
water bath.

The cooled product mixture, consisted of white TiO2 pow-
der suspended in ethanol, was transferred to a plastic beaker and
agitated for 5–10 min in a sonication bath to break up aggre-
gates, then the suspension was vacuum-filtered through a piece
of Whatman 2 ashless filter paper in order to remove large ag-
gregates from the product. The filtered TiO2 solid was isolated
via a 10–30 min centrifugation at 4200 rpm, washed with ei-
ther 190-proof ethanol (Pharmco Products) or MilliQ water, and
dried either under vacuum or in an 80–90 ◦C oven.

2.2. Characterization

X-ray diffraction (XRD) spectra were taken using a Siemens
Platform-Model General Area Detector Diffraction System
(GADDS) with a CuKα source. Each spectrum was taken us-
ing a voltage of 50 kV, a current of 40 mA, and a total collection
time of 10–60 min. Grain sizes were estimated according to the
Debye–Scherrer formula with Warren’s correction for instru-
mental broadening [33].
Brunauer–Emmett–Teller (BET) surface areas were deter-
mined from N2 adsorption onto the titania powders using a
Micromeritics ASAP 2010 apparatus. Samples were degassed
for several hours at 150 ◦C (except the samples synthesized at
140 ◦C, which were degassed at room temperature) prior to the
N2 adsorption analysis, which was carried out at liquid nitrogen
temperature (−196 ◦C).

Transmission electron micrographs (TEM) were taken on a
JEOL 2010 microscope. Each TEM sample was prepared by
evaporating 1–5 drops of a sonicated ethanol suspension of ti-
tania onto a 300-mesh copper/carbon grid (Ted Pella, Inc.).

Raman spectra were taken on a Renishaw Ramascope ap-
paratus using a He–Ne laser with an excitation wavelength of
633 nm. Collection times ranged from 10 to 60 s per spectrum.

Differential thermal analysis (DTA) was performed in air on
a Thermal Advantage SDT 2960 apparatus using a temperature
range of 25–600 ◦C and a heating rate of 20 ◦C min−1.

3. Results and discussion

All the data in this paper are based on the ones that some of
big aggregates were removed from the original products with
filter paper although only around 1% amount were removed.
The removed percentages in Table 1 actually include three parts
in sum: big aggregates whose sizes are bigger than the hole
sizes in the filter papers, some fine particles absorption to the
filter papers and some particles lost in the collecting procedures.

3.1. Size, shape, and surface area

Fig. 1 shows the X-ray diffraction patterns of solvothermal
titania prepared at temperatures between 140 and 300 ◦C. In
all reactions for which T � 140 ◦C the products were found to
consist of phase-pure anatase, which is consistent with previ-
ous findings that anatase formation is favored at or near neutral
pH under higher-temperature hydrothermal conditions [18,25].
It is interesting that even at temperatures as low as 140 ◦C, it
is possible to obtain a crystalline product; the ability to process
nanocrystalline anatase at such a low temperature is advanta-
geous both because it requires less energy for manufacturing

Table 1
Grain sizes, specific surface areas and removed amounts of the big aggregates
for hydrothermal titania prepared with [Ti(OEt)4] = 0.02 mol L−1 and r = 20

T (◦C) or
company

d

(nm)
SABET
(m2 g−1)

SAExpected

(m2 g−1)

SABET:
SAExpected

Removed
amount
(%)a

140 5.35 250.6±3.4 292.1 0.858 0.84
150 6.69 160.7±0.7 233.6 0.688 1.01
200 7.72 – 202.4 – 0.85
220 8.85 127.7±0.7 176.6 0.723 –
250 8.81 123.1±0.9 177.4 0.694 1.03
275 16.70 – 93.6 – 0.89
300 16.17 60.8±1.5 96.6 0.629 1.13
335 19.97 55.0±0.9 78.2 0.703 0.93
Degussa P25 ∼21 50 ± 15 74.4 0.672 –
Altair TiNano 30–50 50 ± 10 31.3–52.1 0.960–1.597 –

a Removed amount (%): percentages of the big hard aggregates removed from
its original samples.
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Fig. 1. X-ray diffraction spectra of solvothermal anatase produced at
(A) 140 ◦C, (B) 150 ◦C, (C) 220 ◦C, and (D) 300 ◦C.

Fig. 2. Effect of reaction temperature on average grain size of solvothermally
prepared anatase for hydrolysis ratios of r = 20 (") and r = 5 (!). Samples
were prepared using a Ti(OEt)4 concentration of 0.02 mol L−1 and a total re-
action time of 2 h.

and because lower temperatures tend to result in the formation
of finer crystallites with larger specific surface areas.

The gradual narrowing of the XRD lines with increasing
temperature reflects a corresponding increase in the average
grain size [33], a trend that is quantitatively illustrated for two
different hydrolysis ratios (r = 5 and r = 20) in Fig. 2. There
appears to be very little difference between the size versus tem-
perature plots for these two hydrolysis ratios; however, as will
be discussed in the following section, it is possible that at in-
termediate hydrolysis ratios one could obtain even finer anatase
crystallites than for reactions run with an excess of either water
or alkoxide precursor.

A series of samples prepared with r = 20 and [Ti(OEt)4] =
0.02 mol L−1 at various temperatures was characterized by
BET surface area measurements, the results of which were
then compared to “expected” surface areas calculated from the
XRD-derived grain sizes. The expected surface area of a sam-
ple was computed assuming perfectly spherical, unaggregated
crystallites with a grain size determined by the XRD analy-
sis and a mass density equal to that of bulk anatase, i.e., ρ =
3.84 g cm−3. Table 1 shows the grain sizes (d), experimental
surface areas (SABET), and expected surface areas (SAExpected)
for the (r = 20, [Ti(OEt)4] = 0.02 mol L−1) samples prepared
in this work as well as for two commercial nano-TiO2 samples
obtained from Degussa (P25) [34] and Altair (TiNano) [35].

Three features of these data are particularly noteworthy.
First, by using a relatively low solvothermal reaction temper-
ature (T = 140 ◦C), it is possible to prepare nanocrystalline
anatase with a surface area of up to 250 m2 g−1. Secondly, all of
the samples prepared in this work possess larger surface areas
than those reported for commercial titania samples; this is most
likely due to the strategy of using a mild solvothermal treat-
ment optimized to produce fine grains (and consequently larger
surface areas). The aerosol methods by which Degussa and Al-
tair manufacture their products cannot be easily controlled to
provide grain sizes below 20 nm, and as a consequence their
specific surface areas tend to be low (∼50 m2 g−1) [34,35].
Finally, comparison of the experimental and expected surface
areas for the solvothermally prepared powders indicates that
our synthesis consistently yields a product with 63–86% of
its ideal surface area. The significance of this last observation
is that due to the absence of a surface stabilizing (peptizing)
agent in the reaction medium, some of the primary particles
in the product either contain defects that reduce their surface
area or else form hard aggregates whose surfaces are unavail-
able for sorption. Because ultrafine (<10 nm) crystals tend to
have a very low number of defects, it is likely that the pres-
ence of hard aggregates in the product is responsible for the
difference between the experimental and expected values for
the specific surface areas of the solvothermal samples. Prin-
cipally higher solvothermal temperature results in more hard
aggregates, which could give an explanation to the highest BET
surface area with the lowest reaction temperature of 140 ◦C,
however, because some amount of big aggregates were removed
from the samples, it cannot be given an trend of BET surface
areas vs solvothermal reaction temperatures. Even so, a suffi-
cient fraction of primary particles remain either unaggregated
or loosely aggregated so that reasonably high surface areas are
observed.

Transmission electron micrographs of the samples prepared
with a hydrolysis ratio = 20 at 220 ◦C for 2 h show that cor-
roborate both the temperature dependence of grain size and
the interpretation of the BET data; in addition to the obvious
increase in average crystallite size from the 150 ◦C (Fig. 3a)
sample to the 300 ◦C sample (Fig. 3b), it is clear from these im-
ages that in both samples some individual crystallites form hard
aggregates, while other crystallites form relatively loose aggre-
gates.

The most striking revelation in the TEM images, however,
is that temperature has a pronounced effect on particle mor-
phology and distribution. Specifically, the particle sizes and
shapes appear to shift from a unimodal distribution of roughly
spherical crystals at 150 ◦C to a bimodal distribution, consist-
ing mostly of 10–15 nm spheres with a smaller number of
∼40 nm cubes, at 300 ◦C. The appearance of larger particles
with new morphology at the latter temperature suggests that
higher reaction temperatures are conductive to grain growth via
a dissolution–reprecipitation mechanism (i.e., Ostwald ripen-



R.K. Wahi et al. / Journal of Colloid and Interface Science 302 (2006) 530–536 533
Fig. 3. TEM images of solvothermal anatase prepared at (a) 150 ◦C and
(b) 300 ◦C.

ing) in which larger particles grow at the expense of smaller
ones. The relatively small fraction of large cubes present in the
300 ◦C product is most likely due to the solvothermal reaction
time (2 h), which is considerably shorter than the treatment
times (1 or more days) used in other studies (e.g., Wang and
Ying [18]). An increase in aging time would presumably result
in more extensive Ostwald ripening and consequently a greater
number of large cubic nanocrystals.

Fig. 4 shows the effect of initial Ti(OEt)4 concentration on
anatase grain size for a series of samples prepared with a hy-
drolysis ratio of r = 20 at 220 ◦C. Based on a reaction formula
of [Ti(OR)4] hydrolysis to obtain TiO2,

Ti(OR)4 + 2H2O = TiO2 + 4ROH.

A ratio of water to Ti(OR)4 for completely hydrolysis of
Ti(OR)4 should be 2. Here r = 20 was chosen to ensure its
complete hydrolysis. Clearly an increase in the precursor con-
centration results in the formation of larger crystallites, which
is to be expected since more material is available for growth
onto each crystal after nucleation. However, the grain sizes
start to increase more slowly once [Ti(OEt)4] exceeds 0.04–
0.05 mol L−1, which suggests that at higher supersaturations
the process of nucleation competes with grain growth to a
greater extent than at low supersaturations.
Fig. 4. Effect of precursor concentration on average grain size of solvothermally
prepared anatase. Samples were prepared at 220 ◦C using a hydrolysis ratio of
r = 20 and a total reaction time of 2 h.

Fig. 5. Effect of hydrolysis ratio on average grain size of solvothermally pre-
pared anatase. Samples were prepared at 220 ◦C using a Ti(OEt)4 concentration
of 0.02 mol L−1 and a total reaction time of 2 h.

The effect of the hydrolysis ratio on grain size was studied
for a group of reactions conducted at 220 ◦C using [Ti(OEt)4] =
0.02 mol L−1 and a total reaction time of 2 h. Fig. 5 shows
the results of varying the hydrolysis ratio between r = 1 and
r = 100 under these conditions. The plot of crystallite size as a
function of hydrolysis ratio exhibits a minimum between r val-
ues of 5 and 15. At low r values, i.e., 1 � r � 10, the results
of the present work are in qualitative agreement with previous
reports that an increase in the hydrolysis ratio favors the forma-
tion of finer crystallites [24,25]. However, above a hydrolysis
ratio of r ∼= 15, the grain size data obtained here begin to fol-
low an upward trend as r further increases.

It is likely that the data shown in Fig. 5 reflect a competition
between two or more factors. One possible explanation for the
observation of minimal sizes at intermediate r values is that an
increase in r results in both (a) an increase in the anatase nu-
cleation rate, which favors finer crystallites, and (b) enhanced
hydrogen bonding among the nuclei once they form, a process
that favors grain growth. The former effect could arise from a
faster, more complete hydrolysis of the precursor, which would
encourage the formation of a large number of anatase nuclei in
a short amount of time [18]. On the other hand, one can also
expect more extensive hydrogen bonding among anatase nu-
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Fig. 6. Evolution of TiO2 Raman spectra with reaction temperature. Samples
were prepared at (A) 25 ◦C, (B) 140 ◦C, (C) 150 ◦C, and (D) 220 ◦C using a
hydrolysis ratio of r = 20, a Ti(OEt)4 concentration of 0.02 mol L−1, and a
total reaction time of 2 h.

clei at high r values than at low r values, which would tend to
promote the agglomeration of those nuclei to eventually form
coarser primary particles [36]. If anatase nucleation and hydro-
gen bonding are indeed competitive processes in the present
solvothermal synthesis, it follows that the smallest crystallites
would be obtained at r values for which accelerated nucle-
ation is the dominant effect. Based on the results in Fig. 5, the
enhanced nucleation rate appears to dominate over hydrogen
bond-facilitated growth at intermediate r values (5 � r � 15),
whereas the reverse is true at very low (r < 5) or very high
(r > 15) hydrolysis ratios.

3.2. Amorphous content and thermal stability

Both Raman spectroscopy and differential thermal analy-
sis (DTA) were used to assess the amorphous content of hy-
drothermal titania samples prepared at different temperatures.
For these analyses, a control sample consisting entirely of
amorphous TiO2 was prepared by hydrolyzing Ti(OEt)4 in dry
ethanol solvent inside the bomb at 25 ◦C. Fig. 6 shows the
evolution of the samples’ Raman spectra with an increase in
reaction temperature. The results indicate that for temperatures
below 150 ◦C there is an obvious amount of amorphous ma-
terial as the temperature is lowered further, until a completely
amorphous solid is observed for a room-temperature reaction.

Differential thermal analysis (DTA) of the hydrothermal
samples corroborates the Raman spectroscopic evidence of in-
creased crystallinity at higher reaction temperatures. Fig. 7a,
which shows the DTA profiles of samples prepared at or below
220 ◦C, illustrates the gradual disappearance of amorphous ma-
terial as the reaction temperature is increased. Samples contain-
ing amorphous titania often exhibit an exothermic DTA peak
between 350 and 450 ◦C, indicating crystallization of amor-
phous material to the anatase phase [36]. In the control sample
prepared at 25 ◦C (curve A), crystallization is observed at ap-
proximately 425 ◦C, while the samples prepared at 100 and
140 ◦C (curves B and C) exhibit crystallization peaks at 350 and
(a)

(b)

Fig. 7. (a) Evolution of differential thermal analysis (DTA) spectra with reac-
tion temperature. Samples were prepared at (A) 25 ◦C, (B) 100 ◦C, (C) 140 ◦C,
(D) 150 ◦C. (b) Influence of reaction temperature on DTA crystallization tem-
peratures.

375 ◦C, respectively. Once the reaction temperature is raised to
150 ◦C (curve D), the exothermic amorphous → anatase transi-
tion peak disappeared. However, XRD patterns in Fig. 1 show
an increasing trend of intensity of diffraction peaks with in-
creasing solvothermal reaction temperatures from 140 ◦C (A)
to 300 ◦C (D), evidencing that the completely crystallization
needs a relatively high temperature, at least T � 300 ◦C.

The decrease in crystallization temperature from the 25 ◦C
control sample to the 100 ◦C sample indicates that some crys-
talline material is forming even at 100 ◦C; as has been reported
by several authors, the presence of a small amount of crystalline
material in an otherwise amorphous sample reduces the tem-
perature at which the amorphous material crystallizes [37–39].
On the other hand, increasing the hydrothermal reaction tem-
perature from 100 to 140 ◦C causes a slight increase in crys-
tallization temperature (from 350 to 375 ◦C). It may be that in
samples processed at higher temperatures, the amorphous ma-
terials are denser than those prepared at lower temperatures and
therefore require greater thermal energy to dissolve and subse-
quently crystallize.

Fig. 8 shows XRD spectra for the heat-treated samples in the
present work; these spectra confirm that the low-crystallinity ti-
tania samples prepared below 140 ◦C contain both anatase and
rutile after heat treatment, while the high-crystallinity samples
prepared at or above 140 ◦C consist entirely of anatase even af-
ter heating to 600 ◦C and are therefore thermally resistant to
conversion to rutile. Additionally, the heat-treated 100 ◦C sam-
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Fig. 8. XRD spectra of hydrothermal TiO2 samples after heating to 600 ◦C in a differential thermal analyzer. Original preparation temperatures were (A) 25 ◦C,
(B) 100 ◦C, (C) 140 ◦C, and (D) 150 ◦C.
ple contains a smaller fraction of rutile than the heat-treated
25 ◦C control sample, suggesting that the slightly higher crys-
tallinity of the as-prepared 100 ◦C sample renders it more ther-
mally stable against the anatase → rutile transformation. In this
case, then, a higher degree of crystallinity correlates with in-
creased thermal stability.

4. Conclusions

A mild solvothermal synthesis (<200 ◦C, 2 h) has been used
to prepare ultrafine, phase-pure nanocrystalline anatase with
specific surface area up to 5 times that of commercially avail-
able nano-titania. The physical properties of the hydrothermal
product can be fine-tuned by adjusting the temperature, pre-
cursor concentration, and hydrolysis ratio of the reaction. It is
possible to obtain a very fine-grained crystalline product with
high thermal stability and ultrahigh surface area using relatively
low reaction temperatures 140–150 ◦C. The results of this work
suggest that the grain size might be reduced even further by
optimizing the concentration of alkoxide precursor and the wa-
ter:alkoxide ratio.
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