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Abstract
Nanocrystalline titanium dioxide (TiO2) anatase powder was synthesized at 50 °C under normal pressure using

the sol-gel method without a base or acid catalyst. The structural and photocatalytic properties of the produced
anatase powder were determined with X-ray diffraction, transmission electron microscopy and nitrogen adsorption
testing, and compared to those of anatase powder synthesized in a conventional process by calcining at 450 °C. The
photocatalytic activity was confirmed with methylene blue (MB) discoloration tests.

The obtained results showed that the crystal size of anatase produced with the low-temperature catalyst-free method
averaged 5.5 nm, while it was 12 nm for the anatase made by calcining. As a consequence, the specific surface area of the
anatase powder synthesized at low temperature was three times higher than that of the calcined powder. The weight-
based photocatalytic activity of the low-temperature-synthesized powder was 2.5 times higher than that of calcined
powder. Therefore, the activity per unit of surface area was slightly higher for calcined anatase.
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I. Introduction
Titanium dioxide (TiO2) is widely used in antifogging

glasses and self-cleaning surfaces because of its photo-
catalytic activity 1, 2. Nanocrystalline titanium dioxide
is of particular interest for applications in solar cells 3, 4

and lithium batteries 5. It has been also tested for the
photodegradation of many organic compounds such as
poly(bisphenol-A-carbonate) 6, or, for example, vari-
ous dyes like methyl orange 7, methylene blue 8 and
p-nitrophenol 9.

Numerous methods have been employed to achieve
a controlled formation of crystalline TiO2 nanoparti-
cles. Promising techniques are, for example, liquid flame
spraying (LFS) 10 and sol-gel synthesis based on alkoxide
(M-OR) precursors. In the latter, metal alkoxides are dis-
solved into an organic solvent to be followed by reactions
with water. When controlled hydrolysis and condensa-
tion reactions are realized, the hydroxyl ion attaches to
the metal atom of the alkoxide and disconnects the alkyl
group of the compound. The hydrolysis occurs as a result
of reaction (1) 11 – 13:
M – OR + H2O → M – OH + ROH (1)

In the next step, the partially hydrolyzed molecules
undergo a condensation reaction between OH groups,
liberating either a water molecule (oxolation, reac-
tion 2) 11 – 13:
M – OH + OH – M → M – O – M + H2O (2)
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or alcohol (alkoxolation, reaction 3) 11 – 13:

M – OH + OR – M → M – O – M + ROH (3)

When titanium dioxide is synthesized by a sol-gel route,
hydrolysis and condensation reactions are followed by
the formation of (TiO2-

6 ) octahedra. The final structure of
TiO2 depends on how these octahedra are linked to each
other. In the case of anatase, the primary connection of
(TiO2-

6 ) octahedra has been reported to be edge sharing, as
shown in Fig. 1 11, 12.

Conventionally, sol-gel reactions are catalyzed by acids
or bases and the produced powders are non-crystalline in
structure. Heat treatment of the synthesized particles has
been reported to increase the particle size and to decrease
the specific surface area 14. To keep the particle size small,
modified methods to prepare crystalline titanium dioxide
have been applied 11, 12, 15, 16. In these studies, hydrolysis
and condensation and thus the morphology of final prod-
uct are affected by catalysts or by using the temperature as
a variable in the hydrothermal synthesis.

Unlike in previous studies, in this study, crystalline ti-
tanium dioxide nanoparticles were synthesized at a con-
stant temperature of 50 °C without any catalyst. The spe-
cific surface area, particle size and presumed crystalliza-
tion path of the anatase synthesized without catalyst were
compared to calcined reference anatase. The photocatalyt-
ic activity was confirmed in methylene blue (MB) discol-
oration tests.
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Fig. 1: TiO2-
6 octahedra (a) and the elemental structure of anatase (b).

In this study, we verify that the specific surface area
of titanium dioxide depends on the synthesis method
and the photocatalytic activity depends on the specific
surface area. The aim of this study is to identify photo-
catalytic properties of low-temperature-synthesized tita-
nium dioxide and also to compare the characteristics of
anatase synthesized at low temperature with those of the
calcined reference sample.

II. Experimental Details

(1) Synthesis of TiO2 powders
Nanosized TiO2 powder was prepared by hydrol-

ysis and condensation reaction of titanium alkoxide.
At the beginning, 1.875 ml tetra-n-butyl orthotitanate
(C16H36O4Ti > 98 %, VWR) was dissolved in 6.25 ml
of 2-propanol (C3H7OH > 99.5 VWR, amount of wa-
ter ≥ 0.2 %). The solution mixture was stirred for 15 min
and then 90 ml of ion-exchanged water was added into

the solution container. After mixing for 3 min, half of the
solution was separated to another container, filtered and
dried in an oven at 50 °C for 12 h. A small amount of dried
powder was stored for examination and the rest of it was
calcined at 450 °C for 1 h and used as a reference. The other
half of the solution was further stirred in a sealed reflux
condensed reaction vessel for 24 h. The temperature of the
solution was 50 °C and relative humidity inside the vessel
98 % (measured with a Lambrecht 235 hygrometer). Fi-
nally, the precipitates were filtered and dried in an oven
at 50 °C for 12 h. The synthesis procedure is described
schematically in Fig. 2.

(2) Characterization
The crystal structure of TiO2 powders was determined

with a Siemens Kristalloflex D-500 X-ray diffractometer
and monocromatized CuKa radiation. The crystal sizes
were estimated from XRD-patterns, using a Scherrer for-
mula t = (0.9 k/B cosh) 17, where t is the size in nm, k is the
wavelength of X-rays in Å (1.5418 Å), B is full width half
maxima of the peak in radians and h is the Bragg angle.
The morphology and the size of particles were determined
with a JEOL, JEM 2010 transmission electron microscope
and acceleration voltage of 200 kV. The particle size was
determined by measuring 700 particles from several TEM
micrographs. The specific surface area of powders was
measured in a nitrogen adsorption test using a Brunauer-
Emmett-Teller (BET) method and a Coulter Omnisorp
100 cx device. Here the average size of the particles was cal-
culated by using the following equation: dBET = 6/(qSssa),
where q is the density and Sssa is the specific surface area.

Fig. 2: Flow sheet for the preparation of TiO2 samples.
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(3) Photocatalytic measurements

Photocatalytic measurements were performed in an
aqueous solution of methylene blue (MB). 10 mg of each
TiO2 powder was dispersed into 100 ml of 0.03 mM MB
solution in an open beaker and the dispersion was mag-
netically stirred during the whole experiment. It should be
emphasized that in order to correlate the specific surface
area and photocatalytic activity, an equal mass of the low-
temperature-synthesized powder and calcined reference
was used. The photocatalytic activity of both powders
was also expressed with respect to the surface areas.

In order to reach adsorption equilibrium, the disper-
sions were first kept in the dark for 30 min after which the
UV lamp was turned on. The dispersions were illuminat-
ed from above with a 20-W Sylvania Blacklight Blue UV-
lamp (peak maximum at 356 nm, intensity ∼ 0.8 mW/cm2).
The concentration of methylene blue in the solution was
followed with UV-VIS spectroscopy (HP 8453 spec-
trophotometer). At 1-h intervals, 3 ml of dispersion was
taken and centrifuged, to separate the photocatalyst par-
ticles from the solution. After this, the absorbance of MB
at the wavelength of 665 nm was measured. A dark ex-
periment without any irradiation but under otherwise
identical conditions was conducted for comparison.

III. Results and Discussion

Fig. 3 shows the XRD-patterns from the samples. The
curve (a) illustrates an amorphous structure of the pow-
der dried after only three minutes of mixing. The anatase
phase is detected in the synthesized powder (b) and in the
calcined reference powder (c). The diffraction peaks of the
powder synthesized at low temperature are broader than
the peaks in the calcined powder. This is related to a small-
er crystal size in the sample prepared at low temperature
as compared to the reference. The main reason for this is
the absence of the grain growth at low temperature. Deter-
mined with the Scherrer formula, the crystallite sizes were
5.5 nm for the low-temperature-synthesized powder and
12 nm for the reference.

Transmission electron micrographs of the powders are
shown in Fig. 4. The micrographs confirm the dependence
of the particle size on the preparation method. The find-
ing that grain growth occurs during the calcining, which
was detected in XRD curves (Fig. 3), is also observed in the
TEM micrographs (Fig. 4). This observation is also con-
sistent with the literature: grain growth and densification
of the agglomerates of TiO2 powder have been reported
to occur during heat treatment 11, 15, 16. At low tempera-
ture, the grain growth is insignificant, but some agglomer-
ation has occurred, as can be seen in Fig. 4. The average size
of discrete TiO2 particles was measured using TEM mi-
crographs. These measurements showed average diame-
ters to be 5.6 and 12.5 nm for the low- temperature-synthe-
sized particles and for the reference, respectively. The par-
ticle size distributions, also determined from TEM micro-
graphs, are shown in Fig. 5.

Fig. 3: XRD patterns of prepared powders: (a) non-crystalline,
(b) low-temperature-synthesized and, (c) calcined TiO2 sample.
A: anatase.

The BET measurements were performed to determine
the specific surface areas of the powders. It also offered a
third way to measure the particle size of powders in this
study. The specific surface areas measured 271 and 86 m2/g
for the low-temperature-synthesized powder and for the
reference, respectively. The difference between the specif-
ic surface areas for the powders is roughly threefold. The
average particle sizes (dBET) calculated from the specific
surface areaswere 6.0 and 18 nm for the low-temperature-
synthesized powder and for the calcined reference, respec-
tively. It should be emphasized that the calculated particle
size dBET is larger for the calcined reference than the crys-
tal size dXRD, which indicates the hard agglomeration of
calcined crystallites.

(1) Suggested precipitation mechanism of the TiO2

Addition of water into the solution of tetra-n-butyl or-
thotitanate and 2-propanol caused the formation of the
white precipitate in the reaction vessel. This is due to the
fast hydrolysis and condensation reactions of alkoxide,
nucleation of (TiO2-

6 ) octahedra and, further the aggre-
gation of these octahedra. Hydrolysis is followed by the
condensation of the hydrolyzed species. In next step fol-
lows the nucleation of the octahedra (TiO2-

6 )11. These oc-
tahedra aggregate and, because of that, form the precipi-
tate. The precipitate is non-crystalline as was characterized
with XRD (Fig. 3 a). After the fast formation of precipi-
tate, the precipitate undergoes slow peptization 18. In pep-
tization, the original bonds of the amorphous particles are
broken and (TiO2-

6 ) octahedral are released. Concurrently
with peptization process, reaggregation occurs in the solu-
tion, and isolated octahedra connect together. The crystal
structures of titanium dioxide consist of (TiO2-

6 ) octahedra
so that the overall stoichiometry is TiO2. The formation of
anatase requires a minimum of three octahedra to connect
to each other with shared edges (Fig. 6) 11, 12, 18.
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Fig. 4: TEM micrographs of samples synthesized at low temperature (a) and the calcined reference sample (b).

Fig. 5: Particle size distribution (nm) of samples synthesized at low temperature (a) and the calcined reference sample (b), n = 700.

(2) Photocatalytic discoloration of MB

The experimental results of photocatalytic discoloration
of MB with low-temperature-synthesized powder and
reference powder are shown in Table 1. The dark experi-
ment shows that there is no significant adsorption of MB
on the synthesized sample. On the contrary, the concen-
tration of MB slightly increased during a 4-h experiment.
The reason for this is probably the evaporation of water
from the open beaker. In a test using UV-radiation, the
concentration of MB began to decrease immediately after
the UV-lamp was switched on, particularly in the case
of the low-temperature-synthesized powder. After 4 h of
radiation about 30 % of MB was degraded. The photocat-
alytic activity of the reference powder was much lower.
During the first hour, no significant photoactivity was ob-
served. This was mainly because of a strong agglomeration
of the particles. After 1 h of vigorous stirring, the concen-

tration of MB started to decrease. The final MB concentra-
tion of the reference after 4 h of irradiation was decreased
by about 12 %. The photocatalytic discoloration of MB
was 2.5-fold with the low-temperature-synthesized sam-
ple.

The most significant difference between the low-temper-
ature-synthesized sample and the reference is in the par-
ticle size, resulting in the differences in their specific sur-
face areas. TiO2 photocatalysis is based on absorption of
the efficient photon (hm ≥ EG = 3.2 eV) by titania, electron-
hole formation and subsequent oxidation and reduction
reactions on the surfaces of TiO2

19. A requirement for the
efficient degradation of the organic compound by the pho-
tocatalysis is the contact of the organic molecule and TiO2.
The surfaces of the nanosized TiO2 were found to play the
main role during photocatalytic discoloration of methy-
lene blue because of the specific structural species placed
on the surfaces of the nanoparticles 20.
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Fig. 6: Suggested mechanism for the formation of anatase without a
catalyst.

In this study, there is good correlation between 3-fold
specific surface area and 2.5-fold photocatalytic activi-
ty. However, the relative discoloration of MB expressed
per unit of surface area (m2) during 4-h experiment is
1.1 × 10-3 m2)-1 for the low-temperature-synthesized
sample and 1.4 × 10-3 (m2)-1 for the reference powder (Ta-
ble 1). These activities are reasonably close to each other.
The slightly higher activity/surface area of the reference
powder may be the result of many reasons. One possi-
ble reason is that there are more photoactive sites/surface
area 20 in the reference powder than in the powder syn-
thesized at low temperature. Second possible reason is the
better adsorption ability for hydroxyl ions on the surfaces
of the reference powder than on the surfaces of the low-
temperature-synthesized powder. Thirdly, the quantum
efficiency of the synthesized powders can differ from each
other.

Table 1: Photocatalytic discoloration of MB as a function
of irradiation over time. RD is the relative discoloration of
MB expressed per unit of surface area (m2) during a 4-h
experiment.

Time (min.) Sample + UV C/C0 Reference
+ UV C/C0

Sample in
dark C/C0

0 1 1 1

60 0.94 1.01 1.08

120 0.83 0.95 1.08

180 0.77 0.91 1.08

240 0.70 0.88 1.11

240 RD 1.1 × 10-3(m2)-1 RD 1.4 × 10-3(m2)-1

However, we have clearly shown that the specific surface
area of titanium dioxide depends on the synthesis method
and photocatalytic activity depends on the specific surface
area. For that reason, the essential aim in the development
of more effective photocatalytic titanium dioxide is to de-

crease the particle size to increase the surface area of the
photocatalyst.

IV. Conclusions
Crystalline anatase TiO2 was prepared in a low-temper-

ature synthesis without a catalyst, and its structure and
properties were compared to those of anatase powder pro-
duced with a conventional calcination method. The crystal
structure, particle size, specific surface area and the photo-
catalytic activity results show that the low-temperature-
synthesized powder has a small grain size, high specific
surface area and increased activity as a result.

The formation of anatase in the nanocolloidal solution is
a multiple-step process: the first step is the formation of
amorphous precipitates by fast hydrolysis and condensa-
tion. In the next step, the amorphous agglomerates under-
go slow peptization, and finally the crystalline structure is
formed by reaggregation of the primary octahedra.

It was observed that the final crystal size of the low-
temperature-synthesized anatase sample is approximate-
ly 5.5 nm, while it is about 12 nm for the calcined sample.
As a consequence, the specific surface area of the low-tem-
perature powder is 271 m2/g, and 86 m2/g for reference
powder. The over threefold difference between the surface
areas can be explained by the absence of the grain growth
at low temperature.

The low-temperature-synthesized powder showed 2.5-
fold photocatalytic activity in the discoloration measure-
ments of MB compared to the calcined reference powder.
This is due to the higher functional surface area of the low-
temperature-synthesized powder than that of the refer-
ence.
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