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Abstract

Two series of titanium dioxide, TiO,, powder were prepared at a temperature of 50 °C without any catalyst. The effects of 2-propanol and
water contents on the formation of crystalline powder mixture of anatase and brookite were systematically studied. The characteristics of
produced powder were determined by employing X-ray diffraction, transmission electron microscopy, nitrogen adsorption test and Fourier

transform infrared spectroscopy.

The obtained results showed that increases in the amount of water used in the powder synthesis turned the product from amorphous to the
crystalline anatase structure with small traces of brookite. The results also clearly showed that the use of 2-propanol in the synthesis hindered the
crystallization of TiO,. Furthermore, the specific surface area of TiO, nanopowder decreased and the particle size increased when more water was
used in the synthesis. These results are presented and discussed in this paper.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium dioxide, TiO,, has three polymorphs: rutile, anatase
and brookite. TiO, is extensively used in cosmetics, paints and
food products because it is stable, inexpensive and non-toxic as
well as has a high index of reflection. Photocatalytic activity of
TiO, has also been widely reported and discussed in literature due
to promising applications of TiO, in the production of hydrogen
or mineralization of several organic pollutants. In photocatalytic
applications, the used phases of TiO, are anatase and rutile [1-5].

Numerous methods have been employed for the controlled
formation of crystalline TiO, coatings and nanoparticles.
Promising technique is, for example, a sol-gel method,
primarily via the hydrothermal and solvothermal processing
routes based on alkoxide (M-OR) or titanium(IV) chloride
precursors [6—8]. These techniques offer the effective routes to
prepare titanium dioxide with a good control of particle size
and phase composition as well as high homogeneity in particle
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distribution [6-9]. In these syntheses methods, precursors are
typically dissolved into organic solvent after which they
undergo hydrolysis and condensation reactions with the added
water. The reactions and the structure of the final product can
be controlled by adjusting process parameters, such as
temperature and the amount of catalyst [10—12]. The result
of hydrolysis and condensation of titanium-containing alkox-
ide is the formation of (TiO¢) octahedra. The crystal structure
of TiO, depends on how these octahedra (TiOg) are linked to
each other. Final structure of anatase and rutile is tetragonal,
whereas brookite is orthorhombic [12-14]. One method to
obtain desired crystal structure of TiO, powder is the heat
treatment of amorphous titanium hydroxide [15]. However,
crystallization by heat treatment has been reported to increase
the particle size and to decrease the specific surface area [12—
14]. That is the main reason why the low-temperature synthesis
methods like hydrothermal, solvothermal and other modified
synthesis methods to prepare crystalline TiO, are applied
[12,13,16-18].

In this study, two series (denoted as S1 and S2) of TiO,
powders are synthesized by hydrothermal method under
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ambient pressure at a temperature of 50 °C. The first series
(S1) was synthesized in a water-alkoxide-2-propanol mixed
solution and the another series (S2) in a solution of only water
and alkoxide. These two series were synthesized in order to
find out the effects of 2-propanol and water contents on the
formation of crystalline titanium dioxide at low temperature; to
the best of our knowledge, no earlier studies report the
influence of the amount of 2-propanol used in the synthesis
on the crystallization of TiO,. The synthesized powders were
then characterized in terms of phase composition, specific
surface area, particle size, morphology and surface groups
involved.

2. Experimental procedure
2.1. Preparation of TiO, powders

The starting precursors were tetra-n-butyl orthotitanate alk-
oxide (denoted as C;¢H3604Ti, purity >98%, VWR),
2-propanol (denoted as C3;H,OH, purity > 99.5%, VWR) and
ion-exchanged water. All chemicals used in this study were
reagent-grade and no further purification was done. Two series
of powders were synthesized, denoted as S1 and S2. For the
powders S1, 1.875 ml tetra-n-butyl orthotitanate liquid was
diluted with 6.25 ml of 2-propanol. The solution was stirred for
15 min before a varying amount of ion-exchanged water was
added into it. The powders of the first series were labeled as
S1y, S1,, S13, S1y, S15 and S1g. For the powders S2, a varying
amount of ion-exchanged water was added into tetra-n-butyl
orthotitanate. 2-propanol was not used at all in the series S2.
The obtained powders were labeled as S2;, S2,, S23, S24, S25
and S24. The molar ratios of water/2-propanol and water/tetra-
n-butyl orthotitanate used in the syntheses are listed in Table 1.

After the ion-exchanged water was added into the solutions,
these were further stirred for 24 h at 50 °C under atmospheric
pressure. After this period, the precipitated powders were
separated by filtering and finally dried in a furnace at 50 °C for
24 h. The experimental procedures for processing TiO, nano-
particles are described in Fig. I.

Table 1
The molar ratio of water/2-propanol and water/tetra-n-butyl orthotitanate for
powder syntheses.

Sample The molar ratio of The molar ratio of
water/2-propanol water/tetra-n-butyl orthotitanate
S1, 1.0 15
S1, 1.7 25
S1; 2.3 35
Sly 33 50
Sl1s 7.3 112
Sle 15 230
S2, - 15
S2, - 25
S2; - 35
S24 - 50
S25 - 112
S2¢ - 230

2.2. Characterization of the powders

The crystal structure of TiO, powders was determined by
using a Siemens Kristalloflex D-500 X-ray diffractometer and
a monochromatized CuKo radiation over the range of
20° <260 <70°. The crystal size were estimated from
smoothed XRD-patterns, using a Scherrer formula #=(0.94/
B cos 0) [19], where ¢ is the size in nm, 4 is the wavelength of
X-rays in nm (0.15418 nm), B is the full width half maxima of
the peak in radians and € is the Bragg angle. The specific
surface area of the powders was measured by nitrogen
adsorption tests using a Brunauer—-Emmett—Teller (BET)
method and Colter Omnisorp 100 cx device. The average size
of the particles was calculated using the following equation:
dger=06/(pSssa), Where p is the density and S, is the specific
surface area. The morphology of the particles was determined
by using a JEOL JEM 2010 transmission electron microscope
(TEM) and the accelerating voltage of 200 kV. Surface groups
of the powders were examined using a Perkin Elmer Spectrum
One Fourier transform infrared spectrometer (FTIR) in the
wavenumber range of 4000-450 cm ™.

3. Results
3.1. Structural analysis

Figs. 2 and 3 show the raw XRD patterns for the powder
samples. The pattern in Fig. 2(a) shows the amorphous nature
of the S1, precipitate obtained using the lowest water/2-
propanol ratio within series S1. The patterns in Fig. 2(b and
¢) and related to S1, and S15 show that the powders were still
mainly amorphous, with minor peaks of crystalline anatase
phase being also detected. Clear peaks of crystalline anatase
phase and a small trace of brookite (121) at 20=30.8 were
detected in XRD patterns Sly, Sls and Slg in Fig. 2(d—f),
respectively. The obtained results indicate that after the molar
ratio of water/2-propanol was 3.3 only minor changes in the
intensity and width of the diffraction peaks occurred (Fig. 2(d—f))
with the increasing amount of water. Hence, the main finding
was that the lowest used amount of water yielded an amor-
phous precipitate but with increases in the amount of water,
the precipitate crystallized to anatase with small traces of
brookite.

The XRD spectra of powders synthesized without 2-
propanol (series S2) are shown in Fig. 3(a—f). The pattern
presented in Fig. 3(a) revealed crystalline nature of the powder
synthesized with the lowest amount of water (S2;). Although
peaks were clearly detectable, the overall intensity of the
pattern in Fig. 3(a) was quite low, meaning that the powder
S2, was poorly crystallized. With increase in the amount of
water, peaks became more evident and the intensity of the
peaks higher, indicating more complete crystallization. How-
ever, when comparing the XRD spectra for powders synthe-
sized with 2-propanol (Fig. 2) to those for powders synthesized
without it (Fig. 3), it may be clearly seen that the presence of
2-propanol in the precursor solution inhibited the crystal-
lization of TiO,. With the same amount of water used in the
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Fig. 1. Flow sheet for the preparation of TiO, powders (S1) with 2-propanol (a) and (S2) without 2-propanol (b) in the synthesis.
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Fig. 2. Raw XRD patterns for synthesized powders with a 2-propanol: (a) S1;,
(b) S1,, (c) S13, (d) Sly, (e) Sls, and (f) Slg; A: anatase and B: Brookite.

syntheses, powder S1; was amorphous (Fig. 2(a)) but powder
S2; was partially crystallized (Fig. 3(a)). The effect of
2-propanol may also be obtained by comparing the pattern
presented in Fig. 2(b) to that in Fig. 3(b) and Fig. 2(c) to that in
Fig. 3(c). However, in addition of qualitative evaluation of the
crystallization of TiO,, also quantitative study of the effect of
2-propanol and water contents on the degree of crystallinity of
TiO, is considered for our future studies.

3.2. Surface area and particle size analyses

In order to find out the effects of 2-propanol and water on
the specific surface area and the particle size of the synthesized
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Fig. 3. Raw XRD patterns for synthesized powders without a 2-propanol: (a)
S24, (b) S2,, (¢) S25, (d) S24, (¢) S25, and (f) S2¢; A: anatase and B: Brookite.

powders, nitrogen adsorption/desorption measurements were
carried out. Fig. 4(a) shows the surface area of the powders S1
synthesized with 2-propanol. The specific surface area was the
highest for the powder synthesized with the lowest amount of
water (S1;). When the amount of water used in the synthesis
increased, the specific surface area of the powders decreased.
This decrease was rapid when the amount of water was small
but leveled out when the water/2-propanol molar ratio was
higher than in S14, i.e. 3.3. The decrease in the specific surface
area refers to a larger particle size or a higher density of the
obtained powder particles.

The specific surface area of the powders included in series
S2 synthesized without 2-propanol is shown in Fig. 4(b).
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Fig. 4. The effect of the water content on the specific surface area of the
samples with 2-propanol (a), and without 2-propanol (b).

Again, the specific surface area was the highest for the powder
synthesized with the lowest amount of water (S2,). Further
increase in the amount of water decreased the specific surface
area rapidly to a certain point (S2,). After this point, decrease
of the specific surface area slowly leveled out with increase in
the amount of added water.

In general, the specific surface area of the powders included
in series S1 (S1;, S1,, and S13) synthesized with 2-propanol
were higher than those included in series S2 and synthesized
without 2-propanol (S2;, S2,, and S23). This is probably
because the powders synthesized with 2-propanol were clearly
less crystallized and, consequently, their density was smaller.
However, when comparing the more crystallized powders of
S14, S1s, and S1g4 to those of S24, S25, and S2¢, it can be seen
that the specific surface areas were higher when 2-propanol
was not used (series S2). This may be explained by the fact
that alcohol decreases the dielectric constant of the solvent,
leading to decreased stability, enhanced rate of aggregation
and, therefore, formation of larger particles [20]. It is probable
that the used alcohol also influences the specific surface area of
the poorly crystallized powders of series S1 (S1;, S1,, and
S13). However, the main factor influencing the specific surface
area of the poorly crystallized powders is evidently the low
crystallization and small density of these powders. Still, the
potential effect of solvent on the specific surface area needs to
be taken into account when aiming at synthesizing non-
crystalline solids with a controlled surface area.

Hence here, the specific surface areas of powders (S1;, S1,,
and S13) synthesized with 2-propanol were larger than the
specific surface areas of powders synthesized without
2-propanol (S2,, S2,, and S23), because the powders synthe-
sized with 2-propanol were poorly crystallized. When the
amount of added water was adequate to crystallize the powders
synthesized with 2-propanol (S1y4, Sls, and Slg), the specific
surface areas were lower than those of powders synthesized
without 2-propanol (S2;, S2,, and S2;) because 2-propanol
enhances the formation of larger particles.

The average crystallite size of anatase, estimated from
smoothed and background corrected XRD patterns using the
Scherrer formula, as well as the average particle size (dggr) are

Table 2
Specific surface areas and the particle sizes of the samples.

Sample Crystal size SSA Particle size
from XRD (nm) (g/m)2 from SSSA (nm)
S1, - 474 (3.2)
S1, - 420 (3.7
NI - 382 (4.0)
Sly 52 292 5.3
Sls 5.3 280 5.5
Slg 5.5 275 5.6
S2, 4.2 410 (3.8)
S2, 4.5 337 (4.6)
S2; 4.6 332 4.6
S24 4.9 315 4.9
S25 49 314 4.9
S2¢ 49 309 5.0

listed in Table 2. It may be seen that the values for the average
particle sizes obtained by these two methods are consistent.
The particle sizes of S1;, S1,, S13, S2; and S2, are in brackets
because the true particle sizes are probably higher than the
calculated values. This is due to the amorphous nature of these
powders that probably yield densities lower than that of
anatase (3.9 g cm %) [21].

3.3. Morphology of TiO»> powders

Transmission electron micrographs of the obtained TiO,
powders S1y, Slg, S24, and S2¢ are shown in Fig. 5(a—d). In all
cases, the nanoparticles had the sizes of about 3—7 nm. This is
well consistent with the sizes estimated from XRD peaks and
the specific surface areas.

3.4. Surface group analysis

IR measurements were performed in order to reveal the
effect of the precursor solution water content on the purity of
the powders. Fig. 6(a—c) shows the FTIR spectra of the
powders S1;, Sl, and Sl,. This series is adequate to
demonstrate the possible differences in surface groups with
different amounts of water. Common factor in the curves (S14,
S1,, and S1,4) was the broad peak of Ti—O-Ti at 500 cm ™! and
the peaks of O—H groups near 1620 and 3400 cm™'. C-H
stretching vibrations of alkanes occur in general in the region
of 3000-2840 cm~'. More exactly, the absorptions of the
Vas(CH3), v,5(CHy), v5(CH3) and v4(CH,) are near 2960, 2926,
2872 and 2853 cm ™', respectively. The positions of these
bands do not vary more than + 10 cm™ 'in the aliphatic and
cyclic hydrocarbons [22]. The positions of these peaks were
clearly visible in Fig. 6(a) except for the vs(CH;3) absorption
peak, which often overlaps with v((CH,) and is therefore
difficult to distinguish. In Fig. 6(b) these peaks were weak and
in Fig. 6(c) could not be detected at all. The symmetrical
bending vibration 6;(CH3) occurs near 1375 cm ™~ ! whereas the
asymmetrical bending vibration §,(CH;) and symmetrical
0s(CH,) take place near 1450 cm_1[22]. These peaks were
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Fig. 5. TEM micrographs of (a) S1y, (b) Sl¢, (¢) S24, and (d) S2.
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Fig. 6. FTIR spectra of the samples S1; (a), S1, (b) and S14 (c).

also clear in Fig. 6(a), weak in Fig. 6(b) and they did not exist
at all in Fig. 6(c). The vibrations between (1350 and
750 cm™ ") [22] are too weak to be interpreted by group
frequency analysis. However, a comparison of this region
(Fig. 6(a)) to the corresponding regions in Fig. 6(b and c)
showed clearly that the higher content of water (from S1; to
S14) in synthesis with 2-propanol enhanced the purity of the
surfaces of synthesized titanium dioxide from organic
residuals.

Fig. 7(a—c) shows the FTIR spectra of the powders S2;, S2,
and S2, synthesized without 2-propanol. Common factor in
these curves was the broad peak of O-Ti—O and the peaks of
O-H groups near 1620 and 3400 cm ™', similarly to Fig. 6. In
Fig. 7(a), there were also clear v,,(CHj3), v,s(CH,), vs(CH3) and
vs(CH,), 64(CH3), 8,5(CH3) absorption peaks for the powder
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Fig. 7. FTIR spectra of the samples S2; (a), S2, (b) and S24 (c).

S2,. The origin of these peaks is clearly tetra-n-butyl ortho-
titanate. However, in Fig. 7(b) there were no peaks of
v,s(CH3), 1v,(CH,), vs(CH;3) and the peaks of v4(CH,),
0(CH3), 6,(CH3) were very weak, which means that the
slight increases in the amount of water (from S2; to S2,) in the
synthesis without 2-propanol was enough to clean the surfaces
of TiO, from organic residuals. In Fig. 7(c), there were only
absorption peaks of the O-H groups.

When comparing the results from analysis of FTIR spectra
(Figs. 6 and 7) to the data obtained from XRD measurements
(Figs. 2 and 3) it can be observed that there was a clear
connection between the purity and the crystallization of
powders. The powder samples which were synthesized with
the lowest amount of water contained organic residuals on the
surfaces of the amorphous (S1;) and partially crystallized
powder (S2;). However, when the used amount of water was
higher (S1,, S2,), there were still residuals on the surfaces of
the powder synthesized with 2-propanol (S1;) but surfaces of
the more crystallized powder synthesized without 2-propanol
(S82,) were clean of these residuals. When the amount of water
was still increased (S14, S24) the surfaces of the samples of
both series were completely clean from organic residuals and
the formation of anatase structure came possible.

4. Discussion

As the results showed, the presence of 2-propanol in the
precursor solution inhibited the crystallization of TiO,. With
the low amount of water used in synthesis, powders prepared
with 2-propanol (S1;, S1,, and S15) were mainly amorphous
but powders prepared without 2-propanol (S2,, S1,, and S13)
were more crystallized.

As shortly described in the introduction part, the formation of
crystalline TiO, nanoparticles straight from a liquid phase is a
multiple step-process. After the hydrolysis, condensation and
nucleation of (TiOg) octahedra, these octahedra aggregate and
form an amorphous precipitate. In the next step peptization
occurs, resulting in the break-up of original bonds within the
(TiOg) octahedra. Finally, the peptisized octahedra undergo slow
reaggregation and crystallize so that the overall stoichiometry

Primary octahedra

¥
7‘ & Aggregation
4> ‘&

Redispersed
octahedra

Amorphous aggregate

o
\O
QGQ&\’L&
Crystallite form
(anatase)

Reaggregation

Fig. 8. Proposed mechanism for the formation of anatase in the low
temperature synthesis.

corresponds to anatase TiO, [12,13]. The crystallization pathway
of anatase from octahedral is showed in Fig. 8.

Considering the formation of crystalline TiO, particles
described before, amorphous agglomerates which were formed
by fast hydrolysis, condensation and precipitation steps need to
break to enable reaggregation of primary particles into the
crystalline form. One possible inhibition effect of 2-propanol in
the crystallization of TiO, observed in our study could be
explained by hindered peptization of precipitated agglomerates.
According to Vorcapic et al., the formation of TiO, colloid is
significantly influenced by the used solvent. Alcohols decrease the
stability of TiO, solution by decreasing the dielectric constant of
the solution. The result is enhanced rate of reaggregation and
hindered peptization [20]. Similar trends in the presence of
alcohols have also been reported for related systems. Park et al.
found out in their study that the aggregation of particles in TiO,
dispersion increases when alcohol is present in the solution [23].
According to their results, the chemical adsorption of residuals
from the used alcohol in synthesis lowers the zeta potential of
prepared particles. This, together with a low dielectric constant of
the solution, promotes the aggregation of the fine precipitates in
alcohol-containing solutions. As a result, the peptization process is
hindered when alcohols are used [23]. Although neither Vorcapic
[20] nor Park [23] investigated the crystallization of TiO, in their
studies, their findings about the formation of TiO, colloids offer
valuable information to understand the crystallization behavior of
anatase TiO, synthesized by a hydrothermal route in a mild
environment in our study. Considering the fact that the peptization
is needed to break an amorphous structure before the crystal-
lization, it is reasonable to conclude that the hindered peptization
together with promoted aggregation through the agency of alcohol
hinders not only the peptization but crystallization of TiO,.

In our study, the hindering effect of alcohol on crystal-
lization of TiO, may involve also another mechanism than
colloidal destabilization. Yu et al. detected that the existence of
alkyl groups in precursors results steric hindrance preventing
the phase transition from amorphous to crystalline anatase
[24]. As such alkyl groups were detected on the anatase
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surfaces, this explanation is viable. As a conclusion, there are
two key elements which hinder the crystallization of TiO,
processed straight from the alkyl containing solution: inhibited
peptization of amorphous aggregate and steric hindering
caused by alkyl groups adsorbed on the surfaces of primary
particles; both of them offer a feasible explanation.

5. Conclusions

In this study, crystalline TiO, anatase powder with small
traces of brookite has been synthesized at low temperature
without any catalyst. The influence of 2-propanol on TiO,
crystallization was examined for the first time. The crystal-
lization and specific surface area of the synthesized powder
were studied as a function of molar ratio of water/2-propanol
and water/tetra-n-butyl orthotitanate. It was observed that an
increase in the content of water turns the product from
amorphous to crystalline and causes the specific surface area
to decrease. It was also found that 2-propanol clearly hinders
the crystallization of TiO,. With the lowest amount of water
used in the synthesis, the powder synthesized by using
2-propanol was amorphous but powder synthesized without
2-propanol was partially crystallized. It was also observed that
the surfaces of the powders synthesized without 2-propanol in
synthesis were cleaner from organic residuals than those
synthesized with 2-propanol. It is proposed that 2-propanol
used in synthesis inhibited the peptization of amorphous
precipitate and, due to inhibited peptization, hindered the
crystallization of TiO,. Moreover, it was suggested that the
adsorption of alkyl groups on the surfaces of primary particles
may cause steric hindering between the particles and prevent
the formation of ordered crystalline structure.

Although a more detailed investigation regarding effect of
water and solvent contents to the degree of crystallinity of the
TiO, powders is needed in further studies, the results of this
article could be of great importance in both scientific and
engineering aspects.
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