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a b s t r a c t

In this study, a microwave assisted solvothermal method was used to synthesize TiO2 with anatase
structure. The synthesis was done using Ti (IV) isopropoxide and ethanol without templates or
alkalinizing agents. Changes in structural features were observed with increasing time of synthesis
and evaluated using periodic quantum chemical calculations. The anatase phase was obtained after only
1 min of reaction besides a small amount of brookite phase. Experimental Raman spectra are in
accordance with the theoretical one. Micrometric spheres constituted by nanometric particles were
obtained for synthesis from 1 to 30 min, while spheres and sticks were observed after 60 min.

& 2013 Elsevier Inc. All rights reserved.

1. Introduction

Nanocrystalline titanium dioxide (TiO2) has recently attracted
significant attention for scientific and technological applications in
electronic and optical–electronic devices, catalysts, gas sensors and
semiconductors for solar cells [1,2]. TiO2 is a polymorphic material
with three distinct crystallographic structures: tetragonal anatase,
orthorhombic brookite and tetragonal rutile [3]. The thermody-
namic stability of TiO2 structures depends on particle size: anatase
is the most thermodynamically stable structure of TiO2 at particle
sizes up to 11 nm, brookite is the most stable structure between 11
and 35 nm, and rutile is the most stable structure above 35 nm [4].
In addition, the material properties of TiO2 depend on the method
of synthesis; TiO2 synthesis can be performed using sol–gel [5],
thermal evaporation [6], co-precipitation [7], micro-emulsion [8]
and hydrothermal/solvothermal methods [9]. The hydrothermal
and solvothermal methods have particularly been of increasing
interest recently due to the possibility of obtaining crystalline
metallic oxides with high purity and morphological control
[10,11]. Most papers regarding these techniques are related to the
evaluation of pressure, temperature and use of templates [12–15].
Lee et al. [16] reported the synthesis of anatase (TiO2) spheres in
ethanolic media using tetrabutylammonium hydroxide (TBAH, 40%

aqueous solution) as template at 200 1C for 6 h of microwave
exposure. Du et al. [17] obtained TiO2 anatase microspheres using
aqueous TiCl4, sodium sulfate (Na2SO4), urea CO(NH2)2 and ethanol
above 140 1C with reaction times ranging from 1 to 36 h. The
microwave method has also been used to obtain TiO2 microspheres
by Luo et al. [18], Yoon et al. [19] and Jia et al. [20]. Luo et al. [18]
used NaOH as an alkalinizer and sodium dodecyl sulfonate (SDS) as
template in ethanolic media at 140 1C and a reaction time of
40 min. Yoon et al. [19] studied the formation of TiO2 from TiCl4
and TiCl3 in a 20% HCl aqueous solution at 190 1C for 30 min and
evaluated the influence of the alcohol chain length in the solution
on the morphology of the material. Jia et al. [20] prepared TiO2

sticks using TiCl4 as a precursor in addition to polyethyleneoxide–
polypropyleneoxide–polyethyleneoxide copolymer in HCl with
further heat treatment at 300 1C. TiO2 microspheres with rutile
structures were also obtained by Mali et al. in two different studies.
In 2012 [21], Mali et al. synthesized TiO2 films containing micro-
spheres using the hydrothermal method. Semi-spheres were
obtained after 4 h at 160 1C, and perfect spheres were obtained
after 6 h. In 2013 [22], Mali et al. improved the light harvesting of
films obtained after 8 h of hydrothermal treatment by deposition of
CdS on the surface of the microspheres using the successive ionic
layer adsorption and reaction (SILAR) technique.

In this study, TiO2 microspheres were synthesized using the
microwave assisted solvothermal method without the use of a
template or the previously reported alkalinizing agents and
with reaction times ranging from 1 to 60 min. Periodic quantum
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chemical calculations were performed to evaluate the dependence
of the vibrational normal modes on the structural order–disorder
and on the lattice parameters.

2. Materials and methods

2.1. Experimental procedure

For the synthesis of titanium dioxide (TiO2) particles, an
ethanolic suspension with 0.07 mol L�1 of Ti(IV) was prepared
using Ti(IV) isopropoxide (Aldrich, 97% purity) and ethanol (Vetec,
99.8%) under continuous stirring. This suspension was transferred
to a Teflon reactor and heated by microwave radiation at 120 1C
under autogenic pressures of approximately 200 kPa, for reaction
times of 1, 5, 15, 30 and 60 min. A white precipitate was formed
during the reaction; after the reaction was completed, this
precipitate was washed with distilled water at room temperature
until complete neutralization. The precipitate was dried at 100 1C
for 5 h.

Characterization was performed using X-ray diffraction (XRD)
in an XRD 6000 Shimadzu diffractometer using CuKα radiation.
Identification was performed comparing XRD patterns with the
crystallographic index cards JCPDS 89-4921, 89-4920 and 38-0700.
Crystallite size was calculated using the Scherrer equation for the
(101) peak. Raman spectra were obtained using an FT-Raman
Bruker RFS/100/S spectrophotometer with a 60-mW Nd:YAG laser,
excitation radiation of 1064 nm and a resolution of 4 cm�1

between 50 and 750 cm�1. Infrared spectra between 400 and
1500 cm�1 were obtained with an IRPrestige-21 Shimadzu spec-
trometer. Morphological evaluation was performed using FE-SEM
in a FEG-VP Zeiss Supra 35 microscope.

TiO2 samples were tested for the photodegradation of Remazol
Golden Yellow (RNL) azo-dye. A 5-mg aliquot of the TiO2 sample
prepared using a 1-min reaction time was added to a 50-ppm RNL
solution of pH¼6, and the resulting mixture was submitted to UVC
radiation (0.5–1 mW measured near the sample) for 1, 2 or 4 h.
The solution was then centrifuged for 30 min at 5000 rpm and
25 1C to separate the solution from the catalyst via filtration. The
discoloration of the solutions was analyzed by UV–vis spectro-
scopy using a SHIMADZU UV-2550, in the range of 200–600 nm.

2.2. Computational details

To evaluate the dependence of vibrational normal modes on
lattice parameters, the anatase structure was explored by compu-
tational quantum calculations, and a relationship between the
blue-shift/red-shift of vibrational modes and crystal growth was
found. Our ansatz was δ (time of synthesis)-δ (crystallization
degree)-δ (lattice parameters)-blue-shift/red-shift. For this
analysis, periodic DFT calculations were performed with the
B3LYP hybrid functional as implemented in CRYSTAL09 computer
code [23], which uses a local Gaussian basis set to describe
crystalline orbitals.

The anatase phase was modeled with a conventional unit cell
composed of four units of TiO2 (two primitive cells belonging to
the space group I41/amd), defined by three crystallographic para-
meters: a, c and internal coordinate u (u¼dap/c, where dap is the
apical Ti–O bond length). The oxygen and titanium centers were
described by the all-electron basis set: 6-31Gn for O and 6-21(d-31)G
for Ti. The Grimme dispersion potential was included to improve the
structural description of anatase using the augmented B3LYP-Dn

method, as reported in Ref. [24].
Values of 10�8, 10�8, 10�8, 10�8 and 10�18 for the tolerances

controlling Coulomb and exchange series were adopted for all
calculations. The shrinking factor (Pack–Monkhorst and Gilat net)

was set to 6, corresponding to 40 independent k-points in the
irreducible part of the Brillouin zone integration. The exchange
and correlation functionals were integrated numerically on a grid
of points. The SCF criteria convergence was 10�7, 10�10 and 10�8

for the geometry optimizations, vibrational and EOS calculations,
respectively.

To evaluate the order–disorder degree in TiO2 anatase, all
structural parameters were optimized at 10 fixed volumes (V) in
the range 0.92oV/V0o1.08, where V0 is the equilibrium unit cell
volume, using the EOS (Equation of States) algorithm.

Analyses of the infrared and Raman normal modes and their
corresponding frequencies for all optimized bulks were computed
at the Γ point by diagonalizing the mass-weighted Hessian matrix.
For this step, the functionals B3PW-D and PBE0-D with default van
der Waals radii in the Grimme potential [25] were also applied.

All calculations were performed in a high performance com-
puter center or in an in-house Linux cluster using the parallel
version of CRYSTAL09. The graphical manipulations were performed
using the molecular graphics programs MOLDRAW and VESTA for
Microsoft Windows [26–28].

3. Results and discussion

FE-SEMmicrographs of the TiO2 samples are presented in Fig. 1.
The presence of spheres formed by agglomerated nanometric
particles with sizes varying from 35 to 50 nm was observed. For
reaction times of 1–30 min, spheres of 1-μm average diameter
were observed (Fig. 2). Coalescence and misshaped spheres were
observed even after a 1-min reaction time, but were more evident
after 30 min. For 60-min reaction times, spheres and sticks that
varied in size were observed, indicating that microwave treatment
has an important influence on the material morphology.

The most important difference between the present study and
the previous literature on microspheres produced by hydrother-
mal/solvothermal methods [16–20] is that the synthesis of TiO2

microspheres is performed without templates or alkalinizing
agents. In addition, this TiO2 microparticle synthesis was com-
pleted in a very short reaction time (1 min).

The crystalline structures of the TiO2 samples prepared at
different reaction times were characterized by XRD, as shown in
Fig. 3. All of the samples crystallized into the anatase structure and
a small amount of brookite as secondary phase. Peaks related to
rutile or hydroxides were not observed even for 1-min reaction
times. No further thermal treatments or the use of templates was
necessary, as observed in previous literature reporting the synth-
esis of TiO2 by this method [29].

The structure of anatase is tetragonal with the space group D19
4h

I41/amd and is formed by Ti4þ ions at the center of octahedra.

Fig. 1. FE-SEM micrograph of TiO2 obtained with 1 min of synthesis.
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Brookite has an orthorhombic structure with the space group D15
2h

Pbca, presenting a higher density than that of anatase with higher
distortions in the Ti4þ octahedra; bond length and angles are
slightly different from one another, leading to a loss in the C1 local
symmetry [30]. Various studies have evaluated the crystallization
behavior of the anatase and brookite structures. According to Zhao
et al. [31], different mechanisms of crystallization occur when
synthesis is performed using the hydrothermal method. The
crystal growth of anatase follows Ostwald's ripening mechanism
with the formation of [Ti(OH)2(OH2)4]2þ under acidic or near
neutral conditions. The crystal growth of brookite begins with the
formation of TiO6 octahedra in an alkaline solution followed by
Ostwald's step rule. In the present work, the synthesis is per-
formed under pHE4–5, favoring the crystallization of anatase. We
believe that brookite formation may be related to the heteroge-
neity of the solution due to the crystallization process, as no
stirring is performed during solvothermalization and the ionic

mobility is smaller when ethanol is used as solvent instead
of water.

The lattice parameters, unit cell volume, full width at half
maximum of the peak (FWHM) and crystallite sizes are presented
in Table 1. The evaluation of these results indicates that an
increase in the reaction time leads to a decrease in the width of
the (101) XRD peak, due to a higher long range order related to the
increase in the crystallite size. This result indicates that processes
of dissolution–recrystallization are not important for this synth-
esis. Evaluation of the lattice parameters indicates that the a
values are almost constant, while an increase in the c value is
observed for reaction times longer than 1 min. Huberty and Xu
[32] previously reported that the c parameter of anatase decreased
upon an increase in the amount of brookite due to the presence of
microstrain in the anatase induced by brookite attachment. Other
factors, including structural defects, dopants, synthesis route and
microstrains, may also affect this parameter.

The short-range order of the anatase is evaluated by infrared
and Raman spectroscopy, shown in Fig. 4. According to the group
theory, the anatase structure (space group D19

4h) has three acoustic
modes and 15 optical modes. Among these optical modes, the
irreducible representations are as follows: 1A1gþ1A2uþ2B1gþ
1B2uþ3Egþ2Eu. Representations with the subscript u are infrared
active while representations with the subscript g are Raman active.
The B2u mode is silent [33].

The infrared spectra are shown in Fig. 4a and b; TiO2 with
anatase structure presents three infrared active vibrational modes,

Fig. 2. FE-SEM micrographs of TiO2 obtained with different durations of synthesis.

Fig. 3. XRD patterns of TiO2 prepared using different durations of synthesis. The
inset shows the (101) plane of anatase unit cell, used to obtain geometric
parameters.

Table 1
Characteristics of the samples according to the XRD patterns.

Time (min)

1 5 15 30 60

FWHM of the (101) peak (deg) 1.43 1.31 1.04 0.95 0.82
Lattice parameter a (Ǻ) 3.80 3.78 3.81 3.80 3.80
Lattice parameter c (Ǻ) 9.51 9.41 9.42 9.49 9.56
Unit cell volume (Ǻ3) 137 134 137 137 138
Crystallite size (Ǻ) 57.0 62.0 78.5 85.8 100
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2EuþA2u [29]. In the present study, broad bands assigned to these
three modes were observed at approximately 280 cm�1 (Eu),
380 cm�1 (A2u) and 440 cm�1 (Eu) (Fig. 4a) in addition to super-
posed bands between 400 and 900 cm�1 (Eu and A2u) (Fig. 4b),
which is in agreement with other experimental data [34]. The
presence of the brookite phase is characterized by broad bands at
approximately 764 and 806 cm�1 [35], which were not observed
in the present study, most likely due to the low amount of this
phase and superposition with anatase bands.

All Raman spectra (Fig. 4c) of the TiO2 synthesized in this study
presented the modes 1A1gþ2B1gþ3Eg at 149–151 cm�1 (Eg),
203–207 cm�1 (Eg), 403–407 cm�1 (B1g), 515–517 cm�1 (B1g/A1g)
and 630–641 cm�1 (Eg), in addition to weak bands at 247, 322,
362, 454, 461 and 588 cm�1 relative to the brookite phase [36].
Moreover, one mode at 86 cm�1 was observed and assigned to
vibrations characteristic of small crystallites, most likely from
particle surface and quantum confinement, which tends to dis-
appear when the reaction time and crystallite size increase [37].
Experimental results for single crystal anatase indicate that these
modes are usually observed at 143 cm�1 (Eg), 198 cm�1 (Eg),
395 cm�1 (B1g), 512 cm�1 (B1g), 518 cm�1 (A1g) and 639 cm�1

(Eg) [38]. Previous literature and the present work indicate that a
blue-shift occurs at 639 cm�1, with the exception of the Eg mode.
A difference in the behavior of this mode was also observed by
Ohsaka [39], who evaluated the dependence of the Raman
spectrum of anatase on temperature. The blue-shift phenomenon

is usually present in nanometric anatase [40,41]. For nanometric
materials, the surface tension may exert a radial pressure on the
nanocrystal, which may act in a manner similar to the effect of
hydrostatic pressure on single crystals and lead to the frequency
upshift of the Eg anatase mode at 143 cm�1 [42].

In the present work, the influence of pressure on the anatase
structure is simulated using computational quantum calculations.
The simulated anatase structure (a¼3.7875 Å, c¼9.5146 Å, and
u¼0.2082—as previously reported in Ref. [24]) at the B3LYP-Dn

level is in excellent agreement with the single crystal experimen-
tal data (a¼3.7842 Å, c¼9.5146 Å, and u¼0.2081). Theoretical
infrared and Raman vibrational modes were computed at the Γ
point using B3LYP-Dn, B3PW-D and PBE0-D functionals with the
optimized relaxed structure obtained from the B3LYP-Dn at 25 1C
and 1 atm and are displayed in Table 2.

The positions of all estimated vibrational modes were similar to
those of the experimental modes, but several small deviations
between the modes occurred due to the nature of the calculation
level. Despite these small deviations, the qualitative analysis of the
vibrational modes and their behavior in relation to the expansion/
compression simulation of a unit cell is useful for discussion of the
order–disorder model.

According to the theoretical calculation performed in this work,
all of the Eg and Eu vibrations occur in the [100] and [010]
directions and are doubly degenerated as a consequence of having
a tetragonal structure, which has the lattice parameter a equal to b
but different from c. The Eg mode at approximately 149 cm�1 is
mostly related to the Ti4þ vibration inside the TiO6 octahedra—
[TiO6], with a smaller contribution of the O2� ions. The Eg mode at
642 cm�1 is mostly due to the movement of the O2� anions
between two octahedra—[TiO6–TiO6] octahedral deformations.
The A and B vibrations are in the [001] direction, indicating the
stretching of Ti–O–Ti bonds.

The influence of the lattice parameters on the theoretical
vibrational spectra was analyzed (Fig. 5). Compression (related to
a decrease in lattice parameters) led to a decrease in the apical
(dap) and equatorial (deq) distances of the Ti–O bonds and the θ2
angle (Ti–O–Ti). All of the vibrational modes increased in wave-
number (blue-shift) upon a decrease in the lattice parameter c
and, consequently, the unit cell volume, which is directly related to
the increase in the pressure. The only exception was Eg
(�187 cm�1), which presented a small red-shift behavior for
c49.40 Å. Ohsaka [43] evaluated the effect of the hydrostatic
pressure on the Raman spectrum of anatase and observed the
same behavior for the Eg and B1g modes, as reported in our work.

With regard to the experimental data, a random behavior was
observed in the position of the Raman modes in relation to the

Fig. 4. Spectra of TiO2 prepared using different periods of time. (a) Absorbance
infrared spectra in the far region. (b) Transmittance infrared spectra in the medium
region. (c) Raman spectra.

Table 2
Theoretical and experimental infrared (IR) and Raman (R) modes and their
irreducible representations for relaxed TiO2 anatase (T¼25 1C and p¼1 atm).

Modes B3LYP-Dna B3PW-Db PBE0-Dc Exp This workd Active

Eg (2) 136 122 121 143 [33] 149–151 R
Eg (2) 187 190 194 198 [33] 203–207 R
Eu (2) 207 191 195 262 [34] 273–275 IR
A2u 329 319 322 367 [34] 365–390 IR
B1g 424 415 416 395 [33] 403–407 R
Eu (2) 432 420 421 435 [34] 430–445 IR
B1g 512 504 507 512 [33] 515–517 R
A1g 524 517 518 518 [33] 515–517 R
B2u 559 553 556 – – Silent
Eg (2) 638 625 627 639 [33] 630–641 R

a Optimization using B3LYP-Dn, frequencies using B3LYP-Dn [24].
b Optimization using B3LYP-Dn, frequencies using B3PW-D.
c Optimization using B3LYP-Dn, frequencies using PBE0-D.
d Interval for t¼1–60 min.
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lattice parameters, with the exception of the Eg mode at 639 cm�1.
This mode was selected to evaluate the correlation between the
theoretical and the experimental data as a function of the c lattice
parameter (Fig. 6). The experimental values converge to the
theoretical values upon an increase in crystallite size, as a result
of the increase in the ratios of bulk/surface and bulk/interface. The
highest agreement between theoretical and experimental results
was obtained for samples with 60-min reaction times and crystal-
lite sizes of approximately 100 nm, leading to properties more
similar to the bulk properties simulated in the periodic model.

In the Raman spectra of single crystal anatase, the experimental
data of the Eg mode at 639 cm�1 shows a red-shift in relation to
the lattice parameter ‘c’. This result is confirmed by comparing the
theoretical results and experimental data, which indicates that
samples with lower lattice parameter ‘c’ values (corresponding to
smaller crystallite sizes) showed a higher red-shift in relation to
the theoretical results, as shown in Fig. 6. The global changes in
the primitive unit cell of the anatase structure indicate that the
distance between oxygen anions increases as the lattice parameter
decreases due to the compression effect. Because the Eg mode at
639 cm�1 is related to the movement of these anions in opposite
directions, a higher energy would be necessary to promote this
vibration. The experimental data indicate that there is a limit on
increasing this energy, which may be assigned to some short-
range disorder.

The short-range disorder is evaluated using the bandwidth of
the Raman modes at 149 cm�1, 402 cm�1 and 642 cm�1, as

shown in Table 3. These are the most intense bands of the Raman
spectra and are not superimposed with other modes.

The foundations of the presented order–disorder model are
supported by the observation that in the TiO2 nanophase, the size-
induced radial pressure may act in a manner similar to the effect of
hydrostatic pressure on single crystals [44]. Although the simple
model described herein does not consider the full extent of the
crystal growth process, it does reveal some structural order–
disorder effects.

Analysis of the data presented in Table 3 indicates an increase
in the FWHM of 149 cm�1 and 642 cm�1 modes in addition to a
decrease in the 402 cm�1 mode as the reaction time increases.
Evaluation of these results involves considering the theoretical
calculations. As the Eg mode at 149 cm�1 is related to the move-
ment of the Ti4þ vibration in the [100] direction, this increase
indicates that a higher short-range disorder occurs inside the
octahedra as the reaction time increases. Moreover, the short-
range disorder also increases between octahedra as indicated by
the (Ti–O–Ti) vibration evaluated in the Eg mode at 642 cm�1 for
the sample obtained after a 60-min reaction time. This higher
short-range disorder can be credited to the observation that the
anatase phase decreases in stability as the crystallite size
increases, as reported by Chen et al. [4]. In the [001] direction, a
decrease in the short-range disorder is indicated by the B1g mode,
which may be related to the increase in the lattice parameter c.

The microspheres obtained after 1-min reaction times were
tested for the photocatalytic degradation of the RNL azo-dye
(Fig. 7). The photocatalyst synthesized in the present work showed
an increase in efficiency indicated by an increase in the discolora-
tion of the azo-dye as exposure to UV radiation increased.
Comparison with the P25 TiO2 showed a difference of 14%. This
efficiency may be due to the smaller particle size and/or the
presence of brookite; Zhao et al. [31] showed that the concomitant
presence of two phases might increase the catalytic activity due to
the easier transfer of photogenerated electrons from one phase to
another, suppressing the recombination process.

4. Conclusions

The microwave-assisted solvothermal method was successfully
used in the synthesis of titanium dioxide with anatase structure
without further thermal treatment when using 1- to 60-min
reaction times. The long-range order increased with increasing
reaction time while the short-range disorder increased in the [100]
direction and decreased in the [001] direction. The band indicating

Fig. 5. Theoretical vibrational spectra of TiO2 at different values of c lattice
parameter calculated at B3LYP-D* level.

Fig. 6. Variation in the position of the theoretical and experimental Eg modes in the Raman spectra of TiO2 at different values of c lattice parameter and its vector
displacements on the primitive unit cell.
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quantum confinement was more intense using a 1-min reaction
time sample. As shown in the FE-SEM micrographs, the nano-
metric particles agglomerate to form microspheres in reaction
times of up to 30 min, but a change in the morphology occurs
when a 60-min reaction time is used.

Computational studies based on periodic DFT computations
were important for elucidating vibrational behavior regarding the
proposed order–disorder model. The experimental Raman and
FT-IR modes are in close agreement with the theoretical results,
particularly in supporting the observation that an increase in the
reaction time results in an increase in the crystallite size.

The photocatalytic tests showed that TiO2 synthesized in the
present work led to a discoloration of 72.2% after a 4-h reaction
time.
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