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TiO2-polycristalline microspheres were prepared by wet chemical synthesis using titanium aquo oxo chloride
([Ti8O12(H2O)24]Cl8.HCl.7H2O) as titanium source. The morphology and structure of sample was observed using high
resolution scanning electron microscopy (HR-SEM), high resolution transmission electron microscopy (HR-TEM), FT-Raman
spectroscopy, FT-IR spectroscopy, X-ray diffraction (XRD) and high temperature X-ray diffraction (HT-XRD). Microstructure
of TiO2 phases were determined from HT-XRD measurement data at various temperatures from 100 oC to 1000 oC at intervals
of 50 oC. The morphology of sample shows a distribution of microspheres of approximately 0.5 to 1.0 mm. Detailed
measurements of sample from XRD spectra exhibit monoclinic structure (TiO2(B) phase) of TiO2-polycristalline microspheres.
The HT-XRD results indicated that diffraction peaks of TiO2-polycrystalline microspheres are indexed as TiO2(B) phase from
100 to 250 oC and as anatase phase from 300 to 650 oC, while mixed crystals of anatase and rutile were observed at
temperatures measurement from 700 to 800oC. Finally, pure rutile phase has formed at temperatures measurement from 850
to 1000 oC. The results of microstructure analysis show that the anatase structure could be indexed to I41/amd (no. 141) space
group with tetragonal symmetry at temperatures measurement: 600 and 750 oC, while the rutile structure could be indexed
to P42/mnm (no. 136) space group with tetragonal symmetry at 750 and 950 oC.
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 Introduction

Titanium dioxide (TiO2) has been the subject of a
great deal of research during the last decades because
of its excellent optical, chemical and electrical
properties. TiO2 has a wide range of applications for
the development of dye-sensitized solar cells (DSSCs)
[1-3], photocatalysts for the degradation of water and
air pollutants [4], self-cleaning [5], gas sensors [6],
photoluminescent materials [7], photoelectrochemistry
[8], super hydrophilic [9-10], light-induced amphiphilic
surfaces [11] and antibacterial applications [12-13]. 

In fact, TiO2 consists of eleven phases (polymorphs):
anatase (tetragonal, I41/amd) [14-15], rutile (tetragonal,
P42/mnm) [15-16], brookite (orthorhombic, Pbca) [17],
TiO2(B) (Monoclinic, C2/m) [18], TiO2(H) (tetragonal, I4/
m) [19], TiO2(R) (orthorhombic, Pbnm) [20], collumbite
(TiO2-II) (orthorhombic, Pbcn) [21], badeleyite (TiO2-MI)
(monoclinic, P21/c) [22], TiO2-orthorhombic (TiO2-OI)
(orthorhombic, Pbca) [23], fluorite (cubic, Fm3m) [24]
and cottunite (orthorhombic, Pnma) [24]. All of the
polymorphs contain edge- and corner-linked, octahedrally
coordinated Ti cations (TiO6). In nature, TiO2 has three

different structure types: rutile, anatase, and brookite.
All of these crystalline forms of TiO2 occur in nature as
mineral, but only rutile and anatase have been able to
be synthesized in pure form at low temperature.
Among the TiO2 polymorphs, anatase is the phase that
contains the highest octahedral condensation. In many
cases, anatase exhibits higher activity than other TiO2

polymorphs [25-26]. 
Nevertheless, the material properties of TiO2

nanoparticles are a function of the crystal structure
(phase), nanoparticle size, and morphology and are
strongly depend on the method of synthesis [27-29].
Numerous methods have been developed for the
fabrication of one-dimensional TiO2 nanostructures, such
as self-assembling, template growth and strong alkali
treatment [30-31]. These techniques mainly require high
pressure, surfactant or surface capping agents. Therefore,
a simple approach for a low-cost, low-temperature and
controlled growth process to produce TiO2 nanostructures
is essential [32-34]. The objective of the research is to
prepare TiO2 nanoparticles by wet chemical synthesis in
the absence of a surfactant or surface capping agents. The
crystal structure and surface morphology of the prepared
materials were studied by HRSEM, HRTEM, FT-Raman,
FT-IR and XRD. The microstructure of TiO2 phases were
determined from HR-XRD measurement data at various
temperature ranges from 100 oC to 1000 oC at intervals
of 50 oC.
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Experimental Procedure

Materials
Wet chemical synthesis was employed to synthesize

titanium dioxide from titanium aquo-oxo chloride as
titanium source. Materials used were titanium aquo-
oxo chloride ([Ti8O12(H2O)24]Cl8·HCl·7H2O), silver
nitrate (AgNO3, Merck) and ethanol (100% C2H5OH,
Merck).

Preparation of TiO2-polycrystalline microspheres
In particular synthesis, 0.5 g (3.439 × 10−4 mol) of

[Ti8O12(H2O)24]Cl8·HCl·7H2O dissolved in 25 ml
ethanol was added with stirring a solution containing
0.297 g (2.752 × 10−3 mol) of silver nitrate (AgNO3) in
25 ml ethanol. The formation of a silver chloride
(AgCl) precipitate was spontaneous. After separation of
AgCl by filtration, the recovered clear solution (filtrate)
was boiled to evaporation of half its volume. After
filtration and drying at room temperature, a new
precipitate appears was characterized by the HR-SEM,
HR-TEM, FT-Raman spectroscopy, FT-IR spectroscopy
and XRD. The determination of the crystal structure in
the precipitate was carried out at room temperature. The
microstructures of TiO2 phases were determined from
XRD measurement data at various temperature ranges
from 100 oC to 1000 oC at intervals of 50 oC.

Instruments
The morphology of the precipitate was examined

using HR-TEM (H9000NAR, Hitachi and HR-SEM
(Jeol JSM 7600F). The FT-IR was carried out with a
infra-red spectrometer FT-IR Bruker Vertex 70. FT-
Raman spectra was obtained at room temperature using
a FT-Raman Spectrophotometer (Bruker RFS100)
equipped with a 1064 nm laser as the incident light,
which allows one to focus a sample area with a diameter
less than 1 mm. The XRD measurements were carried
out in the reflection mode on a Siemens D5000 “PSD”
model diffractometer with Cu Kα radiation (λ =
1.5406 Å). The XRD data were collected at a scanning
rate of 0.02 o/s in 2θ ranging from 5 o to 85° using
standard Bragg-Brentano diffraction geometry. 

Microstructure analyses of TiO2 

The techniques currently available for structure
determination from powder diffraction (SDPD) data
can be subdivided into two categories-“traditional” and
“direct-space” approaches [35]. In this research, the ab-
initio crystal structure determination of the TiO2 phases
from the sintering process at various temperatures from
XRD data was performed using the two-stage method
which is a “traditional” approach [36]. In the first
stage, the experimental pattern is decomposed in single
Bragg integrated intensities, which are then used in the
second stage for solving the crystal structure by direct
methods or by Patterson techniques. The whole powder

pattern decomposition methods (WPPD) are used for
the purpose of partition and extraction of the integrated
intensities from the observed diffractograms. The
WPPD is conducted using a Fullprof program (Le Bail
algorithms) that is integrated with Winplotr package
program to obtain the structure factor amplitudes [37].
The atomic coordinates and anisotropic parameter are
generated through direct method or by Patterson
techniques using ShelXS program and ShelXL
integrated in Oscail-X [38]. 

Results and Discussion

Characterization of TiO2 microspheres
The morphology of the precipitate was analyzed

using HR-SEM. HR-SEM images of the precipitate
under two magnifications are shown in Fig. 1. As can
be seen from the morphologies of particles, there are a
distribution of microspheres of approximately 0.5 to
1.0 mm. The crystallite size was examined using HR-
TEM. Fig. 2 shows the HR-TEM images of the surface
of microspheres. It is obvious from these images that
the surface of microspheres are composed of TiO2

polycrystalline with an average crystallite size of 5 nm.
The XRD was employed to further investigate the

Fig. 1. Typical HR-SEM images of TiO2 microspheres; (a)
x25.000 and (b) x 50.000.
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crystalline phase of the TiO2-polycrystalline microspheres.
A typical XRD pattern of the TiO2-polycrystalline
microspheres and TiO2 (B) are shown in Fig. 3. The
low and large peaks in Fig. 3(b) confirmed the TiO2-
polycrystalline microspheres were not well crystallized.
The XRD patterns (Cu-Kα radiation, λ = 1.5406 Å)
(Fig. 3) exhibit diffraction peaks at 2θ of 14.04, 17.80,
25.26, 30.23, 48.17 and 58.98 o, which can be readily
indexed to the TiO2 (B) phase. The peaks located at 2θ
= 14.04, 17.80, 25.26, 30.23, 48.17 and 58.98 o are
indexed as the (001), (201), (110), (401), (512) and
(711) planes of TiO2(B) [39-40]. 

The FT-Raman spectra of TiO2-polycrystalline
microspheres was recorded between 25 and 3500 cm−1

in Fig. 4. The FT-Raman peaks exhibit at wavenumber
of 124, 160, 197, 245, 423, 467, 495, and 632 cm−1,
which can be readily indexed to the characteristic
bands for TiO2(B) phase [39, 41]. The peaks located at
759, 940 and 1048 cm−1 are characteristic of the

existence of the NO3
− anion [42]. The peaks around

1356, 1625 and a strong stretching vibration of O-H
group with the wide bands at 2900-3100 cm−1 are
possibly be due to the stretching and bending vibration
of hydroxyl groups of molecular water [43]. 

Fig. 5 presents the FT-IR spectra of TiO2-polycrystalline
microspheres. The peaks around 1356, 1625 and a strong
stretching vibration of O-H group with the wide bands at
3000-3700 cm−1 (maximum around 3218 cm−1) are
possibly due to the stretching and bending vibration of
hydroxyl groups of molecular water [44-45]. The
presence of a fine and intense line at 1381 cm−1 and
1625 cm−1 reflects the existence of nitrate NO2-symmetric
and nitrat NO2-asymmetric stretching respectively [45].
Two sharp peaks at 502 cm−1 and 800 cm−1 observed for
products were attributed to vibration modes of Ti-O [42]. 

The relatively high intensity of the peaks associated
with the hydroxyl groups and NO3

- anion at FT-Raman
(Fig. 4) and FT-IR (Fig. 5) spectra suggested that a
large amount of hydroxyl groups and NO3

− anion were
located on the surface and in the layers of the TiO2-
polycrystalline microspheres.

The TiO2 phases at various high temperatures
measurement

Fig. 6 shows XRD pattern of the development of

Fig. 2. HR-TEM of TiO2-polycrystalline.

Fig. 3. XRD pattern of TiO2-polycrystalline and TiO2(B).

Fig. 4. FT-Raman spectrum of TiO2-polycrystalline.

Fig. 5. FT-IR spectrum of TiO2-polycrystalline.
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structure in TiO2-polycrystalline microspheres were
recorded at 100 (a) to 1000 oC (s) with intervals of 50 oC.
Diffraction peaks are indexed as those originating from
monoclinic TiO2(B) phase at temperature measurement
from 100 to 250 oC. As the temperature measurement
increases from 300 to 750 oC, the anatase phase becomes
sharper up to 650 oC, and thereafter, rutile peaks became
sharper and narrower, indicating improvement in the
crystallinity of the anatase phase up to 650 oC, and
thereafter rutile TiO2 phases. After 800 oC (Fig. 6(o))
pure rutile phase has formed and the anatase phase
disappears completely. 

All the observed peaks could be indexed to I41/amd

space group with tetragonal symmetry for anatase or
P42/mnm space group with tetragonal symmetry for
rutile. The refined parameters included Bragg intensities,
the 2θ zero offset, the unit-cell parameters, the
background parameters and the peak-shape parameters.
The results of crystal system, cell parameters and quality
of refinements from TiO2-polycrystalline microspheres
at various temperatures measurement are presented in
Table 1. The X-ray diffraction pattern shows TiO2 phase
on the temperature: 100 to 250 oC is TiO2(B), then 300
to 650 oC is dominated by anatase phase, and 700 to
800 oC is showed presenting two phases of TiO2:
anatase and rutile, then in 850 to 1000 oC is dominated
by rutile phase. The main diffraction peaks at Fig. 6(a-
d) are indexed as the (200), (201), (002), (400), and
(402) reflections of TiO2(B) phase. The main
diffraction peaks (Fig. 6(i-l)) are indexed as the (101),
(103), (004), (112), (200), (105), (211), (213), (204),

Fig. 6. HT-XRD patterns of TiO2(B), anatase and rutile phases
were recorded at temperatures measurement: (a) 100 to (s)
1000 oC at intervals of 50 oC.

Table 1. The results of Fullprof patern matching of the XRD data of TiO2-polycrystalline microspheres at various temperatures
measurement: crystal system, TiO2 phase, space group, lattice parameters and indicator (criteria of fit).

Temperature 
measurement (oC)

TiO2 
phase

Crystal 
system

Space 
group

Unit Cell (Å) Volume
(Å3)

Quality of the refinement

a b Rp Rwp Rexp 2 RB RF

300 (e) Anatase Tetragonal I41/amd 3.79930 9.53094 137.576 3.66 4.82 5.54 0.76 0.598 0.412

350 (f) Anatase Tetragonal I41/amd 3.79915 9.54366 137.749 4.42 5.90 5.70 1.07 0.613 0.455

400 (g) Anatase Tetragonal I41/amd 3.79759 9.54905 137.713 4.17 5.78 5.78 1.00 0.583 0.508

450 (h) Anatase Tetragonal I41/amd 3.79988 9.56176 138.063 4.26 5.92 5.80 1.04 0.583 0.431

500 (i) Anatase Tetragonal I41/amd 3.79944 9.56457 138.072 4.44 6.18 5.82 1.13 0.602 0.452

550 (j) Anatase Tetragonal I41/amd 3.79953 9.57033 138.162 4.31 5.95 5.79 1.06 0.603 0.494

600 (k) Anatase Tetragonal I41/amd 3.80054 9.57794 138.345 4.27 6.13 5.72 1.15 0.734 0.697

650 (l) Anatase Tetragonal I41/amd 3.80154 9.58481 138.517 5.28 8.43 5.58 2.28 0.445 0.559

700 (m)
Anatase Tetragonal I41/amd 3.80255 9.59252 138.702

4.54 6.56 5.81 1.27
0.271 0.312

Rutile Tetragonal P42/mnm 4.62189 2.98189 63.699 1.210 1.330

750 (n)
Anatase Tetragonal I41/amd 3.80372 9.59749 138.859

4.47 6.39 5.88 1.18
0.791 0.788

Rutile Tetragonal P42/mnm 4.62436 2.98324 63.796 0.685 0.965

800 (o)
Anatase Tetragonal I41/amd 3.80781 9.56159 138.638

5.57 7.74 6.15 1.58
1.260 1.370

Rutile Tetragonal P42/mnm 4.62627 2.98506 63.888 0.765 0.720

850 (p) Rutile Tetragonal P42/mnm 4.62864 2.98719 63.998 4.71 6.90 5.66 1.48 0.852 0.868

900 (q) Rutile Tetragonal P42/mnm 4.63062 2.98889 64.090 4.70 6.51 5.69 1.31 0.717 0.569

950 (r) Rutile Tetragonal P42/mnm 4.63060 2.98889 64.089 4.96 7.06 5.74 1.51 0.820 0.728

1000 (s) Rutile Tetragonal P42/mnm 4.63489 2.99253 64.286 5.08 7.56 5.85 1.67 0.757 0.660

Rp = R-pattern, Rwp= R-weighted pattern, Rexp = R-expected , χ2= Goodness of fit, RB = R-Bragg factor, RF = R-structure factor.
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(116), (220), (215) and (301) reflections of crystalline
anatase phase, corresponding to those shown in the
ICDD card No. 01-075-2550. The exhibited peaks (Fig.
6(p-s)) correspond to the (110), (101), (200), (111),
(210), (211), (220), (002), (310), (301), (112), (111) ,
(202) and (212) of a tetragonal rutile structure of TiO2,
which is identified using the standard data (COD card
No. 9004141). Fig. 7 shows the relationship between
cell volume and type of TiO2 phase at various
temperatures measurement.

Microstructure of TiO2 phase at 600, 750 and
950 oC 

The microstructural analysis are performed on the
solid at temperatures measurement: 600, 750 and 950 oC.
The TiO2-polycrystalline was measured by HTXRD at
temperatures measurement of 600 oC form of TiO2 with
anatase phase, while mixed anatase and rutile phases
have formed at 750 oC, and pure rutile phase is identified
at 950 oC. The whole powder pattern decomposition (Le
Bail algorithm) is conducted using Fullprof program that
is integrated with Winplotr package program to obtain the
structure factor amplitudes. The Fullprof pattern
matching of 600 and 750 oC could be indexed to I41/
amd (no. 141) space group with tetragonal symmetry
for anatase (Fig. 8(a) and Fig. 8(b)), while at 750 and
950 oC could be indexed to P42/mnm (no. 136) space
group with tetragonal symmetry for rutile. The refined
cell parameters of anatase at 600 oC are found to be a =
b = 3.8005(20) Å and c = 9.5779(20) Å and the unit
cell volume is found to be 138.34(11) Å3, while the cell
parameters of anatase at 750oC are found to be a = b =
3.8037(20) Å and c = 9.5976(20) Å. These values are
found to be comparable to those in Weirich et al. [14]. 

The refined cell parameters of rutile at 750 oC are
obtained to be a = b = 4.6241(20) Å and c = 2.9830(20)
Å, while the cell parameters of rutile at 950oC are
found to be a = b = 4.6306(20) Å and c = 2.9889(20)
Å. These values are found in accordance with the

results of the Swope et al. [16].
Allowing the variation of different parameters such

as cell parameters scale factors, position parameters
and anisotropic thermal parameters carried out the
refinement using ShelXS program and ShelXL
integrated in Oscail-X. The position of the Ti and O
atoms, cell parameters scale and anisotropic thermal
parameters are given in Table 2. 

Fig. 7. Cell volume and TiO2 phases at various temperatures
measurement (TiO2(B) < 300oC £ anatase < 700 oC ≤ anatase +
rutile ≤ 800 oC < rutile ≤ 1000 oC).

Fig. 8. Plot output showing the Fullprof pattern matching (Le Bail
algorithm) to the whole powder pattern decomposition from (a)
anatase (650 oC), (b) mixed: anatase and rutile (750 oC), (c) rutile
(950 oC). The observed data are indicated by dot (·) and the
calculated pattern is the continuous line overlying them. The short
vertical lines below the pattern mark the positions of all the Bragg
reflections, and the lower curve is the difference between the
observed and calculated patterns plotted on the same scale.



Synthesis of TiO2-polycrystalline microspheres and its microstructure at various high temperatures 383

Conclusions

A facile synthesis method for titania (TiO2)
microspheres was successfully developed. In the
morphology of TiO2-polycrystalline, there is a distribution
of microspheres of approximately 0.5 to 1.0 mm. The
XRD and FT-Raman results indicated that TiO2-
polycrystalline microspheres showed TiO2 (B) phase. The
FT-Raman and FT-IR spectra suggested that a large

amount of H2O and NO3
- anion were located on the

surface and in the layers of the TiO2-polycrystalline
microspheres. The HT-XRD results indicated that
diffraction peaks of TiO2-polycrystalline microspheres
are indexed as TiO2 (B) phase at temperatures
measurement from 100 to 250 oC and as anatase phase
at temperature measurement from 300 to 650 oC.
However, mixed crystals of anatase and rutile were
observed at temperatures measurement from 700 to

Table 2. Basic crystallographic data for anatase and rutile phases obtained from TiO2-polycristalline microspheres at temperatures
measurement: 600, 750 and 950oC.

Temperatures 
measurement 

Crystal Data

600oC

Phase Formula System
Space 
Group

Unit Cell (Å3)
Cell

Volume (Å3)
Density, calc. 

(g/cm3)

Anatase TiO2 Tetragonal
I41/amd 
(no. 141)

a = 3.8005(20); 
c = 9.5779(20)

138.34(11) 3.835

Atomic Coordinates

Atom Position Occupancy x y z

Ti 4b 1 0.00000  0.00000 0.50000

O 8e 0.5 0.00000 -0.50000 0.54411

Thermal Parameters

Atom U11 U22 U33 U12 U13 U23

Ti 0.06152 0.06152 0.05854 0.00000 0.00000 0.00000

O 0.03355 0.09120 0.06239 0.00000 0.00000 0.00000

750oC

Anatase TiO2 Tetragonal
I41/amd 
(no. 141)

a = 3.8037(20); 
c = 9.5976(20)

138.86(11) 3.821

Atomic Coordinates

Atom Position Occupancy x y z

Ti 4b 1 0.00000 0.00000 0.50000

O 8e 1 0.00000 0.00000 0.30222

Thermal Parameters

Atom U11 U22 U33 U12 U13 U23

Ti 0.12198 0.12198 0.08396 0.00000 0.00000 0.00000

O 0.09874 0.05268 0.11900 0.00000 0.00000 0.00000

Rutile TiO2 Tetragonal
P42/mnm 
(no. 136)

a = 4.6241(20);
c = 2.9830(20)

63.78(6) 4.159

Atomic Coordinates

Atom Position Occupancy x y z

Ti 2a 1 0.00000  0.00000 0.00000

O 4g 1 0.30408 -0.30408 0.00000

Thermal Parameters

Atom U11 U22 U33 U12 U13 U23

Ti 0.05963 0.05963 0.03823 0.00314 0.00000 0.00000

O 0.05282 0.05282 0.01933 0.00272 0.00000 0.00000

950oC

Rutile TiO2 Tetragonal
P42/mnm 
(no. 136)

a = 4.6306(20);
c = 2.9889(20)

64.09(6) 4.139

Atomic Coordinates

Atom Position Occupancy x y z

Ti 2a 1 0.00000 0.00000 0.00000

O 4f 1 0.30629 0.30629 0.00000

Thermal Parameters

Atom U11 U22 U33 U12 U13 U23

Ti 0.06993 0.06993 0.06042 -0.00093 0.00000 0.00000

O 0.05305 0.05305 0.06999 -0.00511 0.00000 0.00000
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800 oC. Pure rutile phase has formed at temperatures
measurement from 850 to 1000 oC. The results of
microstructure analysis show that the anatase structure
could be indexed to I41/amd (no. 141) space group with
tetragonal symmetry at temperatures measurement: 600
and 750 oC, while the rutile structure could be indexed
to P42/mnm (no. 136) space group with tetragonal
symmetry at 750 and 950 oC.
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