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Precursor solutions for TiO2 were prepared by the sol-gel method. The titania precursor was calcined at 450ºC, 500ºC, 550ºC, 575ºC,
600ºC and 650ºC. Six compositions of titania samples (sintered at different temperatures) have been taken for microstructure
characterization by X-ray diffraction study using Warren–Averbach and Rietveld methods. The dominant Raman band peak positions
of the 144 cm−1 Eg mode in anatase TiO2 clearly shifted to a higher values depending on the effective crystallite mean size. RDF
analysis showed that at relatively small changes in the calcinations temperature of the titania precursors (575ºC to 650ºC), the local
correlations between Ti-O and Ti-Ti atoms may suffer a significant modification.

INTRODUCTION
Nanosized materials derived from TiO2 have
been extensively investigated for vast applications,
including photocatalysis, photo-catalytic effect in
waste water treatment1 and solar energy
conversion.2 TiO2-based oxide systems are the
most promising candidates for the development of
photoelectrodes for photoelectrochemical cell
(PEC) used in solar-hydrogen production.3 In our
present work, we report the effect of the
temperature treatment on the crystal structure and
microstructure of the nanocrystalline titania
prepared by sol-gel method. Rietveld analysis of
the X-ray powder diffraction patterns of
nanocrystalline titania was carried out in order to
determine the structural and microstructural
parameters.

vigorously for 2h at room temperature, a mixed solution of
water (0.9 mL) and ethanol (10 mL) was added drop wise to
the above solution with a burette under stirring. The resultant
alkoxide solution was kept standing for 2h at room
temperature for hydrolysis reaction , resulting in the TiO2 sol.
The chemical composition of the starting alkoxide solution
was Ti(OC4H9)4:C2H5OH:H2O:NH(C2H4OH)2=1:26.5:1:1 in
molar ratio. The titania precursor was calcined at 450ºC,
500ºC, 550ºC, 575ºC, 600ºC and 650ºC.
X-ray diffraction (XRD) measurements were performed
using a BRUKER D8 Advance X-ray diffractometer, working
at 45 kV and 45 mA and the goniometer was equipped with a
germanium monochromator in the incident beam. The X-ray
diffraction patterns were collected in a step-scanning mode
with steps of ∆2θ = 0.01° using Cu Kα1 radiation (λ =
1.54056 Å) in the 2θ range 15-85°.
The Raman spectra were recorded in a backscattering
geometry using a NRS-3300 JASCO Raman-microscope
system and the 632.75 nm excitation wavelength of an Ar-ion
laser, focused on a spot size of the order of ≈3 µm.

RESULTS AND DISCUSSION
EXPERIMENTAL∗
Precursor solutions for TiO2 were prepared by the following
method: tetrabutylorthotitanate (17.02 mL) and diethanolamine
(4.8 mL) were dissolved in ethanol (67.28 mL). After stirring
∗
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TiO2 is known as a polymorphic material having
three naturally occurring crystalline modifications,
namely anatase (tetragonal; space group: I41/amd,
and density = 3.9 g/cc), rutile (tetragonal, space
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parameters. The Rietveld method is a full-pattern
fit method.9
XRD diffraction patterns (see Fig. 1(a))
illustrate the fact that all titania samples obtained
in our synthesis conditions are multiple phase
materials containing mainly the tetragonal TiO2
anatase crystalline phase (PDF card n. 21-1272)
and TiO2 rutile crystalline phase (PDF card n. 211276). Rietveld method based on pseudo-Voigt
profile fitting function was applied to perform a
simultaneous refinement of X-ray diffraction
patterns concerning both material structure and
microstructure. The analysis has been done using
the JAVA based software namely Materials
Analysis Using Diffraction (MAUD).10,11 MAUD
program enables a quantitative phase analysis
method by comparison of the different scattering
power of component materials.
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group: P42/mnm, density = 4.25 g/cc), and
brookite (orthorhombic, space group: Pcab, density
= 4.12 g/cc).4 All these three crystal structures are
built up of TiO6 octahedral, but in different ways.
In rutile (tetragonal), two opposing edges of each
octahedron are shared to form linear chains along
the [0 0 1] direction, and the TiO6 chains are linked
to each other via corner connection. Anatase has
no corner sharing, but has four edges shared per
octahedron.5
Six compositions of titania samples (sintered at
different temperatures) have been taken for
microstructure
characterization
by
X-ray
diffraction (XRD) study using Warren–Averbach6
and Rietveld methods.7 Warren–Averbach method
is a highly elaborated approach of size/strain
analysis for the determination of the intrinsic
physical line profile, followed by the Fourier
method8 for evaluation of microstructural
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Fig. 1 – (a) The X-ray diffraction patterns of samples calcinated at 450ºC, 500ºC, 550ºC, 575ºC, 600ºC, and 650ºC; (b) Change
of the relative proportions of anatase and rutile phase at different calcination temperatures: 500ºC, 550ºC, 575ºC, 600ºC, and 650ºC.

After each thermal treatment, the percentages of
anatase and rutile were calculated from X-ray
powder diffraction intensities. Fig. 1(b) shows the
change of the relative proportions of rutile phase at
different calcination temperatures: 500ºC, 550ºC,
575ºC, 600ºC, and 650ºC. The anatase phase
decreases and the rutile phase increases with
increasing calcination temperature. When the
calcinations temperature increases up to 650ºC, the
anatase transformation into rutile was complete.
Microstructural informations obtainable by the
X-ray Rietveld refinement method consist of
effective crystallite mean size, Deff (nm) and the
root mean square (rms) of the microstrains
averaged along the [hkl] direction, <ε2>1/2hkl.12 The
microstructural parameters, profile (Rp) and

weighted profile (Rwp) discrepancy indices at their
reached minimum values are presented in the
Table 1.
Fig. 2(a) shows the crystallite size Deff and Fig.
2(b) shoes the root mean square microstrain
<ε2>1/2 (isotropic) of the titania-rutile samples
calcined at 500ºC, 550ºC, 575ºC, 600ºC, and
650ºC.
The microstructural parameters of nanostructured
titania showed an increase in the average size of
the rutile particles from 40 nm (rutile nascent
phase) to 95 nm for photocatalysts nanocrystals
calcined above 550ºC. The lattice microstrain
<ε2>1/2 of the titania calcinated at 500ºC has a very
high values due to growth mechanism of the
nascent rutile phase.
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Table 1
The microstructural parameters Deff (nm), <ε2>1/2hkl , profile (Rp) and weighted profile (Rwp)
discrepancy indices obtained by the X-ray Rietveld refinement method for the titania-rutile investigated samples
Samples
TR500
TR550
TR575
TR600
TR650

Temperature
treatment ( 0C )
500
550
575
600
650

Deff (nm)

<ε 2>1/2hkl × 103

Rp

Rwp

43
50
55
64
96

19.67
3.93
1.48
0.64
0.56

10.4
8.8
7.2
7.4
8.6

12.6
10.8
8.8
9.2
10.4

100
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Fig. 2 – (a) The titania-rutile effective crystallite size Deff and (b) the root mean square microstrain <ε2>1/2
of the titania-rutile calcined at 500ºC, 550ºC, 575ºC, 600ºC, and 650ºC.

The lattice microstrain shows a decreasing value
in the intercrystallite zones that suggests an anataserutile phase decreasing interaction for photocatalysts
nanocrystals calcined above 500ºC. The titania
nanoparticles are aggregated in the nascent rutile
phase for nanocrystals calcined above 650ºC.
The typical disorder B-factor estimated from
the X-ray diffraction data estimates the average
displacement of an atom around the centroid of
distinct atomic positions in different unit cells.
Fig. 3(a) shows isotropic B factors for Ti atoms
and Fig. 3(b) shows isotropic B factors for O atoms

of the titania-rutile samples calcined at 500ºC,
550ºC, 575ºC, 600ºC, and 650ºC, calculated using
the MAUD software. The atomic local disorder of
Ti and O atoms shows an decreasing value in rutile
phase of the nanocrystals calcined above 500ºC.
The Raman spectra of the titania powder
obtained by the temperature treatment of the
precursor solution at 450oC, 500oC, 550oC, 575oC,
600oC and 650oC, respectively, are shown in
Fig. 4, using a wavelength of λ=632.75 nm.
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Fig. 3. (a) Isotropic B factors for Ti atoms and (b) Isotropic B factors O atoms
of the titania samples calcined at 500ºC, 550ºC, 575ºC, 600ºC, and 650ºC.
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These bands agree well with those in previous
studies for anatase powder and rutile tetragonal
phases of titanium dioxide.14 From the factor plane
analysis it was observed that both A1g (v3) and
B1g (v2) modes involve the Ti–O bond
stretching.15 The positions and widths of the major
peaks are all shifted with respect to the
corresponding frequencies in the bulk material. In
our previous work on anatase TiO2 nanocrystalline
powders, we studied the changes that appear in the
Raman spectra with the increase of the treatment
temperature nanocrystalline titania, concerning
especially line widths of the 144 cm-1 band in
terms of finite-size effect of nanocrystalinity.16

From Fig. 4, the frequencies of Raman bands
identified as 143.4 (±2.8) cm−1 are assigned to the
Eg phononic modes represented by v6. The bands
as 397.1 (±4.3) cm−1 are assigned to the B1g
phononic mode (v4). The bands as 516.4 (±5.3)
cm−1 can be attributed to the A1g phononic mode
(v2). The bands as 513.14 (±7.4) cm−1 can be
attributed to the B1g phononic mode (v3), and the
bands as 639.4 (±10.2) cm−1 can be attributed to
the Eg phononic mode (v1), based on the factor
group analysis.13 The frequencies of Raman bands
identified as A1g (610 cm−1), B1g (143 cm−1), B2g
(830 cm−1) and Eg (448 cm−1) can be attributed to
the rutile tetragonal phases of titanium dioxide
TiO2.13
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Fig. 4 – Raman spectra of a nanocrystalline titania nanocrystals calcined at 450°C, 500°C, 550°C, 575°C, 600°C and 650°C.
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Fig. 5 – (a) Raman 144 cm-1 band peak positions (cm−1) vs. effective crystallite mean size, Deff (nm); (b) Raman144 cm-1 band peak
width (FWHM) vs. effective crystallite mean size, Deff(nm).

Nanocrystalline titania

The peak positions and widths were determined
by spectral deconvolution. Raman band peak
positions (cm−1) and band peak widths (FWHM) of
the 144 cm−1 Raman band vs. effective crystallite
mean size, Deff(nm) are drawn on Fig. 5(a)-(b).
Similar shifts have been previously reported and have
been related to the confinement effects in nanostructured anatase crystallites.17 The dominant 144
cm−1 Eg mode in anatase TiO2 clearly shifted to a
higher value by 0.45–5.7 cm−1 depending on the
effective crystallite mean size (shown in Fig. 5(a)). In
addition, as shown clearly in Fig. 5(a), and Fig. 5(b)
for the 144 cm−1 Eg line, as the shift increases, so
does the line broadening, which indicates that the
strain field within the titania crystallites volume is
rather inhomogeneous, but that this inhomogeneity
decreases as the the grain size increases and the rmc
decreases.
Detailed information calculated through
Rietveld refinement using the MAUD software

RDF function g (r)

25
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about the atomic coordinate type (e.g. Cartesian or
fractional) has been used to compute threedimensional structural model as the Radial
Distribution Functions g(r) (RDF)18 by a computer
program named ISAACS (interactive structure
analysis of amorphous and crystalline systems).19
Results of the calculation of the radial
distribution functions RDF for a 3000-atom model
of titania (see Fig. 6) exhibits a first sharp peak
positioned at 2.2 Å, which is the Ti-O distance in
and a second RDF peak, at 3.6 Å, that reflects the
correlations between Ti atoms. RDF analysis
showed that at relatively small changes in the
calcinations temperature of the titania precursors
(575°C to 650°C), in which case the rutile phase is
predominant, the local correlations between Ti-O
and Ti-Ti atoms are may suffer a significant
modification.

TiO2 575 oC (1)
TiO2 650 oC (2)

20
15

Ti - O - Ti
10

Ti - Ti

5
0

2.0

2.4

2.8

3.2

3.6

interatomic distance r (

Å

1.6

4.0

)

Fig. 6 – RDF function for a 3000-atom model of titania that reflects the correlations between
Ti-O and Ti-Ti atoms in the titania samples calcined at 575ºC and 650ºC.

CONCLUSIONS
Rietveld refinement of powder X-ray diffraction
of titania precursors calcined at 450°C, 500°C,
550°C, 575°C, 600°C and 650°C were undertaken
to obtain structural data (lattice parameters and
position coordinates) and microstructural data
(crystallinity, and strain).
The microstructural parameters of nanostructured
titania showed an increase in the average size of
the rutile particles from 40 nm (rutile nascent
phase) to 95 nm for photocatalysts nanocrystals
calcined above 550ºC. The lattice microstrain
<ε2>1/2 of the titania calcinated at 500°C has a very
high values due to growth mechanism of the
nascent rutile phase. The titania nanoparticles are

aggregated in the rutile phase for nanocrystals
calcined above 650°C.
Detailed information calculated through
Rietveld refinement using the MAUD software
about the atomic coordinate type (e.g. Cartesian or
fractional) has been used to compute threedimensional structure model as the Radial
Distribution Functions g(r) (RDF). RDF for a
3000-atom model of titania reflects the correlations
between Ti-O and Ti-Ti atoms in the titania
calcined samples.
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