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ABSTRACT

Optical properties.

The anatase and rutile phases of titania (TiO,) nanoparticles were synthesized by Sol-gel technique
at room temperature with appropriate reactants. The XRD patterns confirmed the tetragonal crystal
structure and the structural properties were determined. The relative functional groups and purity
of the prepared products were identified by FTIR spectroscopy. DRS measurements indicated that
the blue shift in the absorption band edges with respect to bulk titania. The allowed direct and
indirect band gap energies, as well as the optical constants were evaluated.
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INTRODUCTION

Titania (TiO,) has been widely studied due its
interesting properties such as high dielectric
constant, humidity and oxygen sensitivities and,
photoelectric and catalytic conversion properties
[1, 2]. Titania crystallizes in three natural phases:
brookite (orthorhombic), anatase (tetragonal) and
rutile (tetragonal). The brookite and anatase crystalline
phases, which are stable at low temperature, transform

into rutile when the sample is annealed at higher
temperatures [3]. It has been demonstrated that some
properties of TiO, are very sensitive to its structure.
Since the anatase phase is chemically and optically
active, it is suitable for catalysts and supports
[4, 5]. On the other hand, the rutile phase has the highest
refractive index and ultraviolet absorptivity among
the titania phases; thus, it is employed in pigments,
paints and ultraviolet absorbents [4]. According to
the temperature, the anatase-rutile transformation is
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related to some extent with the degree of packing of
the particles, since the transformation begins with the
nucleation of rutile on anatase and the rutile nuclei
grow throughout the anatase particle until completion
[4]. High surface area titania is commonly formed by
the metastable anatase phase which upon heating at
temperatures above 800 K, transforms into the more
stable rutile form with extensive surface area loss
[4, 5]. Since anatase is a metastable TiO, polymorph, it
tends to transform into the rutile phase, decreasing the
surface area, inducing a loss of catalytic activity [6, 7].
Rutile is much closer to aromatic packing in its crystal
pattern, and it is more stable than anatase phase. The
denser atomic crystal pattern of rutile TiO, causes it to
have higher specific gravity and refractive index than
the anatase phase. In recent years, nano-TiO, material
has attracted researchers, owing to improved optical
property [8], photo catalytic action [9], and other
special characteristics to coating [10—13]. The nano-
TiO, incorporated composite coatings considerably
improve the mechanical properties and enhance the
thermal stability [14, 15].

In the earlier reports, the synthesis [16], structure
and morphology [17, 18], crystallization and phase
transformation [19, 20], metals doped rutile TiO,
[7], [21, 22] and some applications like lithium-ion
batteries [23], Superhydrophobic, UV-Shielding and
Self-Cleaning properties [24] are discussed. The
spectral, tensor, and ab initio theoretical analysis of
optical second harmonic generation from the rutile
TiO, (110) and (001) faces are performed by Omote et
al., (2005) [25]. In our earlier works, the preparation
and properties of sol-gel derived pure [26] and
transition metal elements (such as Mn, Fe, Cu, Ag, Ni
and Co) doped TiO, nanoparticles have been analyzed
[27-32]. Herein, we report on the synthesis, structural,
functional and optical analyses of anatase and rutile
TiO, nanoparticles.

EXPERIMENTAL SECTION

Sol-gel synthesis of TiO, nanoparticles

All chemical reagents used in the present study were
obtained from commercial sources as analytical reagent
(AR) grade and used without any further purification. In
atypical synthesis, 10 ml of tetra-isopropyl orthotitanate
(Ti(OPr'),, TIOT, assay > 98%) was dissolved in 90 ml

of isopropyl alcohol ((CH,),»*CHOH, assay >99%) and
to this solution 5 ml of deionized water was added drop
wise with vigorous magnetic stirring. The resulting
colloidal suspension was stirred for 4h at room
temperature. The obtained gel was filtered by Whatman
filter paper (110 mm @) and washed several times using
ethanol and deionized water. The yield gel was dried
in a hot air oven at 100°C for 6h to evaporate water
and organic material to the maximum extent. Then, the
dried powder was ground by agate mortar using pestle
to avoid agglomerates. Finally, the powder was kept
into muffle furnace and annealed at 450°C (for anatase)
and 750°C (for rutile) for 4h each, subsequently carried
out to obtain desired phase pure TiO, nanocrystallites.
After the annealing process, the pure TiO, has white in
both anatase and rutile phases. The annealed products
were pulverized into fine powders using mortar for
further characterizations.

Characterizations

The crystalline phase and particle size of pure TiO,
nanoparticles were analyzed by X-ray diffraction
(XRD) measurement which was carried out at room
temperature by using XPERT-PRO diffractometer
system (scan step of 0.05° (20), counting time of
10.16 s per data point) equipped with a Cu tube for
generating CuKa radiation (A = 1.5406 A); as an
incident beam in the 2-theta mode over the range of
10°-80°, operated at 40 kV and 30 mA. The vibrational
assignments were identified by AVATAR 330 Fourier
transform infrared (FTIR) spectrophotometer in which
the IR spectra were recorded by diluting the milled
powders in KBr and in the wavelength between 4000-
400 cm’'. The band gap energies were measured at
wavelength in the range of 200-800 nm by UV-Vis-
NIR spectrophotometer (Varian/Carry 5000) equipped
with an integrating sphere and the baseline correction
was performed using a calibrated reference sample of
powdered barium sulfate (BaSO,).

RESULTS AND DISCUSSION

X-ray diffraction analysis

Fig.1 shows the powder X-ray diffraction patterns of
anatase and rutile TiO, nanoparticles derived from
sol-gel route by the heat treatment at 450 and 750°C,
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respectively. In Fig.1(a), the XRD pattern revealed the
reflections corresponding to the anatase phase (JCPDS:
21-1272) [26].
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Figure 1: X-ray diffractograms of (a) anatase and
(b) rutile TiO, nanoparticles.

This indicates that the amorphous TiO, crystallized
in anatase phase at 450°C. It was reported that the
anatase to rutile transformation in the annealing
process does not occur at temperatures below 600°C
[33]. After annealing at 750°C, the relative intensity
of the anatase peaks with respect to rutile peaks
were vanished (Fig.1-b). Therefore, practically only
the peaks assigned to the rutile phase was observed,
indicating a complete phase transformation from
anatase to rutile at this temperature. The as-prepared
TiO, powder was found to be amorphous; it was
reported in earlier literature [19]. In Fig.1-b, all peaks
were indexed within the tetragonal structure of rutile
phase which crystal structure was formed by corner-
bonded (TiO,) octahedra (JCPDS: 21-1276). However,

the intensity of rutile XRD peaks appeared sharper
when comparison with the broader anatase peaks. The
crystallite size has been obtained from 26 and the full
width at half maximum (FWHM) of the (h k 1) peaks
using Scherrer’s relation [34],

KA
BCosO

where D is the average crystallite size in A, K is the
shape factor (0.9), A is the wavelength of X-ray (1.5406
A) CuKa radiation, 0 is the Bragg angle and B is the
corrected line broadening of the nanoparticles. By
applying Scherrer’s formula on the anatase and rutile
diffraction peaks, the average crystallite sizes were
found to be 15.31 and 70.96 nm (Table 1), respectively.
Hence, the TiO, crystallite size was increased with high
annealing temperature. The lattice constants ‘a’ and ‘¢’
for the tetragonal structure (a=b #c, a = =7=90.0°)
can be calculated by the following expression [35],

21,2 2 212

U x(lz) A

Sin’0 = -
4a 4c

where h, k and 1 are the Miller indices of the peak.
From the values of ‘a’ and ‘c’, the unit cell volume
(V=a’c) can be determined. Hence, the standard JCPDS
of anatase (21-1272) and rutile (21-1276) TiO, are
good agreement with the recorded XRD patterns. The
calculated results are shown in Table 2. The structural
parameters are calculated from the following equations
[36, 37],
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Table 1: Structural properties of TiO, nanoparticles

TiO, 20 FWHM d (hkl) D ) € SF TC n
Phase deg A) (nm) | (x10') | (x10%) | (x107)

25.28 | 0.68 3.52 | (101) | 11.97 | 6.9792 | 2.8949 | 6.3041 | 1.2586 | 25573

Anatase

(Annealed

@ 450°C) 37.81 |0.35 2.38 | (004) | 23.99 | 1.7375 1.4446 | 2.6408 | 0.7060 | 205871
47.99 | 0.60 1.89 | (200) | 14.48 | 4.7693 | 2.3915 |3.9709 | 1.0745 | 45270
5395 |0.40 1.70 | (105) | 22.28 | 2.0145 1.5554 | 2.4756 | 0.6205 | 164911
55.00 | 1.00 1.67 | (211) | 8.95 | 12.4840 | 3.8702 | 6.1199 | 0.5273 | 10689
62.90 | 0.60 1.47 | (204) | 15.52 | 4.1516 | 2.2331 | 3.3876 | 0.6203 | 55741
75.00 | 1.00 1.26 | (215) | 10.01 | 9.9800 | 3.4614 | 5.0407 | 0.9754 | 14955

Rutile 27.35 | 0.11 3.25 | (110) | 69.69 | 0.2059 | 0.4663 | 0.9846 | 1.1403 | 5647625

(Annealed

@ 750°C) 3599 |0.12 249 | (101) | 69.42 | 0.2075 | 0.4979 | 0.9296 | 0.9763 | 5582237
39.10 | 0.11 2.30 | (200) | 76.44 | 0.1711 0.4522 | 0.8151 | 0.7469 | 7452749
41.16 | 0.11 2.19 | (111) | 76.93 | 0.1689 | 0.4493 | 0.7926 | 0.8922 | 7596992
4399 |0.12 2.05 | (210) | 71.20 [ 0.1972 | 0.4854 | 0.8337 | 1.1107 | 6022745
5425 10.12 1.68 | (211) | 74.18 | 0.1817 | 0.4660 | 0.7403 | 1.0854 | 6811064
56.57 | 0.11 1.62 | (220) | 81.79 | 0.1494 | 0.4226 | 0.6621 | 0.8541 | 9129670
62.67 | 0.16 1.48 | (002) | 57.98 | 0.2974 | 0.5962 | 0.9054 | 0.7685 | 3252288
64.01 | 0.16 1.45 | (310) | 58.39 | 0.2933 | 0.5920 | 0.8936 | 0.4128 | 3321772
68.94 |0.15 1.36 | (301) | 64.07 | 0.2436 | 0.5395 | 0.7993 | 0.8552 | 4388525
69.72 | 0.12 1.34 | (112) | 80.46 | 0.1544 | 0.4296 | 0.6348 | 0.8866 | 8691496
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Table 2: Evaluated crystal parameters for TiO, nanoparticles

with reference of JCPDS Cards (Anatase: 21-1272; Rutile: 21-1276)

TiO Crystal Space Lattice parameters (A) Volume V (A%
2
Calculated JCPDS
Phase structure group a c a c Calculated | JCPDS
Anatase 14 /amd 3.788 9.513 3.785 9.513 136.51 136.31
Tetragonal
Rutile P4 /mnm 4.600 | 2.960 | 4.593 | 2.959 62.63 62.43

The structural parameters including crystallite size,
dislocation density, micro strain, stacking fault
and texture co-efficient of anatase and rutile TiO,
nanoparticles are summarized in Table 1. The lattice
defects like dislocation density (0), micro strain (g)
and stacking fault (SF) showed a decreasing trend with
increasing temperature from 450 to 750°C which may
be due to the improvement of crystallinity as well as
the high orientation along (110) direction (Fig.1-b).
The minimum values of & and & which lead to the
carriers to move freely in the lattice. It was generally
observed that the 6 and ¢ in the nanoparticles decreases
as the crystallite size increases which is a well-known
phenomenon [38]. The texture co-efficient (TC)
represents the texture of a particular plane. Quantitative
information concerning the preferential crystallite
orientation was obtained from TC(hkl). Where I(hkl)
is the measured relative intensity of a plane (hkl) and
I, (hkl) is the standard intensity of the plane taken from
the JCPDS data. The value TC(hkl) = 1 represents
randomly oriented crystallite, while higher values
indicate the abundance of grains oriented in a given
(hkl) direction. Hence, the TC clearly indicates that
the anatase and rutile TiO, are highly oriented in (101)
and (110) directions, respectively. The nanoparticle
formation takes place due to agglomeration of the
primary particles, which in this case is the single TiO,
unit. Agglomeration number specifies the number of
primary particles or molecules contained in a single
nanoparticle of a given size [39]. Assuming the
nanoparticles to be exactly spherical and also evident
from SEM (Fig.10), particle agglomeration number was
calculated from the following expression [40, 41],

4N, r?
3V,

m

Agglomeration number, n =

where, n is the agglomeration number, N_ is
Avogadro’s number (6.02x10%), V_is the molar
volume of TiO, (anatase: 21.13; rutile: 18.88) in cm’
mol ! and r is the nanoparticle radius. From the Table 1,
the lowest value of agglomeration number is predicted
for the anatase phase confirming its lower particle size
with minimum agglomeration.

3.2 Functional Group Analysis

Fig.2 depicts the FTIR spectra of the anatase and
rutile TiO, nanoparticles annealed at 450 and 750°C,
respectively along with of as-prepared (dried at 100°C)
TiO, sample. The reaction between precursor materials
of TiO, has resulted in the white powdered products
that invariably found for three different temperatures.
For the as-prepared TiO, (Fig.2-a), several absorption
bands correspond to the vibrational modes of organic
species such as hydroxyl, carboxilate and alkane groups
were observed. A broad band observed at 3443.66 cm'!
was related to the O—H stretching mode of hydroxyl
group, indicating the presence of moisture in the sample
[19]. The peak at 1631.84 cm™ was attributed to O-H
bending vibration. The peaks in between 2923.64 and
2853.78 cm™ could be ascribed to the characteristic
frequencies of residual organic species are assigned to
C—H stretching vibrations of alkane groups. The peaks
at 1747.95 and 1741.99 cm™! can be associated to the
asymmetric stretching mode of titanium carboxilate.
The strong absorption band observed at 537.22 cm’!
can be attributed to the Ti-O bond.

For anatase and rutile TiO, nanoparticles (Fig.2-b,c), the
spectroscopic band was observed in the range 3391.72-
3390.48 cm!, which is described to the both symmetric
and asymmetric stretching vibrations of the hydroxyl
group (Ti—OH). Whereas, the characteristic peaks
between 1630.69 and 1627.28 cm™! were associated
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with the O—H bending vibration of the absorbed water
molecules [42]. Furthermore, the spectra reveal that the
peak at 463.88 cm™! should be attributed to Ti—O bond
in the TiO, lattice (anatase titania). However, the metal
oxide TiO, was formed by thermolysis of the powderd
products [43]. The peak at 536.99 cm’! indicates the
metal-oxygen (Ti-O) bond and the broad band located
in the region 728.77 and 645.99 cm™ illustrates the
Ti-O-Ti bond. Two weak bands between 2926.03-
2920.55 cm™ and 2849.33 cm™! could be assigned to
C—H stretching vibrations. The peaks at 1383.04 and
1342.47 ecm™ region could be attributed to carboxyl
(C=0) and methylene groups. On annealing at 450
and 750°C, the intensity of the bands associated with
the organic groups decreased significantly (Fig.2-b,c),
indicating the elimination of organic species from the
samples. On the other hand, the FTIR spectra of as-
prepared and anatase TiO, samples revealed peaks at
about 1462.00, 1383.04 and 1342.47 cm™ (Fig.2-a,b),
which were not observed for the rutile TiO, (Fig.2-c).
Thus, indicate that the improved phase purity and
crystallinity were observed after the annealing
treatment.

{c) Rutile TiO,

(b) Anatase TiO,

% Transmittance

(a) As prepared TiO,

T Titania phase
?

4000 3600 3200 2800 2400 2000 1600 1200 800 400
-
Wavenumbers (cm )

Figure 2: FTIR spectra of (a) as-prepared (100°C),
(b) anatase (450°C) and (c) rutile (750°C)
TiO, nanoparticles.

The anatase and rutile TiO, nanoparticles prepared
for the present study are of good quality and can be
used for the further characterizations. The infrared
absorption frequencies and the corresponding functional
groups are represented in Table 3.

Table 3: The Vibrational Assignment of
TiO, Nanostructures

Wavenumbers (cm™)
As- Anatase Rutile Tentative vibrational
prepared TiO TiO assignments
TiO, 2 2
3443.66 | 3391.72 | 3390.48 |O-H stretching
2923.64 | 2920.55 | 2926.03 C-H stretching
2853.78 | 2849.32 | 2849.32
1741.99 | 1747.95 - C=0 stretching
1631.84 | 1627.28 | 1630.69 |O-H bending
1462.00 - - Carboxyl and methylene
1383.04 | 134247 - groups
- 728.77 645.99 |Ti-O-Ti bond
537.22 - 536.99 |Ti-O bond
- 463.88 - Anatase titania

Linear optical study

Determination of band gap energy

The diffuse reflectance spectra of anatase and rutile
TiO, nanoparticles were illustrated in Fig.3. Compared
with bulk TiO, [44], the absorption edges of both
phases of nano-titania were shifted towards the higher
energy region. The band gap energy (Eg) was obtained
from the direct energy equation [45].

he
Eg = TeV

where h is the Planck’s constant (6.626x1034Js), ¢
is the light velocity (3% 10® m/s) and A is the wavelength
(nm). The absorption edge of nano-anatase was at 345
nm corresponding to E of 3.58 eV, whereas nano-rutile
has absorption edge at 380 nm with E, of 3.25 eV.
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Figure 3: UV-Vis-DRS spectra of (a) anatase and
(b) rutile TiO, nanoparticles

Hence, it can be clearly seen that the band gap
energies of both anatase and rutile TiO, nanoparticles
were higher than that of bulk (anatase: 3.2 eV; rutile:
3.02 eV) TiO, [44].

Allowed direct and indirect band gap energy

The absorption edges of nano — anatase and rutile TiO,
were blue-shifted about 40 and 30 nm, compared with
that of respective bulk titania [44]. The allowed direct
band gap energy can be estimated from the plots of
(ahv)? vs. photon energy (hv) by using the relationship

ohv =A(hv—E,)"

The optical absorbance co-efficient (o) of a
semiconductor close to the band edge can be expressed
by the following equation,

a=A(hv—E,)" | hv

In this case n=1/2 for the allowed direct transition.
The plots of (ahv)? vs. hv was presented in Fig.4. The
direct band gap energies of anatase and rutile TiO,
nanoparticles were calculated to be 3.58 and 3.23 eV

(Table 4), respectively. Meanwhile, the crystallite sizes
were 15.31 and 70.96 nm, respectively for anatase and
rutile TiO, (from XRD). Thus indicates that the band
gap energy increases with decreasing particle size due to
quantum confinement effect [46]. Considering the blue
shift of the absorption positions from the bulk TiO,, the
absorption onset of the materials can be assigned to the
direct transition of electrons in the TiO, nanocrystals.
The allowed indirect band gap energy of anatase and
rutile TiO, nanoparticles can be estimated from plots
of the square root of Kubelka—Munk (K-M) functions
F(R) vs. hv. The reflectance data was converted to the
absorption co-efficient F(R) values according to the
K—M equation [47],

F(R)gyy = (1—R)? /2R

where F(R),,, is equivalent to the absorption co-
efficient (o,,), which can be expressed as,

Oy = (hv) =C, (hV*Eg)Z

In this case n=2 for the allowed indirect transition.
The Fig.5 shows the plots of K-M functions vs. hv. The
anatase TiO, has an indirect band gap of 3.58 eV, while
rutile exhibits 3.23 eV (Table 4) when the absorption
edges shift from 385 to 345 nm and from 410 to 380
nm (Fig.3), respectively. This result is consistent
with the fact that the conduction band edges of nano
— anatase and rutile TiO, are about 0.38 and 0.21 eV
more positive than that of respective bulk TiO, [44]. It
is evident that TiO, shows large optical absorbance in
the UV region.

Evaluation of optical constants

The extinction co-efficient (k) can be obtained from the
relation [48],
=9
4n
where o is the absorption co-efficient. Fig.6
depicted the variation of extinction co-efficient (k)
values for anatase and rutile TiO, nanoparticles with
wavelength. It has been found thatk _ values varying
in the range of 0.15-0.29. Thus, the observed low k
value of these nanoparticles was a qualitative indication
of surface smoothness and homogeneity of the TiO,
materials [49]. From the Fig.6, the rapid decrease and
increase k values are observed and are high in the UV
region and low in the visible region. The rise and fall
in the k value was directly related to absorption of light
[50].
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Figure 4: Plot of direct band gap energy for
(a) anatase and (b) rutile TiO, nanoparticles
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Figure 5: Plot of indirect band gap energy for
(a) anatase and (b) rutile TiO, nanoparticles

Table 4: Comparison of band gap energies and optical constants
of different phases of TiO, nanoparticles

Wavelength (nm)

Figure 6: Extinction co-efficient spectra of (A) anatase
and (R) rutile TiO, nanoparticles

T T T T T T T T T T T
200 300 400 500 600 Too a00

Band gap energy (eV) Refractive  Dielectric constant
Ti0, Phase  Bulk TiO, Nano TiO, Extinction index @)
44 Allowed ~ Allowed  co-efficient (k)
[44] E =hv , , (n) € €
¢ Direct Indirect ! :
Anatase 3.2 3.58 3.58 3.58 0.15 2.56 6.59 0.65
Rutile 3.02 3.25 3.23 3.23 0.29 2.68 7.23 0.74
" Hence, itis concluded that the extinction co-efficient
028 4 (R) increases and shifts towards the higher wavelength
side with high annealing temperature. The refractive
= a (A) - Anatase index (n) was determined by using reflectance (R) and
T 0.20 (R) - Rutil extinction co-efficient (k) data of the materials from
% 016 () the following expression [51],
g (1+R) 1+R) | &
§ o124 n= [—] t {|:( )] —(1+K2)}
B (1-R) (1-R)
:E 0.08 4
i
0044 Fig.7 showed the variation of refractive index
(n) of the anatase and rutile TiO, nanoparticles with
*001 different wavelengths. It is interesting to note that

n_  shifts to lower photon energy with the high
annealing temperature and this shift corresponds to
the temperature dependence of the energy band gap.
From the Fig.7, it can be observed that then _value of
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TiO, was higher in the case of rutile phase and varying
in the range 2.56-2.68. However, it is learnt that the
refractive index increases in the UV region and rapidly
decreases in the high transmission range. It is the most
widely used physical quantity in optical design. The
dielectric constant (¢) of the TiO, nanoparticles was
calculated using the relation [52]

§ = n’—k? and g, =2nk
where € and g, are the real and imaginary parts
of the dielectric constant. The values of € and &, for

different incident photon energies can be obtained from
the values of n and k by using the equations [53, 54]

3.0

R
{A}{}

2.5

I
=
1

(A) - Anatase

(R} - Rutile

Refractive index (n)

0.5 -

JL&

T T T T T T T T T
300 400 500 800 Too

0.0

200 a00

Wavelength (nm)

Figure 7: Refractive index spectra of (A) anatase and
(R) rutile TiO, nanoparticles

The variation of the real and imaginary parts of
the dielectric constant for anatase and rutile TiO,
nanoparticles are illustrated in Figs.8-a,b. From these
figures, it is observed that the values of the real part
(¢,) are higher than that of the imaginary part (g)).
Moreover, the both ¢ and ¢, are always high in the
UV region and low in the visible region. Due to higher
annealing, the dielectric constants are shifted towards
the higher wavelength side with increasing trend. The
higher values of optical constants such as extinction
co-efficient (k), refractive index (n) and dielectric
constant (¢) are obtained for the rutile TiO,
nanoparticles. The comparison of band gap energy
measurements and optical constants of anatase and
rutile TiO, nanoparticles are depicted in Table 4.
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Figure 8: (a) Real and (b) Imaginary parts of dielectric
constants as a function of wavelength for (A) anatase and
(R) rutile TiO, nanoparticles

CONCLUSIONS

The anatase and rutile phases of TiO, nanoparticles
were successfully synthesized by sol-gel method.
The XRD analysis reveals that the prepared products
were attributed to the tetragonal crystal structure and
preferentially oriented. In addition, the rutile TiO, has
increased crystallite diameter and minimum lattice
defects when compared to anatase titania. From the
FTIR spectra, it can be realized that the phase purity of
the samples was increased with annealing temperatures.
The DRS analysis confirms that the absorption edge of
rutile TiO, was red shifted with respect to the anatase
phase. The comparison of allowed direct and indirect
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band gap energies resulted the rutile has lower E, than
that of anatase TiO,. Moreover, the rutile titania has
larger optical constants and are always high in the UV
region and low in the visible region.
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