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Titanium dioxide (TiO,) nanostructures were synthesized via the hydrolysis of TiCl, in alcohol /
water solution/with sodium hydroxide solution in the ice-bath (0-5 =C). The particles were char-
acterized by using X-ray diffraction technique (XRD), spectroscopy of Ultra Violet-Visible (UV
/ Visible) and infrared (FT-IR), atomic force microscope (AFM) and scanning electron micro-
scope (SEM) analysis were used in order to gain information about the material, morphology,
size and the shape of the particles.
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Introduction

Titanium dioxide (TiO,) or titania, is one of the
most attracted materials in nanotech-nology and
nanoscience because of a very useful semicon-
ducting transition and exhibits unique character-
istics such as non-toxicity, easy handling and low
cost [1]. Interests towards the nanostructures ti-
tanium dioxide (TiO,) was grown in the past
decades, due to its interesting physical and chem-
ical properties [2] [3].

These advantages make TiO, a material in solar
cells, fuel cell, environmental purification appli-
cations, a pigment, selfcleaning, surfaces, re-
sistance to photochemical, chemical erosion and
chemical sensors for hydrogen gas evolution [1]
[4] [5]. Titania has three different crystalline
phases: brookite (orthorhombic), anatase [6] and
rutile [7]. Rutile is the most stable phase at sizes
greater than 35 nm, while brookite is more stable
than anatase for crystal sizes greater than 11 nm.
Among these phases, the TiO; exists mostly as
anatase and rutile which have the tetragonal
structures while brookite has orthorhombic struc-
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ture [8]. However, the high-temperature stable
phase is rutile [9].

Several methods have been reported in the litera-
ture to prepare TiO,, including the hydrolysis of
titanium alkoxides, acidic solutions of Ti (V)
salts, oxidations of TiCl, on gaseous phase [10],
sputtering, chemical vapor deposition and sol-gel
process [11]. Among them, one of the most used
methods is the sol-gel technique due to its excel-
lent chemical homogeneity and possibility of de-
riving unique metastable structure at low reaction
temperatures [12]. The different routes were usu-
ally found produced different results. Even for
the same route, the obtained powder size is dif-
ferent when using a different amount of the start-
ing materials [13]. Many methods have been em-
ployed to prepare TiO; films, including sol-gel
process, chemical vapor deposition, e-beam
evaporation and sputtering.

The sol-gel conventional method uses the hydro-
lytic route, which involves the initial hydrolysis
of the chloride or alkoxide precursor followed by
continual condensations between the hydrolyzed
particles forming the gel [14]. In this work, we
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have prepared TiO nanostructures using TiCl, as
a precursor.

Materials and Methods

Titanium tetrachloride (TiCl,), sodium hydroxide
(NaOH) and ethanol (EtOH) absolute grade, all
these chemicals have purity 99.9%, where ob-
tained from Fluka Company in high purity and
no further purification was done before use.

Synthesis of TiO, nanostructures

TiO, nanostructures were prepared by sol-gel
technique using titanium tetrachloride (TiCly),
absolute ethanol (EtOH), distilled water, and so-
dium hydroxide (NaOH) as the starting materials.
TiCl, is added to a mixture of water/ alcohol
(50:50) in an ice bath.

The receiving water is maintained at 0°C while
TiCl, is added dropwise under vigorous stirring.
The resulting precursor solution has a TiCl4:H,0
volume ratio of 1:40 and pH ~ 1. Subsequent
condensation of the hydrolysis product results in
gel formation.

In order to obtain a more stable suspension, the
CI" concentration was reduced and pH increased
to around 2.5 by added dropwise of sodium hy-
droxide solution under vigorous stirring and the
gel is precipitated from the suspension. The re-
sulting material is then subjected to repeated cy-
cles of centrifugation, washing, and resuspension
until the final product, usually in powder form, is
considered free from impurities.

Results and Discussion

We prepared crystalline titanium dioxide by sol-
gel precipitation method using titanium tetrachlo-
ride in aqueous solution and subsequently an-
nealed at 300°C and 500 °C. As soon as TiCl,
hydrolyses TiO; particles, H" and CI™ ions were
generated, the process of reaction can be de-
scribed by the following steps [15]:

TiCly + 2H,0 — TiO, + 4H* + 4CI” (1)
4NaOH — 4Na* + 40H )
TiCl, + 4NaOH — TiO, + 4NaCl + 2H,0  (3)

The general process for preparing TiO, by sol-gel
process, at low temperature, anatase is the prima-
ry structure phase formed observed which trans-
forms only upon annealing to rutile phase which
is thermodynamically more condense and most
stable [16]. As annealing treatment prolonged the
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rutile XRD peaks became sharper indicating the
formation of larger r-TiOs.

Calcinations temperature
Characterization of Nanostructures

The XRD is employed for the identification and
understanding the crystalline growth nature of
titanium dioxide structures prepared by sol-gel
method. Calcination is a common treatment used
to improve the crystallinity of TiO, powders
[12]. Two phase structures of titanium dioxide
powders were characterized at (300 and 500 °C)
for (4-hours), by X-ray diffraction (XRD) at
room temperature.
Major peaks corresponding to the tetragonal
TiO, were observed.
The diffraction peak at 20 with 27.5¢, 36.2°,
39.20, 41.3°, 44.1°, 54.4°, 56.6°, 62.6°, 64.1c,
68.8°, and 70.0- corresponds to the (110), (101),
(200), (111), (210), (211), (220), (002), (310),
(301) and (112) planes of rutile TiO, (JCPDS
Card No0.21-1276), respectively, except the peaks
(206 = 64.1- and 70.0°) corresponds to the crystal
planes of (310) and (112) respectively, were un-
distinguished at 300 °C calcination, indicating
the formation of rutile phase of TiO,. Our FT-IR
peaks are in good agreement with the literature
report [17]. The presence of titanium dioxide
particles was confirmed by the location of the
peaks which compared to literature values [18].
As a result of annealing, the nanostructures are
found to have increased intensity and a slight re-
duction of the full width at half maximum
(FWHM). The crystalline size of the titanium
dioxide calculated by the equation of Debye-
Scherer’s which is given by:
D = KJ/ (Pcos) 4)
Where D is the crystal size; K is usually taken as
0.89, p is the line width at half-maximum height
(FWHM) and 4 is the wavelength of the X-ray
radiation (A=0.15406 nm) for CuKa [19]. The
representative XRD charts, Figure 1, samples as-
prepared and calcined at (300 and 500 °C).
Miller indices provided in the Figure 1 and all
peaks determine the transformation of calcined
powder to TiO, crystallites with tetragonal rutile
crystal structure. In addition, the increasing of
the calcination temperature causes increases the
number of reflection. We can calculate the lattice
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constant of the titanium dioxide particles by us-
ing the formula:

1d? = (h? +kd)/a) + (1%c?) ()

Where (d) is the interplanar distance, (a) and (c)
are the lattice constant for the tetragonal structure
and (h k I) are the Miller indices. The calculated
crystalline size (D) and lattice constant (a and c)
of TiO, are tabulated in Table 2.

It is observed that the TiO, crystallinity im-
proves with increasing substrate temperature
(300 °C to 500 -C) for study peaks (110, 101 and
211) evident from XRD pattern. The crystallite
size of TiO, obtained using Debye-Scherer’s
equation and the XRD parameters of nanostruc-
tures at various crystalline orientations at 300 -C
and 500 -C respectively were shown in Table 1.

Scanning Electron Microscope (SEM) Analy-
sis

SEM was used to further examine the morpholo-
gy, crystallinity, and shape and particle size of
the sample. A SEM image of

TiO, nanostructures in rutile phase are shown in
Figure 2. It is clearly seen that the TiO, consist
of shapes like porous hollow.
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Figure 1: XRD peaks for the prepared TiO, nanostructures
after annealing at (a) 300 C and (b) 500°C for (4 hours).

Table 2:The crystallite size and lattice parameters of TiO, nanostructures.

. ef:jggﬁ;‘a‘i S| ohk | dd) | 20 0 FV‘(’EM DA | ad) | c@d)
300 -C 110 3226 27560 13833 1029 7955 4562 4271
101 3118 28600 14300 0500 16390 - i
211 1682 54502 27250 1140  7.835 : :
500 <C 110 3233 27560 13780 0670 12206 4572  4.263
101 3118 28600 14300 0431 19014 - i
211 1683 54446 27223 0677 13194 - :
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Figure 2: A top-view SEM image of TiO, nanostructures annealing at (a) 100 >C (b) 300 C and (c) 500 C for (4- hours).

FT-IR Spectroscopy

It is well known that the vibrational spectroscopy
is a very useful technique for the determination
of the functional groups of titanium dioxide
nanostructures. The FT-IR spectrum of TiO2
nanostructures shows in Figure 3. The peaks, in
the spectra around, to 3400 and 1630 cm™ are
due to stretching and bending vibration of the —
OH group respectively. In the FT-IR spectra, all
the peaks observed were around 560-460 cm™
represent to both stretching and bending of Ti-O-
Ti group [4]. When annealing at (300 -C and 500
°C) the broad peaks of O-H stretching vibration
become smaller with increase temperature and
the Ti-O stretching become broad and more sig-
nificant.

Atomic force microscope (AFM)
Figure 3 shows a typical three-dimensional atom-
ic force microscope (AFM) images and the cor-

responding size distributions of the titanium di-
oxide nanostructures as prepared, annealing at
300 °C and 500 -C. As shown in the Figure the
better surface quality and crystallographic struc-
ture are obtained.

It’s clear from the Figure 4 that TiO, nanostruc-
tures are porous in shape, having an average di-
ameter of 64.56 nm, 94.29 nm and 100.48 nm for
as-prepared, annealing at 300 -C and 500 -C re-
spectively. The 3-dimensional (3D) AFM image
of material nanostructures in which the regularly
distributed TiO, nanostructures pillars and voids
over the entire surface can be seen with a maxi-
mum value and morphology with a root-mean-
square (RMS) roughness and average diameter as
shown in Table 2.
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Figure 3: FT-IR spectra of TiO, annealing at (a) 100 °C (b) 300 °C and (c) 500 °C for (4 hours).

Table 2: Roughness average, root-mean-square (nm)
roughness and the average diameter of TiO, annealing at
100 °C, 300 »C and 500 °C in nm units.

root-
mean-
Rough- Average
SaM- | pessaver- | SAUAE | pigme-
ples (RMS)
age ter
rough-
ness
100 oC 0.612 0.712 64.56
300 -C 0.335 0390 94.29
500 -C 0.637 0.746 100.48

Optical Properties
The optical transmittance and absorbance of the
TiO, solution (0.001 M) in ethanol, was meas-

ured by using UV-Vis spectrophotometer. The
UV- Vis optical properties in the range (250-
1000) nm at various temperatures (as-prepared
(100), 300 and 500 °C) showed temperature de-
pendent transmittance and absorbance, as shown
in Figure 5. Both samples (300 and 500 °C)
showed a slight decrease in optical transmittance
at higher temperatures. This is probably due to
the increased particle size and surface roughness,
and also to the phase transformation from anatase
to rutile which results in band gap decrease and
led to higher surface scattering [20].
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Figure 4: AFM image of TiO, nanostructures annealing at (a) 100 °C (b) 300 °C and (¢) 500 °C.
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The ogtical band gaps were measured by plotting
(ahv)” verses hv for TiO, thin films prepared by
dip coating technique are illustrated in Figure 6.
The band gap values: (3.24, 3.19 and 3.21 eV)
are corresponding to the (as-prepared, 300 and
500) oC. The optical band gaps were measured
by plotting (ahv)? verses hv for TiO, films and
are illustrated in Figure 6. The band gap energy
(EQ) of as-prepared TiO, nanoparticles (3.31eV),
which is larger than that values of (3.25 and 3.20
eV) for the bulk TiO,, corresponding to the (300
and 500) -C temperatures respectively.

This can be explained because the band gap of
the semiconductors has been found to be particle
size dependent [21]. The band gap decreases
with increasing particle size and the absorption
edge is shifted to a lower energy (red shift) with
increasing particle size.
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Figure 5: Optical Transmission (upper) and Absorption
(lower) as a function of wavelength for TiO, at different
temperatures (100, 300 and 500 °C).
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Figure 6: A plots of (ahv)2 verses photon energy (hv) of
TiO2 thin films with different temperature: 100 °C, 300 °C
and 500 °C.

Conclusions

TiO, nanoparticles have been prepared from tita-
nium tetrachloride (TiCl,) with sodium hydrox-
ide solution. We confirmed the nanoparticles by
X-ray diffraction (XRD) and subsequently an-
nealed at 300 and 500 °C. The studies of surface
morphological obtain from SEM micrograph
showed that the particles with the shapes like po-
rous hollow are rutile in nature. Based on the
XRD, SEM and AFM analyses, the current study
shows that the size range of the nanoparticles is
(64.56, 94.29 and 100.48 nm) at a temperature
(As-prepared (100 °C), 300 °C and 500 °C) re-
spectively.
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