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Abstract
TiO2 nanoparticles (NPs) were prepared by the sol-gel method by using TiCls as a starting

material, whereas the applied temperatures were 450 °C and 900 °C. The XRD results showed
that nanoparticle (TiO2 NPs) anatase and rutile phases had a polycrystalline nature with a
tetragonal structure. FESEM results showed the formation of nanostructures with cauliflower
and irregular shapes with average particle sizes of 36.9 nm and 58 nm for the Anatase and Rutile
phases, respectively. The EDS spectra showed that the elements present in the synthesized TiO>
NP (anatase and rutile) phases were Ti and oxygen O. The FTIR spectra of TiO2 NPs showed
the presence of broadband at 450-4000 cm™ corresponding to the stretching vibration of
terminating hydroxyl groups in the samples. The UV—Vis-NIR absorbance spectra were
recorded in the range of 300-900 nm to investigate the optical characteristics. Results showed
that the absorption of TiO- in the Anatase phase is less than that of TiOz in the Rutile phase.
The optical energy gaps were 3.05 and 2.7 eV for the Anatase and Rutile phases, respectively.
Keywords: TiO2, Anatase phase, Rutile phase, FE-SEM, EDS.

Introduction

The past few decades have witnessed a remarkable increase in people’s interest in research in

nanotechnology. Given that nanoparticles (NPs) have different physical and chemical
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properties compared with those made by large-scale materials (such as “bulk™), various
potential applications in a wide range of technological fields, which is a crucial factor in the
growth of this industry, are generated [1]. TiOz is a stable, nonvolatile, and extremely insoluble
compound, and it has a refractory quality because of its low thermal conductivity. TiO> is
amphoteric, although it is more acidic than basic. It is also polymorphic, and it can be found in
nature in three different crystallographic forms: anatase tetragonal, brookite orthorhombic, and
rutile tetragonal. The brookite phase is unstable and difficult to synthesize. Given these
challenges, this mineral sparks minimal interest from a scientific perspective. The anatase and
rutile phases, in addition to the brookite phase, can be found in nature, but artificially creating
the brookite phase in the laboratory is not difficult. These two varieties of crystal exhibit
remarkable distinguishing characteristics. Crystan’s rutile phase has a structure that is denser
and more compact than the anatase phase in which it originally existed [2], which has a high
refractive index and a higher density and is the more stable form, has these characteristics. TiO>
is typically regarded as a material that is nontoxic and chemically inert. It has been utilized in
various industrial applications, such as white pigments, gas sensors, corrosion-protective and
optical layers [3], solar cells [4], environmental purification [5], high dielectric constants and
high electrical resistances [6,7], TiO2> decomposition, and because of its catalytic activities,
hydrogen gas generation [8]. In addition to these applications, it can be coated on glass to create
a type of glass that cleans itself [9]. Through the sol-gel method, this research showed that TiO-
can show an anatase phase at temperatures as low as 450 °C and a rutile phase at temperatures
as high as 900 °Celsius.

Experimental

1- Synthesis of TiO2 NP powder via the sol-gel method

The initial materials consisted of TiCls with a purity level of 99.99% (BDH, England) and
ethanol-CH3CH>OH with a purity level of 99.99 %. (GCC,U.K) The synthesis procedure was
completed by introducing a series of droplets derived from TiCls into an absolute ethanol
solution at a ratio of 1:10. The reaction was conducted in the chemical fume hood with the help
of a magnetic stirrer to remove toxic gases that were not wanted, such as cloud HCI, while

keeping the temperature at room temperature. The formation procedure resulted in the
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production of a solution that was pale yellow in color and had a pH that fell somewhere in the
range of 1.4-2. After subjecting the obtained solution to a temperature of 80 °C for a period of
12 hours, the gel state was successfully achieved. Through calcination, the Anatase phase was
obtained at 450 °C in 1.5 hours, by contrast, the Rutile phase was obtained at 900 °C in 1.5
hours.

2- Characterization Techniques

TiO2 NPs were characterized by an X-ray diffraction device (Lab-X XRD-6000 diffractometer;
Shimadzu, Japan). Field emission scanning electron microscopy (FESEM) (MIRA3, TE-
SCAN), (IR Affinty-1CE (FTIR) spectrophotometer, Shimadzu, Japanese company) and UV—
VIS-NIR spectrophotometer (Shimadzu, UV-1800).

Results and Discussion

1. X-ray Diffraction Analysis

X-ray diffraction analysis was conducted to determine the structure and the phases of TiO2 NPs.
Figure (1) shows almost all the crystal types in the spectrum at 450 °C. The intensity peaks
have a polycrystalline nature with a tetragonal structure in the Anatase phase oriented at
diffraction angles 20 at 25.52°, 37.04°, 38.01°, 38.67°, 48.23°, 54.09°, 55.26°, 62.87°, 68.95°,
70.43°, and 75.25° with diffraction planes (101), (103), (004), (112), (200), (105), (211), (204),
(116), (220), and (215), respectively. These findings are in line with the card number that was
given out by the International Center for Diffraction Data (ICDD), i.e., 21-1272, and they are
agrees with the other studies [10,11]. The same figure illustrates the peaks of polycrystalline
TiO2 with a tetragonal structure in the Rutile phase at 900 °C oriented at diffraction angles 26
of 27.55°, 36.17°, 39.31°, 41.33°, 44.14°, 54.41°, 56.72°, 62.82°, 64.14°, 69.10°, 69.88°, and
76.40° with diffraction planes (110), (101), (200), (111), (210), (211), (220), (002), (310), (301),
(112) and (202), respectively. These findings are in line with the card number that was given
out by the ICDD, i.e., 21-1276, and they are agrees with the other studies [10]. From pervious
results the intensity of the X-ray diffraction increases with growing temperature because of the
agglomeration of particles, and the crystalline phase of TiO2 converted from Anatase phase to

Rutile phase. In addition, it can be identified that when the crystallite size increases, the peak
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of diffraction becomes narrow than the TiO> calcite at 900°C. In the present investigation, the
crystallite size was determined using Scherrer’s formula [11].

D=0.9 V(P cosh) ....... (1)
where D represents the size of the crystallite, A represents the X-ray wavelength of the CuKa

line radiation and it is value 1.54056 A, B represents the full width half maximum, and 6
represents Bragg’s angle. The Anatase and Rutile phases each have their own unique crystallite

sizes, which are 15.89 nm and 40.54 nm, respectively.

» =
:— Rutile phase
- o é
u —
SE n =
| = =
S = 8 = S
— & - 28 & = =
& A N Nl -
= -
B A
m =
i — —
cr =
- F i Anatase phase
- = s _
— = =~ o = = .
- —a — P o [¥¥)
3 M A N T,
B 1 . 1 . 1 . 1 . 1 . 1 .
10 20 30 40 50 G0 70 80

20°
Figure 1: X-ray diffraction patterns of TiO2 Np.

2. FE-SEM and EDS analysis

A field emission scanning electron microscope (FE-SEM), which scans the surfaces with high
magnification and high precision, was used to study the surface topography of the TiO2 Np.
The images of all the prepared materials, magnified at a ratio of 70KX and 135KX, are
displayed here. TiO2 NPs (Anatase phase) have cauliflower-like shapes with small particle
sizes, as illustrated in Figure (2a). These results agree with those reported in another study [11].
Rutile phase grains appear in the form of irregular shapes with sizes larger than the Anatase

phase size, as shown in Figure (2b). These results agree with those reported by other results
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[12]. The Anatase phase has an average particle size of 36.9 nm, whereas the Rutile phase has

a size of 58 nm on average. While the temperature is raised to 900 °C, the size of the rutile

phase of the TiO2> NPs increases, causing it to become larger, Accumulation also becomes more

remarkable. This result lends credence to the findings of our XRD analysis regarding the size

of the particles. The reason for this is that an increase in temperature causes an increase in the

kinetic energy of the atoms, which in turn makes it simpler for the atoms to occupy their

appropriate positions within the crystal lattice. Consequently, the Grain size increases, resulting

in an increase in the overall particle size [13].
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Figure 2: FESEM diffraction patterns of TiO2> Np (a) Anatase phase (b) Rutile phase.
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Through EDS spectra, the elemental composition of the chemical compounds that went into the
prepared material was investigated. The EDS spectra of the synthesized TiO2 NPs are presented
in Figure 3. Ti and O are elements that can be found in the anatase and rutile phases of the TiO>
NPs that were synthesized. This result agrees with the findings of other studies [10]. In TiO>
NPs, the content of Ti is higher than that of O, and the atomic and weight percentages of TiO2
are tabulated in Figure (3).
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Figure 3: EDS spectra of TiO2 Np.
3. FTIR analysis

Fourier transform infrared spectroscopic analysis was conducted to understand the interaction
between NPs and capping agents. The presence of a broad band at 450-4000 cm™* in the FTIR
spectra of TiO2 NPs corresponds to the stretching vibration of terminating hydroxyl groups in
samples. The spectra of TiO2 (Anatase phase) exhibited prominent peaks at 459, 826, 1324,
1523, 1616, 3240, and 3731 cm™?, as shown in Figure 4. The peaks correspond to Ti-O, Ti-O—
Ti, C—H bending, C—H bending C=0 stretching, O=H stretching, and O=H stretching, which
agrees with the result in [14]. Figure 4 shows that the spectra of TiO> (Rutile phase) exhibited
prominent peaks at 509, 1143, 1414, 1553, 1640, 3438, and 3743 cm™*. The peaks correspond
to Ti-O, Ti-O-Ti, C-H bending, C-H bending C=0 stretching, O=H stretching, and O=H
stretching, which agrees with the result in [15].
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Figure 4: FTIR spectra of TiO2 Np (Anatase and Rutile) phases.

4. Optical Analysis

UV-Vis-NIR absorbance spectra in the range of 300-900 nm were utilized to study the optical
properties of the materials that were prepared. The absorbance spectra of TiO> (Anatase and
Rutile phases) are depicted as a function of the wavelength in Figure (5). The absorption of
TiO2 increases with an increase in the wavelength range of 300-350 nm. However, once it
passes through this region, the absorption begins to decrease gradually with an increase in
wavelength. The absorption of TiO2 in its Anatase phase is lower than that of TiO> in its Rutile
phase, as shown in the figure, which is consistent with the reported [16]. The values of the

optical energy gap (Eg) can be calculated by using Tauc’s relation [16], which is as follows:
ahv = B,(hv — EJPY) ... (2)

where hv represents the energy of the photon, and B is a constant which does not depend on

photon energy and r has four numeric values, (1/2) for allowed direct, 2 for allowed indirect, 3

for forbidden direct and (3/2) for forbidden indirect optical transitions.
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Figure 5: Absorption spectra of TiO2 Np Anatase and Rutile phases.

Figure 6 displays the plot of (chv)? versus h and then calculates the energy gap (Eg) value. From
the figure, the energy band gaps are 3.05 eV and 2.7 eV for the Anatase and Rutile phases,
respectively, which agrees with the reported values [16]. The reason for the decrease in the
optical energy gap with increasing temperature is due to the increase in crystal size, the decrease
in grain boundaries, and the reduction in crystal defects [13]. This result is consistent with the
XRD and FESEM results (the values of each of the prepared crystal sizes, moreover, grain size
rates increase with the increasing temperature of TiO2 NPs).
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Figure 6: The relation between (athv)? and (hv) of TiO2 Np Anatase and Rutile phases.
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Conclusions

The TiO2 Np has been synthesized by the Sol-gel method. The crystallite size of the prepared
TiO2 nanoparticles was approximately 15.89 nm for the Anatase phase and 40.54 nm for the
Rutile phase, respectively, confirmed by the XRD graph. The results of the FESEM revealed
the formation of nanostructures with cauliflower and irregular shapes, with an average particle
size of 36.9 nm for Anatase and 58 nm for Rutile, respectively. The optical measurements show
that the absorption of TiO2 (Anatase phase) is less than that of TiO. (Rutile phase), and the
optical energy gap is (3.05 eV) and (2.7 eV) for the Anatase and Rutile phases respectively.
From these properties, we conclude that the TiO2 Np can be used as an effective material layer
for perovskite solar cells and photocatalytic applications.
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