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Titanium dioxide (TiO2) nanoparticles were prepared by the sol–gel method and the structural, morphological, and optical
properties were investigated at different sintering temperatures of 500, 600, 700, 800, and 900°C. A tetragonal structure of anatase,
mixed (anatase–rutile), and rutile phases are observed in the X-ray diffraction (XRD) analysis. Pure anatase phase formation
occurred at 500°C, whereas anatase-to-rutile phase transformation began at 600°C, and reaching complete conversion to rutile at
800°C. The average crystallite size increased from 23 to 34 nm for anatase and 38 to 62 nm for the rutile when sintering
temperature increased from 500 to 900°C. The scanning electron microscope (SEM) result presented the increase of grain size
(25–100 nm) with increasing the sintering temperature. The Fourier transform infrared (FTIR) spectra demonstrated the presence
of TiO2 vibrational bonds in all samples. The optical bandgaps of the sintered TiO2 nanoparticles decreased with rising sintering
temperature. Photoluminescence spectra exhibited three characteristic peaks centered at 380, 450, and 550 nm. The emission
intensity increased with increasing the sintering temperature. The Mie analysis was also studied to calculate scattering cross-
section, forward scattering, and asymmetry for different grain sizes. The results showed that by increasing the nanoparticle
diameters, the peaks of all spectra are redshifted for larger grain sizes and cross-section peaks shift to high values. In this study,
the sintering temperature is observed to have a strong influence on crystalline phase transformation, microstructure, and optical
properties of TiO2 nanoparticles. The TiO2 sample sintered at 900°C shows the best result to be used as luminescent material due to
the low optical bandgap energy.

1. Introduction

Titanium dioxide (TiO2) is a cheap, nontoxic, and nonbio-
degradable material possessing many unique physical, chem-
ical, and optical properties. Recently, nanostructured TiO2

has attracted considerable attention because of its potential
application in photocatalysis, gas sensors, solar cells, and
lithium-ion batteries [1–3]. TiO2 occurs naturally in three
different crystalline phases: anatase, rutile, and brookite.
Anatase and rutile are tetragonal, whereas brookite belongs
to the orthorhombic crystalline system [4]. Each crystalline
phase has different bandgaps that consist of different ori-
ented TiO6 octahedral chains [5]. Under ambient conditions,
rutile is thermodynamically stable, whereas anatase and
brookite are thermodynamically metastable. The anatase
phase of TiO2 is more effective as photocatalyst under UV

light than rutile and brookite. However, its large bandgap
(∼3.2 eV) does not enable it to absorb light in the visible
region. In comparison, the rutile phase of the TiO2 was
employed majorly in areas that involve high-end optics
and electronics because of its high dielectric constant [6].

Several methods have been used by researchers to syn-
thesize TiO2 nanoparticles such as chemical precipitation
[7], combustion [8], sol–gel [9, 10], and hydrothermal meth-
ods [11]. Among these methods, the sol–gel method is a
simple process to synthesis TiO2 nanoparticles. The sol–gel
synthesis provides high purity, homogeneity, and high con-
trol over morphology and crystalline phases [12]. Different
parameters such as precursor type, initial solution, pH, and
heating temperatures affect the sol–gel synthesized powders
[13, 14]. The different phases of TiO2 nanoparticles can be
obtained or maintained by controlling their temperature
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[15, 16]. The anatase-to-rutile phase transformation signifi-
cantly depends on the annealing time and annealing tempera-
ture [17]. Annealing modifies the crystal structure and, hence,
the microstructural and morphological properties of TiO2

[18–20]. The sintering temperature also results in a change
of micrograin structure, crystallinity, morphology, grain size,
etc. [21–24]. Dhiflaoui et al. [25] synthesized pure rutile TiO2

nanoparticles after heating at 850°C. On the other hand, Bakri
et al. [26] suggested that anatase/rutile phase transformation
occurred at temperature >900°C.

In recent years, there has been an increasing interest in
the study of optical scattering and absorption of TiO2 nano-
particles using theoretical simulations. Despite the large
amount of work on the synthesis, experimental characteriza-
tion, and property measurements of TiO2 nanoparticles, the
number of reports with theoretical simulations is still quite
limited [27, 28]. When the size of the particles becomes
smaller, novel optical characteristics emerge [29]. The Mie
analysis is one of the related computational methods used for
studying the optical scattering and absorption properties.
The Mie theory has the advantage of being conceptually
simple and has found wide applicability in explaining exper-
imental results. Theoretical calculations for the scattering
coefficients depending on nanoparticle size were made using
Mie calculations [30, 31]. In this work, the influence of dif-
ferent sintering temperatures (500, 600, 700, 800, and 900°C)
on the phase transformation, crystallite size, surface mor-
phology, and optical properties of TiO2 nanoparticles pre-
pared by sol–gel method was studied. Moreover, the Mie
analysis was studied for different particle sizes of nanoparti-
cles and scattering cross-section, forward scattering, and
asymmetry were calculated.

2. Experimental Methods

Nanosized TiO2 powder was synthesized via a sol–gel method
using tetra-n-butyl orthotitanate (C16H36O4Ti) (Sigma–Aldrich)
as the titanium precursor, ethylenediamine (C2H8N2)
(Sigma–Aldrich) as the catalyst, and ethanol (C2H5OH)
(Sigma–Aldrich) and deionized water (H2O) as the solvent. In
a typical experiment, 10ml of tetra-n-butyl orthotitanate was
added dropwise into 40ml of ethanol and stirred for 2hr. Deio-
nized water was added to themixture followed by the addition of
ethylenediamine under vigorous stirring. The solutions were
placed in the fume hood to chill for about 3–4 days where the
milky gel was obtained. The obtained gel samples were then
sintered in a muffle furnace at 500, 600, 700, 800, and 900°C
for 1hr and naturally cooled down to the room temperature.

X-ray diffraction (XRD) patterns of TiO2 were measured
using Bruker D8 X-ray diffractometer with Cu Kα radiation
(λ=1.5406Å), with scattering angle of 20°–80°. The surface
morphology of the samples was obtained with a field-emission
scanning electron microscope (FE-SEM) (ZU SSX-550,
Shimadzu). An energy-dispersive X-ray spectroscopy (EDS)
spectrum was obtained by attaching to a SEM for elemental
analysis. Fourier transform infrared (FTIR) (PerkinElmer STA
600 model) spectrometer was used to examine the synthesized
nanoparticle’s functional group using KBr. The reflectance

spectra of the TiO2 nanoparticles were measured using a
PerkinElmer Lambda 950 UV–Vis photospectrometer. Photo-
luminescence (PL) spectra of the samples were measured at
room temperature by using a Cary Eclipse fluorescence spec-
trophotometer (model LS 55) with a built-in 150W xenon
lamp as the excitation source and a grating to select a suitable
wavelength for excitation.

3. Results and Discussion

Figure 1 shows the XRD patterns of the TiO2 samples sin-
tered at different temperatures (500, 600, 700, 800, and
900°C) for 1 hr. The sample sintered at 500°C was identified
as nanocrystalline anatase phase and intense peak corre-
sponding to (101) plane (Figure 1(a)). This phase formation
is agreed with that obtained by Delekar et al. [32]. The major
XRD diffraction peaks can be attributed to (101), (004),
(200), (105), (211), (204), and (215) plane of anatase phase
(JCPDS 84-1286) with tetragonal structure. More increased
sintering temperature also causes phase transition from ana-
tase to rutile. The rutile peaks appearing after sintering at
600°C indicate that phase transformation from anatase to
rutile has occurred (Figure 1(b)). The rutile peaks become
intense as the temperature increased to 700°C (Figure 1(c)).
A complete transformation into rutile was occurred at 800°C
(Figure 1(d)). Further increase to 900°C, the intensity of the
(110) rutile orientation was also increased (Figure 1(e)) [15].
The rutile diffraction peaks correspond to the (110), (101),
(200), (111), (210), (211), (220), (002), (310), and (301)
tetragonal crystal planes which well matched with JCPDS
file 76-318. Similar results have been reported in the litera-
ture [18, 33]. Arroyo et al. [34] reported that the transfor-
mation from anatase to rutile occurs above 800°C for pure
TiO2 materials. Zhang and Tang [35], however, reported
that the complete transformation from anatase to rutile
occurs above 900°C. It is noticed that intensity of the rutile
diffraction peaks increases with increase in the sintering
temperature, showing the degree of crystallinity of the
nanopowders [36, 37].
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FIGURE 1: XRD patterns of TiO2 nanoparticles sintered for 1 hr at (a)
500°C, (b) 600°C, (c) 700°C, (d) 800°C, and (e) 900°C.
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The percentage of respective peaks corresponding to dif-
ferent phases is calculated by using the Spurr equation [38]:

R  %ð Þ ¼ IR 110ð Þ
0:884 IA 101ð Þ þ IR 110ð Þ

× 100; ð1Þ

where IA and IR are peak intensities for (101) plane of anatase
and (110) plane of rutile phases, respectively. The crystallite
sizes (D) of the anatase and rutile phases are calculated by
using the Scherrer equation [39]:

D ¼ 0:9λ
β cos θ

; ð2Þ

where D is the crystallite size, λ is the X-ray wavelength, β is
the full width at half maximum (FWHM) (in radian), and θ
is the Bragg’s diffraction angle. The average calculated crys-
tallite size and phase composition of TiO2 nanoparticles pre-
pared at different sintering temperatures are presented in
Table 1. At 600°C, the phase components were 78% for ana-
tase and 22% for rutile. At 700°C, the percentages of anatase
and rutile phases were also found to be 14% and 86%, respec-
tively. Similar result has been reported in the literature [13].
A complete transformation from anatase to rutile phase was
occurred at 800°C. It can be seen that with increasing sinter-
ing temperature to 700°C, the size of anatase phase crystallite
increases from 23 to 34 nm. The crystallite size of rutile phase
increased with increasing sintering temperature, with values
of 38, 42, 49, and 62 nm at 600, 700, 800, and 900°C, respec-
tively. The increase in crystallite size with increasing heating
temperature may be attributed due to thermally promoted
crystal growth. Anatase nanocrystallites having small size
and high concentration of defects easily undergo phase
transformation to rutile [40]. This result showed that the
sintering temperature has a significant effect on the phase
transformation, crystallite size, and crystallinity of TiO2

nanoparticles.
Figure 2 shows the SEM image of TiO2 nanoparticles

sintered at 500, 600, 700, 800, and 900°C for 1 hr. Sample
sintered at 500°C (Figure 2(a)) showed nonspherical small
grains with a grain size of about 25 nm. As the sintering
temperature increased to 600°C, the sizes became bigger
with a grain size of about 35 nm, as shown in Figure 2(b).
With increase in temperature to 700°C (Figure 2(c)), the
sample showed well-defined near-spherical-shaped particles

that are evolved into a clear and dense shape particle with
grain sizes of about 50 nm. As further increase in tempera-
ture up to 800 (Figure 2(d)) and 900°C (Figure 2(e)), TiO2

nanoparticles exhibited nonuniform shape of particles due to
the agglomeration of initial particles with increase in grain
size ranging from 80 to 100 nm. Grain boundaries can be
clearly identified and a trend that the grain growth continued
with the increase in the heating temperature was observed.
Ostwald ripening at high temperatures leads to more nucle-
ation of the nanoclusters and more growth [13, 17, 41].
Further, the sintering at 900°C (Figure 2(e)) showed large
grain sizes of about 100 nm and showed a high degree of
agglomeration [17]. The degree of agglomeration of TiO2

nanoparticles is due to the adhesion of nanoparticles to
each other and diffused boundaries [38, 42]. Moreover, the
spherical morphology of the particles disappeared [17], indi-
cating the crystal growth of titania with better densification.
It is possible that some big particles with smooth interface
embedded in the small crystallites forming large grains.
At the highest calcination temperature, the particles and
pores undergo melting-like process so that the coarsening
rate for rutile will be significantly greater than that of anatase
[43]. The increase in grain sizes due to aggregation of nano-
particles with the increased sintering temperature in the SEM
patterns indicates increased crystallinity. The SEM results are
in agreement with XRD results that showed the grain size of
the anatase phase smaller than rutile phase due to aggregation
of nanoparticles with increased sintering temperature. Similar
results have been reported in other studies [17, 23, 44]. The
histogram of particle size distribution of the TiO2 nanoparticles
sintered at 800 and 900°C was analyzed by using ImageJ soft-
ware. The average grain size was estimated to be around 83nm
at 800°C (Figure 2(f)) and 90nm at 900°C (Figure 2(g)). These
values are close to the grain size estimated in the SEM images.
It is clearly seen that the sintering temperature influences the
morphology and size of the nanoparticles.

Figures 3(a) and 3(b) show the EDS spectrum of TiO2

nanoparticles sintered at 800 and 900°C, respectively. The
spectra have prominent peaks of titanium (Ti) and oxygen
(O). No impurities were present. Atomic percentages of O
decreased from 61.38 (51.52 wt%) to 56.18 (46.15 wt%) and
Ti increased from 38.62 (48.48 wt%) to 43.82 (53.85wt%),
as the sintering temperature increased from 800 to 900°C.
The O value is far below for the required theoretical atomic
percentage of 66.67. The lower oxygen content could be
attributed to the point defect in the form of oxygen vacancy
in TiO2 crystals at higher temperature.

Figure 4 shows the FTIR spectra of the sol–gel-driven
TiO2 nanoparticles sintered at 500–900°C for 1 hr. The bands
around 3,401 and 2,959 cm−1 are assigned to the stretching
vibrations of adsorbed water and hydrogen-bonded hydroxyl
groups [45]. The broad peak observed at 2,425 cm−1 may
correspond to the C–H stretching of hydrocarbon bonds.
The bands at 2,050 and 1,950 cm−1 can be attributed to the
vibrations of the C=O bonds in TiO2 matrix. The peak at
1,650 cm−1 in the spectra is related to the stretching and
bending vibrations of the Ti–OH and the –OH group of
TiO2 nanoparticles [41]. The absorption band observed in

TABLE 1: Anatase and rutile phase compositions and crystallite size
of TiO2 nanoparticles sintered at 500–900°C for 1 hr.

Calcined temperature (°C)
Crystal phase

(%)
Crystallite size

(nm)

Anatase Rutile Anatase Rutile

500 100 – 23 –

600 78 22 31 38
700 14 86 34 42
800 – 100 – 49
900 – 100 – 62

Journal of Nanomaterials 3



(a) (b)

(c) (d)

(e)

(f) (g)

0 0

200

400

600

800

1,000

1,200

1,400

1,600

50 100

Size (nm)

150 200 50 100
Size (nm)

150 200

1,000

1,500

2,000

500

C
ou

nt
s (

ar
b.

 u
ni

t)

C
ou

nt
s (

ar
b.

 u
ni

t)

FIGURE 2: FE-SEM image of TiO2 nanoparticles calcined at (a) 500°C, (b) 600°C, (c) 700°C, (d) 800°C, and (e) 900°C for 1 hr. Size distribution
of TiO2 nanoparticles sintered at (f ) 800°C and (g) 900°C.
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FIGURE 3: EDS analysis of TiO2 nanoparticles sintered at (a) 800°C and (b) 900°C.
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the range of 400–800 cm−1 is the contribution from anatase
titania. The peak at about 500 cm−1 can be attributed to the
vibration of Ti–O bond in TiO2 lattice [33, 46]. The absorp-
tion band at 730 cm−1 can be assigned to the Ti–O–Ti stretch-
ing vibrations [47]. The intensity of lower absorption bands
decreased with the increase of the sintering temperature, indi-
cating the removal of water molecules from the samples
[48, 49]. For sintering above 800°C, additional intense absorp-
tion bands of exothermic peaks are observed. The exothermic
peak can be associated with the crystallization of rutile TiO2

[50]. Increase in sintering temperature results in the increase in

crystallite size, thereby decreasing the surface area for adsorp-
tion of water.

The optical reflectance spectra of the as-prepared TiO2

nanoparticles sintered at 500, 700, and 900°C were recorded
at room temperature and shown in Figure 5(a). With the
increase of sintering temperature, the absorption edge is
observed to be shifted toward the higher wavelength with a
redshift [51]. This is due to increase in crystallite size and the
induced oxygen vacancy (defect sites) at higher sintering tem-
perature. Figure 5(b) indicates bandgap plot calculated via
Tauc equation for the corresponding samples. The reflectance
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data were converted to the absorption coefficient α values
according to the Kubelka–Munk equation [52]:

α ¼ 1 − Rð Þ2
2R

; ð3Þ

where α is the absorption coefficient and R is the reflectance.
The absorption coefficient α and the bandgap Eg are related
through the Tauc equation [53]:

αhνð Þn ¼ A hν − Eg
� �

; ð4Þ

where hν is the photon energy,A is a proportionality constant,
and n= 1/2 is indirect bandgap transition. The optical band-
gap energy can be calculated by plotting the graph of (αhν)1/2

vs. hν and extrapolating the linear section of the curve to the
hν axis. The calculated bandgap values are 3.3, 3.2, and 3.1 eV
corresponding to the samples sintered at temperature of 500,
700, and 900°C, respectively. The bandgap obtained at 500°C
is larger than the bandgap of rutile TiO2 sintered at 900°C.
This trend is due to the phase transformation from
anatase to rutile as clearly evident from XRD pattern [46].
At higher sintering temperature, growth of favored particles
and agglomerates correspond to decrease in bandgap energy.
This can be accounted as a result of increase in size of the
crystallites by agglomeration at higher temperature [15, 24].
Hence, the reduced bandgap energies at raised sintering tem-
peratures confirm the increase in grains as observed in SEM
images. The narrowing of bandgap is prescribed to generation
of new energy states in forbidden energy band of TiO2

supporting photogeneration [54]. Similar results have been
reported [15, 33].

Figure 6 shows the room temperature photolumines-
cence (PL) spectra of the sintered TiO2 samples at 500,
600, 700, 800, and 900°C for 1 hr when excited at 320 nm.

The PL peak positions that observed for anatase and rutile
samples are similar, but relative intensities of these peaks are
different. All samples exhibited broad emission peaks near
340–550 nm centered at 380, 470, and 550 nm. The observed
broad and intense emission peaks originate from the recom-
bination of exciton. The sample sintered at 500°C possesses
the lowest PL intensity, revealing that the photogenerated
holes and electrons have the lowest recombination rate in
the sample. Samples sintered above 500°C induced an increase
in the emission peaks. The UV emission band at 380 nm can
be attributed to the indirect band-to-band transition from
conduction band to valence band of TiO2 nanoparticles
[55]. The peaks observed at 470 and 550 nm are due to the
self-trapped excitons, oxygen vacancies, and surface defects of
TiO2 [19, 56]. The PL intensity is a direct indicator for the
charge recombination rate, i.e., stronger the PL intensity,
higher the recombination rate and vice versa. The PL emission
from sample sintered at 900°C is higher compared to the
sample sintered at 500°C. Moreover, the increase in PL inten-
sity for samples sintered at 600, 700, 800, and 900°C indicates
the presence of mixed phases of anatase–rutile and pure rutile.
This is also correlated that the increase in sintering tempera-
ture leads to the increase in the size of TiO2 nanoparticles as
observed in XRD and SEM investigations. By comparing the
PL spectra of the TiO2 samples sintered at 600, 700, and 800°C
with that of the TiO2 samples sintered at 900°C, it is clearly
seen that the defect-related emission band at 530 nm is largely
enhanced, while the blue emission at 470 nm is slightly
suppressed. This can be attributed to the aggregation and
rutile phase formation at elevated temperature, leading to
an increased recombination process. At high sintering tem-
perature, most of the nonradiative centers are covered up;
however, thermally generated radiative oxygen vacancies
become dominant defects in the TiO2 lattice [56–58].

The Mie theory was used to calculate the optical parame-
ters like scattering cross-section (Csca), backscattering (Qrad),
and asymmetry (g). All waves incident on a particle are either
absorbed or scattered. The scattering cross-section of a parti-
cle is the amount of light scattered by the particle relative to
the light intercepted by its physical cross-section. The Mie
solution, according to Maxwell’s equations [59], describes
the scattering of a plane wave by a particle and is given by:

Cext ¼
2π
k2

∑
1

n¼1
2nþ 1ð ÞRe an þ bnð Þ;

Csca ¼
2π
k2

∑
1

n¼1
2nþ 1ð Þ anj j2 þ bnj j2f g;

Cabs ¼ Cext − Csca;

ð5Þ

where k= 2π/λ is the wavenumber and an and bn are the Mie
coefficients. Furthermore, the asymmetry parameter g indi-
cates the average cosine of the scattering angle θ with respect
to incident wavelength and is given by:

g ¼ cos θh i: ð6Þ
Assuming that the index of refraction of TiO2 is n= 2.5

and the incident radiation is λ= 320 nm. Theoretical
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FIGURE 6: PL spectra of TiO2 nanoparticles sintered at different
temperatures.
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assessments of the scattering peak depending on nanoparti-
cle size were made using Mie calculations, performed with
software “Mie Plot v.4.3.” Figure 7(a) shows the scattering
cross-section of TiO2 nanoparticles at different grain sizes
(diameter = 25, 35, 50, 100, and 150 nm). It can be seen that
the scattering cross-section peak is increased with increasing
grain sizes, as shown in Figure 7(b). The numerical results
showed that the scattering properties of nanoparticles with
small particles vary smoothly with wavelength, while the
scattering properties of nanoparticles with large particles
oscillate with wavelength due to diffraction peaks. Moreover,
the peak of all spectra is redshifted for larger particles.
A redshifting of the scattering peak is expected for interparticle
spacing of the order of the particle diameter [60]. Figure 7(c)
shows the forward scattering of TiO2 nanoparticles at the grain

size of 25–150 nm. For nanoparticles with small grain sizes
(25–50 nm), the forward scattering is increased slowly. How-
ever, the forward scattering is increased rapidly with the
increase in grain size from 100 to 150 nm. For particles of
100 nm, an increase in the forward scattering is clearly visible,
thus the scattering is asymmetric. With increasing particle
size, the forward scattering becomes more pronounced, caus-
ing a larger asymmetry parameter, as shown in Figure 7(d).
This is in agreement with the behavior of nonabsorbing
systems [29].

4. Conclusion

Nanocrystalline TiO2 particles were prepared by the sol–gel
method sintered at 500, 600, 700, 800, and 900°C for 1 hr.
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The XRD results showed that only tetragonal anatase phase
is achieved at 500°C. A phase change occurs from anatase to
mixed (anatase–rutile) to rutile with varying sintering tem-
peratures. At 600°C, the phase transition from anatase to
anatase–rutile mixed phase is noticed. The transformation
from mixed phase to pure rutile was completed at 800°C.
The average crystallite size of TiO2 nanoparticles sintered at
500–900°C is found to lie in the range of 23–34 nm for ana-
tase phase and 38–62 nm for rutile phase. The SEM results
revealed an increase in grain size from 25 to 100 nm with
increasing the calcination temperature from 500 to 900°C.
At 900°C, the sample showed a bigger grain size of about
100 nm with clear grain structure and better densification.
The stretching vibrational mode corresponds to anatase and
rutile phases is explained by FTIR spectra of TiO2 nanopar-
ticles. From UV–Vis analysis, the bandgap of TiO2 decreased
from 3.3 to 3.1 eV with increasing sintering temperature
from 500 to 900°C. The optical reflection study reveals that
the reflection band edge shifts toward longer wavelength
with increase of sintering temperature. The PL analysis
shows the existence of both UV and visible emissions.
A broad PL emission band from 350 to 550 nm is seen in
all samples. Three characteristic peaks centered at 380, 450,
and 550 nm were found. Further, PL spectroscopy revealed
the change in emission intensity with sintering temperature
and is in accordance with indirect transition. These defect-
related emissions can be associated with the enhanced for-
mation of surface defects and oxygen vacancies in the TiO2

structure. The Mie analysis was studied and TiO2 nanopar-
ticles with different diameters were considered to investigate
the correlation between the grain size and optical cross-
section values. The results showed that by increasing the
nanoparticle diameters, the peaks of all spectra are redshifted
for larger grain sizes and cross-section peaks shift to high
values. In this study, the sintering temperature is observed to
be a key factor for the tuning of TiO2 crystallite size, band-
gap, and the phase transition.

Data Availability

The underlying data supporting the results of this study are
found in the results and discussion part.

Additional Points

Highlights. Sol–gel-derived TiO2 nanoparticles are studied for
their phase transformation. The melting-like process acceler-
ates the phase transition from anatase to rutile. The optical
bandgaps of the sintered TiO2 nanoparticles decreased with
rising sintering temperature. The PL intensity and grain size
increased with increasing sintering temperature. Redshifted
and high scattering values for larger grain sizes were calcu-
lated. The suitability of Mie theory was estimated with scat-
tering parameters.
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