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Abstract TiO, nanoparticles were synthesized via sol—
gel method by using TiCl, ethanol solution as precursor.
The effects of gelatinization time and calcination temper-
ature were determined. X-ray diffraction measurements
showed that TiO, nanoparticles were polycrystalline with
anatase phase and transform to rutile phase at high tem-
peratures. The effects of gelatinization time and calcination
temperature were examined using atomic force micro-
scopy, field emission scanning electron microscopy, and
photoluminescence spectra. Particle size increased from 58
to 89 nm when gelatinization time was increased from 1 to
5 days. Moreover, particle size increased from 58 to
111 nm when calcination temperature was increased from
500 to 900 °C. Photoluminescence intensity decreased
when gelatinization time and calcination temperature
increased. Photocatalytic properties of TiO, nanoparticles
were evaluated by photocatalytic degradation of methylene
blue (MB) in water under UV light irradiation. The out-
comes indicated that TiO, nanoparticles exhibited efficient
photocatalytic activity of up to 68 % after 180 min as
shown by the degradation of MB aqueous solution.
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1 Introduction

Titanium dioxide (TiO,) has recently attracted much
attention because of its wide potential applications in
environmental remediation, electronics, sensor technology,
solar cell, and other related fields [1-6]. TiO, offers the
most successful application in photocatalysis given its
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excellent photoactivity, high-stability, non-toxicity, low-
cost, and water-insoluble properties under most conditions.
TiO, exists in three different crystalline phases, namely
rutile (tetragonal), anatase (tetragonal), and brookite
(orthorhombic), with each phase providing distinct appli-
cations [7-9]. Anatase TiO, exhibits higher photocatalytic
activity than the other TiO, forms [10]. The photocatalytic
activity of TiO, is influenced by its crystalline form and
structural parameters, such as morphology, particle size,
and specific surface area [11].

Nanosized TiO; is generally prepared by sol-gel method
with Ti (OBU), as precursor [12, 13]. This process
involves expensive chemicals, and the hydrolysis process is
not easy to control. There have been many reports of
titanium dioxide photocatalysts being successfully pre-
pared using inorganic precursors (such as TiCly) in the gas
phase or the liquid phase [14—17]. In the current study,
TiO, nanoparticles were synthesized by sol-gel using
TiCl, as precursor because of its low-cost and easy-to-
control hydrolysis and quick process. The results confirmed
that this process is a good technique to prepare TiO,
nanoparticles. The mechanisms of gelatinization of TiCly
ethanol solution and formation of TiO, nanoparticles were
also determined. Although most of the properties of TiO,
powder have previously been well studied, photolumines-
cence (PL) features of TiO, powder have not been exten-
sively investigated. Furthermore, PL signals are beneficial
to establish the recombination of photoinduced electrons
and holes in TiO,, which can display the behavior of
photoinduced electrons and holes. Electrons and holes with
distinct behavior exert different effects on photocatalysis.
This behavior should be elucidated to analyze the photo-
catalytic mechanism. In addition, bulk TiO, shows no
evident PL features compared with the film. Although
nanoscaled TiO, powder also shows clear PL bands in
visible light, PL signals related to the surface structure and
oxygen defects are relatively evident, and PL signal cor-
responding to band-to-band characteristic becomes weak
accordingly. Therefore, the PL characteristics of TiO,
powder should be investigated [18].

Efficient water and air purification technologies based
on TiO, photocatalysis have been developed. These treat-
ments typically transform toxic organic compounds into
non-toxic inorganic compounds. Photocatalytic activity is
based on the formation of a photogenerated electron—hole
pair upon the absorption of a UV photon. This process
involves holes oxidizing the adsorbed organic species and
electrons reducing the hydroxyls adsorbed on the surface of
OH- radicals. These radicals act as oxidizing agents toward
organic species, producing simpler by-products such as
CO;, and H,O. Thus, organic species deposited on the
surface of photocatalysts can be decomposed upon UV
irradiation [19].
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In this work, the effects of gelatinization time and cal-
cination temperature were examined on the structural and
morphological characteristics, crystallite size, and room-
temperature PL spectra of anatase TiO, nanoparticles.
Photocatalytic properties of TiO, nanoparticles prepared by
sol-gel method were evaluated by photocatalytic degra-
dation of methylene blue (MB) dye in aqueous solution
under UV light irradiation at 366 nm. The photocatalytic
performance of P25 is also studied and compared with that
of synthesized TiO2.

2 Experimental

TiCly (>99 %, 1.5 ml; BDH Laboratory Supplies, Eng-
land) was slowly added dropwise into 15 ml of ethanol
(>99 %; Scharlau, Spain). The reaction was performed at
room temperature (25 °C) while stirring under a fumehood
because of the large amount of Cl, and HCI gases evolved
from this reaction. A light yellow solution was obtained
and gelatinized from 1 to 5 days to form a sol-gel. The
final sol-gel solution was then dried at 80 °C, and a dry gel
was obtained. Eventually, the dry gel was calcined at
500 °C for 1 h in air to form TiO, nanoparticles. The
decomposition of organic components in the precursor was
promoted by maintaining the initial heating rate at 5 °C/
min. The dependence of crystallite size on calcination
temperature was investigated. The dry gel, which was
gelatinized for 1 day, was also calcined at different calci-
nation temperatures (500, 700, and 900 °C). TiO,
nanoparticles were examined by powder X-ray diffraction
using CuKa (Miniflex I Rigaku, Japan).

TiO, powder was deposited onto the glass substrate via
screen-printing method. Surface morphology was studied
using atomic force microscopy (AFM) (Inc. “Nanoscope
IIT and Dimension 3100”). Samples were observed under a
Hitachi S-4160 field emission scanning electron micro-
scope after the samples were coated with gold. Optical
absorption spectra of the TiO, film were recorded using
UV-visible spectrophotometer (Shimadzu UV-1601). PL
spectra were recorded at room temperature (25 °C) with a
PL spectrophotometer (Shimadzu) by exciting the samples
at 260 and 360 nm. Finally, the catalytic activity of the
calcined powder was detected by a UV-Vis
spectrophotometer.

The photocatalytic activity of the calcined powder was
investigated by the degradation of a standard MB solution
in a photochemical reactor. A 20 mg/LL. MB aqueous
solution, which was prepared using distilled water, was
employed as model pollutant to measure the photocatalytic
activity of the TiO, catalysts. Approximately 20 mg of
TiO, photocatalytic powder, which was gelatinized for
1 day and calcined at 500 °C, was added into a quartz
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beaker containing 50 mL of MB aqueous solution. The
solution was placed in a photocatalytic reactor and stirred
in the dark for 60 min to ensure the establishment of
adsorption and desorption equilibrium of MB on the TiO,
surface. The suspension was subsequently irradiated with a
UV lamp (4 = 366 nm; CAMAG company). The suspen-
sion was gently stirred throughout the experiment to
maintain its stability. At 40-min interval, 5 mL of the
suspension was extracted and then centrifuged at 8000 rev/
min for 20 min to separate the powder from the super-
natant. UV—Vis spectroscopy was used to generate time-
dependent absorbance changes in the supernatant between
400 and 800 nm. Color removal of the dye solution was
determined by measuring the absorbance at 4 = 664 nm
with a UV-visible spectrophotometer, which was initially
calibrated in accordance with Beer—Lambert’s law. The
same experimental procedure was followed for Degussa
P25 powder obtained from (Nippon Aerosil Co., Ltd) to
compare with the synthesized one.

3 Results and discussion

Figure 1 shows the XRD patterns of TiO, powders pre-
pared at different gelatinization times and calcined at
500 °C for 1 h in air. The peaks in the XRD patterns
correspond to the (101), (112), (200), (105), (211), (204),
(116), (220), and (215) planes of the TiO, tetragonal
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Fig. 1 XRD spectra of anatase TiO, powder for different gelatiniza-
tion times a 1 day, b 3 days, ¢ 5 days

anatase phase. Crystallite sizes were calculated using
Scherrer formula [20]:
kA
= (1)
Pcosb

where D is the crystallite size in nanometers, k is a constant
(0.9, assuming that the particles are spherical), A is the
wavelength of the X-ray radiation (CuKo, = 0.1541 nm), f8
is the FWHM (full width at half maximum) of the strongest
peak, and 6 is the diffraction angle. The crystallite sizes of
the powders were calculated using the diffraction peaks of
the anatase (101) crystalline plane. The results showed that
the crystallite sizes of the samples were 13.85, 15.05, and
16.49 nm for the powders gelatinized within 1, 3, and
5 days, respectively. No peak for the brookite or rutile
phase was detected, indicating high purity of the as-pre-
pared samples. These findings revealed that the resultant
powders were all in TiO, anatase phase. Figure 2 shows
the XRD patterns of powders prepared in 1 day of gela-
tinization time and calcined at different temperatures, the
powder calcined at 700 °C clearly confirms the coexistence
of anatase and rutile. As can be seen in Fig. 2b, the 26
values at 25.28, 38.52, and 48.05° can be assigned to (101),
(112), and (200) crystal planes of anatase TiO,. And 27.4,
36.20, 41.26, and 54.36° can be assigned to (110), (101),
(111), and (211) crystal planes of rutile TiO,. All peaks can
be indexed to anatase (JCPDS card No. 21-1272) and rutile
(JCPDS card No. 1276). The mass percent of anatase in the
product is 52 % and rutile is 48 % which was obtained
from the equation [21]:
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Fig. 2 XRD spectra of TiO, powder for different calcination
temperatures a 500 °C, b 700 °C, ¢ 900 °C
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Fig. 3 FESEM images of TiO, films with different gelatinization
times a 1 day, b 3 days, ¢ 5 days

1
NEE0) @

where my is the mass fraction of anatase in the mixture and
14 and I were obtained from the peak areas of anatase
(101) and rutile (110) diffraction peaks, respectively. The
powder calcined at 900 °C shows the existence of rutile
phase only. The crystallite sizes were 13.85, 16.20, and
17.75 nm for the powders calcined at 500, 700, and
900 °C, respectively.

The lattice constants of TiO, nanoparticles were calcu-
lated using the following equation [22]:
1 R+i2 P
2= @ ta ®)

my

where d is the interplanar distance, and h, k, and [ are the
Miller indices. Moreover, a and c are the lattice constants
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Fig. 4 FESEM images of TiO, films gelatinized for 1 day with
different calcination temperatures a 500 °C, b 700 °C, ¢ 900 °C

for the tetragonal structure. The anatase lattice constants
were a = 0.378 nm and ¢ = 0. 954 nm, while the rutile
lattice constants were a = 0.460 nm and ¢ = 0.296 nm,
which are in good agreement with JCPDS card No.
21-1272 (@ = 0. 379 nm and ¢ = 0. 951 nm) and JCPDS
card No. 21-1276 (a = 0.459 nm and ¢ = 0.296) for ana-
tase and rutile phases, respectively. Increasing the gela-
tinization time and calcination temperature resulted in
larger crystallites sizes of the powders because of the
hydrolysis and polymerization of the precursor.

Surface morphology and roughness are indicated in the
AFM images in Figs. 3 and 4. The average roughness
values were 65.25, 82.10, and 88.31 nm for the powders
prepared with gelatinization times of 1, 3, and 5 days,
respectively. By contrast, the average roughness values
were 65.25, 96.69, and 101.17 nm for the powders calcined
at 500, 700, and 900 °C, respectively.
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Fig. 5 AFM images of TiO, films for different gelatinization times
a 1 day, b 3 days, ¢ 5 days

Figures 5 and 6 present the scanning electron micro-
graphs of TiO, nanoparticles synthesized in terms of dif-
ferent experimental conditions. These micrographs reveal
that the shape of the particles was influenced by the
experimental conditions. Scanning electron micrographs of
the nanostructures of all samples were analyzed by Image
Processing analytical software to obtain the average grain
size of the samples. The grain size increased from 58 to
89 nm with gelatinization time increased from 1 to 5 days.
Increasing the gelatinizing time improved the dispersivity
and increased the grain size [23]. The grain size increased
from 58 to 111 nm with calcination temperature increased
from 500 to 900 °C. As the calcination temperature
increased, the particles agglomerated, resulting in
increased grain size.

PL spectroscopy is a practical method for probing the
electronic structure of nanomaterials, the transfer behavior
of photoexcited electron—hole pairs in semiconductors, and

nm 169
-000

Fig. 6 AFM images of TiO, films for different calcination temper-
atures a 500 °C, b 700 °C, ¢ 900 °C

the rate of recombination [24]. PL emission spectra have
been widely used to investigate the efficiency of charge
carrier trapping and migration and understand the fate of
electron—hole pairs in semiconductors [25]. Figure 7 shows
the PL spectra of TiO, nanoparticles recorded at room
temperature and excitation wavelength of 260 nm. Two
groups of peaks were observed. The first peaks at 359, 374,
and 385 nm can be ascribed to the emission of band gap
transition related to the anatase structure of TiO, [26],
whereas the second emission band at 454, 471, 485, and
496 nm originated from the charge recombination at the
shallow-trap surface state [27]. These surface states origi-
nated from the oxygen vacancies, which acted as radiative
centers. These defect states play an important role in
determining the reflective properties and photocatalytic
properties of TiO, nanoparticles [28].

Figure 8 shows the PL spectra at the excitation wave-
length of 360 nm. Several peaks at 396, 425, 454, 471, 486,
and 496 nm were observed. The first emission peak was
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Fig. 7 PL spectra of TiO, films at excitation wavelength of 260 nm for
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Fig. 8 PL spectra of TiO, films at excitation wavelength of 360 nm for

ascribed to the annihilation of excitons, whereas the
remaining five peaks were from the surface states. The
emission peaks in the visible region were attributed to the
defect levels below the conduction band. The native
defects in the wide gap semiconductors were expected to
introduce deep levels inside the band gap. The broad
luminescence spectrum in the visible region is attributed to
the electronic transition mediated by the defect levels, such
as oxygen vacancies in the band gap [29]. As the number of
oxygen vacancies and defects increased, the PL intensity
also increased [30].

The PL emission mainly results from the recombination
of excited electrons and holes, and the lower PL intensity
indicates the decrease in recombination rate [31]. The
decreases in the PL intensity with gelatinization time and
calcination temperature belong to increase in the grain size
and decrease in dislocation levels with these parameters as
mentioned previously in SEM results.

The UV-Vis spectral change of 20 mg/L MB as a
function of irradiation time during the photodegradation by
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TiO, nanoparticle photocatalysts is shown in Fig. 9. The
powder gelatinized for 1 day and calcined at 500 °C was
selected as the photocatalyst to determine the photocat-
alytic activity of the TiO, nanoparticles. When irradiation
time was increased from O to 180 min, the intensity of the
characteristic absorption band at the 664 nm peak
decreased gradually, suggesting that MB was gradually
photodegraded by the TiO, nanoparticle photocatalysts. A
large amount of MB was removed from the solution after
180 min of degradation.

When TiO, is illuminated by UV light, electrons are
excited from the valence band to the conduction band,
thereby generating electron—hole pairs [32]. The holes in
TiO, react with water molecules or hydroxide ions, hence
producing hydroxyl radicals. Oxygen is usually supplied as
an electron acceptor to prolong the recombination of
electron—hole pairs during photocatalytic oxidation. The
hydroxyl radical is a powerful oxidizing agent that attacks
organic pollutants present at or near the surface of TiO,
[33]. This process results in the photooxidation of
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Fig. 9 UV-vis absorption spectra of photocatalytic degradation of
MB recorded at different time intervals by the TiO, photocatalys
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Fig. 10 Time-dependent photodegradation of MB under UV irradi-
ation with and without synthesized and P25 TiO, photocatalyst
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Fig. 11 Degradation efficiency of MB using synthesized and P25
TiO, photocatalyst
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Fig. 12 First-order kinetics of the degradation of (MB) dye with
irradiation time

pollutants, in accordance with the following processes:
(i) photon absorption of the semiconductor catalyst, (ii)
generation of electrons and holes, (iii) transfer of charge
carriers, and (iv) utilization of charge carriers by the
reactants.

Time-dependent photodegradation of MB is illustrated
in Fig. 10. MB decomposed in the synthesized and P25
TiO, under UV light irradiation. The photodegradation
efficiency for each experiment, also called conversion, was
estimated by the following relationship [34] and is shown
in Fig. 11:

x(%) == €« 100% )

Co

where X is the photodegradation efficiency, C, is the
concentration of MB before illumination, and C is the
concentration of MB in the suspension after time ¢ (mg/L).
The pseudo first-order rate constant k (min~") can be cal-
culated using the slope of the line from Fig. 12. The value
of k was 0.006 min~!, and the efficiency after 180 min was
68 %:; for the synthesized TiO, nanoparticles, this value is
higher than that of P25 which is 51 %.

4 Conclusions

Anatase TiO, nanoparticles were successfully synthesized
via sol-gel method with TiCly as precursor. This low-cost
and easy-fabrication method can be performed at room
temperature. XRD results showed that crystallite size
increases when gelatinization time and calcination tem-
perature are increased. By contrast, PL intensity decreases
with increasing gelatinization time and calcination
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temperature. The degradation efficiency to MB by syn-
thesized titania is larger than that of P25 TiO,. Overall, the
improved efficiency through the photocatalytic process is
attributed to the large specific surface area of the TiO,
nanoparticles.
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