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In this work the titanium dioxide powder was prepared by the optimized and-simple Sol-Gel method and then characterized.
The gelling pH was set to values of 3 (Ti0,-A), 7 (TiO,-N) and 9 (TiO,-B) to observe the effect on the properties of the material.
In these three cases nanoparticulated materials were obtained with particle sizes between 10nm and 20nm. The larger surface

areas were obtained at pH 3, which is several times larger than the others. Furthermore, with the gelling condition pH 3, it was

possible to synthesize pure anatase phase titania. Some preliminary results on the test of the photocatalytic activity of the

synthesized materials in the reduction of nitric oxide are:presented. Based on these results the nanoparticle TiO2, which was

prepared in acidic pH 3 with the pure anatase phase and the lowest particle size has the highest reactivity for the photocatalytic

reduction of nitric oxide.
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INTRODUCTION

Since Gleiter's report [1] on nano-materials, more attention
has been given to the research of nano-materials. Compared
with traditional materials, nano-phase materials have unusual
chemical, mechanical, . optical; electrical and magnetic
properties [2].

Titanium dioxide has attracted great attention in the fields
of environmental purification, solar energy cells,
photocatalysts, gas sensors, photoelectrodes and electronic
devices.

Catalytic applications of titanium dioxide have been
studied for decades regarding the elimination of environmental
pollutants and, more recently, for photocatalytic processes
concerning the degradation of pollutants in air, water and soil

[3-10].
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For instance, Mirkhani and his co-workers in the university
of Isfahan investigated the photocatalytic degradation of Azo
dyes that were catalyzed by an Ag doped TiO, photocatalyst
[11]. The degradation of dyestuff wastewater using visible
light in the presence of a novel nano TiO, catalyst doped with
an upconversion luminescence agent is considered as well[12].
Some investigators studied the enhanced photocatalytic
degradation of 4-chlorophenol by Zr* doped nano TiO, [13].

There are many methods for preparing nano particles of
TiO, sol-gel method [14], ball milling [15], chemical vapour
deposition [16] and microemulsion [17].

Currently, the synthesis of TiO, by the sol-gel method has
proven to be a very useful tool for photo-induced molecular
reactions to take place on a titanium dioxide surface [18].
There are special variables that affect the photo-induced
reactions, including particle size, phase composition, incident
light and preparation method; for instance, anatase TiO,
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nanoparticles have shown higher photocatalytic activity than
rutile TiO, [19].

N.Venkatachalam et al synthesized nano TiO, via the sol-
gel method using titanium (IV) isopropoxide as the precursor.
The sample showed higher photocatalytic activity for the
degradation of bisphenol than commercial TiO, [20]. Some
investigators prepared alkaline earth metal doped nano TiO,
and studied the photocatalytic degradation of 4-Chlorophenol
with the synthesized nano TiO, [21]. The nano-sized TiO,
photocatalysts were prepared by sol- gel and ultrasonic-
assisted sol-gel methods using two different sources of
ultrasonicators i.e. a bath type and a tip type. The samples
prepared with the ultrasonic-assisted method showed
significantly better degradation of 4-Chlorophenol than the
others [22].

In this work the results on the characterization of the
physical properties of sol-gel synthesized TiO, are presented.
The effects of the gelling pH on the crystalline phase, particle
size and preliminary results of the photocatalytic reduction of
nitric oxide are also presented.

EXPERIMENTAL

Titanium dioxide nanoparticles were prepared by the sol-
gel method with 10ml titanium alkoxide; as the raw material,
mixed with 40ml 2-propanol in a.dry. atmosphere. This
mixture was then added dropwise into another mixture

consisting of 10ml water and 10ml 2-propanol. In this step, to
investigate the effect of pH upon the samples properties,
hydrochloric acid or ammonium hydroxide was added. With
this addition, the acidity-alkalinity of the gel was adjusted to
the values pH 9 (TiO,-B), pH 3 (TiO,-A) and pH 7 (TiO,-N);
in addition, P25 Degussa titanium dioxide was employed as
the reference material (TiO,-R). A yellowish transparent gel
was formed after 1h stirring. The obtained gel was then dried
at 105°C for seyeral hours until it turned into a yellow block
crystal. Calcination of the synthesized materials was carried
out in air at'500°C forsix hours in a Fischer Scientific furnace.
Specific surface arecas (BET measurements) were determined
using/ Micromeritics ASAP-2000 apparatus based on N,
adsorbtion. The/prepared samples were analyzed by using an
XRD Rigaka D/MAX-rA powder diffractometer with a nickel-
filtered Cu K, radiation source or a Shimadzu XRD-6000
Xray diffractometer with a nickel-filtered Cu K, radiation
source. The phase structure and crystallite size of TiO, were
determined from the X-ray diffraction patterns.

For TEM imaging with a JEM-1200EX TEM, the TiO,
particles prepared by calcining were dispersed in anhydrous
ethanol by an ultrasonic process and a drop of the suspension
was placed onto a carbon coated copper grid. The excess
liquid was removed using a paper wick and the deposit was
dried in air prior to imaging. The size and morphology of TiO,
particles were obtained from the TEM micrograph.

The surface composition and chemical state of the film sample

Table 1. Crystalline phase, specific surface areas, pore volume, average particle sizes, relative OH intensity

(XPS), energy band gap and photocatalytic activity of the studied materials.

Sample Crystalline | Surface Pore Average Relative Band NO
Phase Area Volume Particle Intensity gap reduction
(m*/g) (cm’/g) Diameter | O(1s) Energy in 3 hrs
(A) [OH/TIO;] | (eV) (%)
TiO2-R a+tr 53.6 0.135 32 - 3.25 25
TiO2-A a 80.8 0.187 12 6.19 3.37 100
TiO2-N atr 8.7 0.028 20 3.17 3.37 25
TiO2-B atr 11.2 0.041 19 <0.1 3.49 0
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were examined by a VG ESCALAB MKII XPS, using a
monochromatic aluminium X-ray source. The pressure was
maintained at 6.3 x 10°Pa. The binding energies were
calibrated with respect to the signal for adventitious carbon
(binding energy, 284.6eV). Quantitative analysis was carried
out using the sensitivity factors supplied with the instrument.
Diffuse reflectance spectroscopy measurements in the UV-
visible region were employed to determine the band gap
energy of the samples.

The test for photocatalytic activity in the reduction of nitric
oxide was performed by FTIR measurements in a Bruker IFS
66v/S spectrometer employing a home made 20cm length gas
cell with a fixed volume. All the reported values are an
average of four determinations. Blank determinations were
carried out wherever necessary and corrections were made if
required.

SEM, BET, TEM,XRD, DRIFTS and test of photocatalytic
activity were determined in the Research Institute of the
Petroleum Industry. Other tests were conducted in the
Materials and Energy Research Center.

RESULTS AND DISCUSSIONS

The obtained values for the specific surface area and pore
volume of the synthesized materials; as well as. the reference
material are summarized in table 1. As can be seen in this
table, the achieved specific surface area. was almost 50%
higher than that of the reference material (TiO,-R) in the case
of an acid preparation (TiO,-A).

On the other hand, samples TiO,-N and TiO,-B have
surface areas that are also smaller than that of TiO,-R. The
TEM of the four samples are shown in figure 1, from which it
can be seen that sample TiO5-A has the smallest particle sizes;
it has well defined granules like the reference sample.
TiO,-N and TiO,-B look like
agglomerates of small particles, slightly bigger than those of

Furthermore, samples
the acid sample. Despite this agglomeration, it can be
observed that these samples have smaller particle sizes than
the reference sample. Average particle sizes are presented in
table 1. As shown, the nano particle titanium dioxide has been
successfully synthesized, with average particle sizes smaller or
equal to 20nm.
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Fig. 1. TEM photographs of the studied samples; a) TiO,-R; b)
TiO,-A;c) TiO,-N; d) TiO,-B. Reference bar
corresponds to 25nm.

Figure 2 shows the x-ray diffraction (XRD) patterns of the
four samples in the 26 range from 20 to 45 degrees. In this
range, four diffraction peaks of the anatase phase of titania and
two peaks of its rutile phase can be observed; these peaks are
labelled “a” and “r”, respectively. The XRD results show that
the acid preparation consists of pure anatase phase; unlike the
reference material, which consists of a mixture of anatase and
rutile structures. Like the reference material, the neutral
preparation consists of a mixture of anatase and rutile phases.
Furthermore, the material prepared at pH 9 also seems to be
pure anatase as its diffraction pattern barely shows evidence of
the rutile phase. However, a ten time’s magnification of the
most intense peak of the rutile phase, inserted in figure 2,
proves the presence of rutile titanium dioxide in this sample.
These results indicate that the titanium dioxide was
synthesized in the pure anatase phase by adjusting the gelling
pH.

The hydroxyl species adsorbed at the surface of the studied
samples were monitored by XPS and DRIFTS measurements.
The XPS spectra of samples TiO,-A , TiO,-N and TiO,-B are

shown in figure 3; the shown ranges are those that originated
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from the oxygen 1s and titanium 2p orbitals. The two peaks of
titanium 2p (1/2,3/2) orbitals correspond to the titanium
dioxide chemical environment. It as evident that the Ti2P XPS
peak was sharp and strong, indicating that the Ti element
existed mainly as the chemical state Ti"™ on the basis of the
principle and instrument handbook [23].

However, the high peak of oxygen, 1s, also corresponds to
oxygen in the TiO, crystal lattice. Furthermore, there is a
Small shoulder at the left side of the titanium dioxide’s oxygen
bounded to
titanium dioxide[24-26]. The differences on the intensity ratio

1s peak; this shoulder is related with hydroxyls

of this shoulder to the principal peak of the different samples
gives an estimate of the amount of hydroxyl species relative to
each other. The O(1s) intensity ratio values of samples TiO,-
A, TiO,-N and TiO,-B shown in table 1, indicate a larger
amount of hydroxyls in the acidic preparation of titanium
dioxide. These active surface hydroxyl groups can increase the
differences on the intensity ratio of this shoulder to the
principal peak of the different samples giving an estimate of
the amount of hydroxyl species relative to each other. The
O(1s) intensity ratio values of samples TiO,-A, TiO,-N and
TiO,-B are shown in table 1, showing a larger amount of
hydroxyls in the acidic preparation of titanium dioxide. These
active surface hydroxyl groups can increase the surface energy
of the nanoparticles and become stable by easily combining
with other atoms or groups. This may possibly result in lots of
hydroxyl and adsorbed oxygen present at.the surface of the
nanoparticle. The surface oxygen deficiencies can act as
capture centres for the photo-excited electrons, to efficiently
hinder the recombination of electrons and holes. The surface
hydroxyl groups can play an important role in the
photocatalytic actions because the photo-induced holes can
attack the surface hydroxyl and yield surface bound OH
radicals with high oxidation capability.

The DRIFTS spectra of the synthesized materials are
shown in figure 4. Some differences are observed between the
three samples frequency position and intensity. The Hydroxyls
band of the acid prepared sample is around 3620cm™, while in
the case of neutral and basic preparation it appears as an extra
band, which is around 3700cm’".

Furthermore, the intensity of the hydroxyl band in the case

of the neutral and basic preparations is smaller than in the case

of the acid preparation. This is in agreement with the results
obtained in the analysis of the XPS measurements.

This relative determination of the amount of hydroxyls is
relevant because it has been reported to play an important role
in the photocatalytic processes [26].

Diffuse reflectance measurements in the UV-visible region
allowed us to determine the band gap energy of the samples.
The spectral dependence of the absorption coefficient (o) of a
material is givenby the spectral dependence of the absorbance
(o ~ A). Besides;. if we assume a direct band gap of both
crystalline phases of titanium dioxide [27] , we can express the
absorption coefficient with the following formula o Av o (hv
- g)”2 as.a function of the band gap energy (£,) and the
energy of the incident photon (#v). Therefore, the band gap
energy can'be determined by extrapolation to the energy axis
of the linear interval in a plot (a hv)’

a L) ] T
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% 4 A TiO-B
=
. MMTPZ-N
TiO,-A
20 25 30 35 40 45

20 (Degrees)

Fig. 2. XRD patterns of studied samples. The patterns are
normalized and vertically displaced for -clarity.
Sample name and diffraction peak phase labels are
given.

Si57


www.sid.ir

Synthesis of TiO, Nano Powder by the Sol-Gel Method and Its Use as a Photocatalyst

vs. hv. The band gap energy values obtained in this way for the
reference and synthesized materials are summarized in table 1,
which shows that the band gap energy of the studied materials
keep the following order E4(R) < Eg(A) = E4(N) <E,(B). This
order in the energy band gap values does not keep a relation
with the reactivity observed for the set of samples. It means
that despite TiO,.A and TiO,-N having the same band gap
energy values (3.37 eV), the TiO, A reduced NO with a yield
of 100% while the yield of TiO,-N is only 25%.

\  TIO-N

\‘ P —

TiO,-B |

TiO,-A-

535 530
Binding Energy (eV)

240

Fig. 3. XPS measurements of samples TiO,-A and TiO,-N in
the regions of Ti(2p) and O(1s) orbitals.

In fact the degradation of NO is an electron transport
reaction. It means that when the energy is presented as a
photon and exceeds the band gap, the electron leaves the
valence band and goes to the conduction band. In this step
surface hydroxyls attract electrons and use for the degradation
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of NO. These surface groups have a main role rather than band
gap. As can be seen from table 1 TiO,-A with the highest
intensity of hydroxyls has the maximum yield (100%) in
photocatalytic reaction.

The test for photocatalytic activity carried out for nitric
oxide reduction was monitored for 180 minutes (3 hours) and
is shown in figure 5. It shows the decomposition percentage of
the nitric oxide loaded.into the reaction cell as a function of
illumination time. As can be observed in this figure, titanium
dioxide with a

Transmission

4000 3800 3600 3400

Wavenumber (cm'1)

3200

Fig. 4. Infrared transmission spectra obtained from DRIFTS
measurements, in the region of the absorption band of
hydroxyl species.

high reactivity for the photocatalytic reduction of nitric oxide
was successfully prepared. It can be observed that sample
TiO,-A is the one with the highest reactivity for the
photocatalytic reduction of nitric oxide. It takes 100 minutes
for sample TiO,-A to reduce the concentration of nitric oxide
below the detection limit. Samples TiO,-N and TiO,-R have a
slower reactivity, eliminating only about 20% of the nitric
oxide during the three-hour period shown in figure 5.
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Fig. 5. Profile of the percent of nitric oxide reduced monitored

during 180 minutes of light exposure for

photocatalytic evaluation.

Furthermore, sample TiO,-B is clearly ineffective < for
decomposition of NO during the monitored time interval. No
conclusive evidence for energy band gap or hydroxyl content
influence on the photocatalytic reactivity was. found. The
higher reactivity seems to be mostly related to the pure anatase
phase of the sample and, second, with the nanometric size of
the particles. These two properties have been previously
pointed out as important factors for photocatalytic reactions by
other authors[28,29]. Further work is under way to study the
more detailed photocatalytic activity of the synthesized
materials.

CONCLUSION

The nanoparticulated titanium dioxide with particle sizes
between 12nm and 20nm have been successfully synthesized.
Pure anatase titanium dioxide was also obtained by adjusting
the gelling pH to a value of pH 3. This pH condition also leads
to a surface area of 80m*/g, which is 50% higher than that of
the commercial sample material. The test for photocatalytic
activity showed that our synthesized materials have similar
and even better photocatalytic reactivity than the reference
material employed.
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