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1. INTRODUCTION

Semiconducting nanocrystalline materials are of
great interest due to their unique properties. Among
these materials, ultrafine nanostructured materials with
crystallite sizes smaller than 100 nm and high surface
areas have attracted much attention due to their un-
usual optical, electrical, and catalytic properties. It was
reported that decreasing the particle size of the
nanomaterial leads to an enhancement in the catalytic
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Titania nanoparticles were synthesized by sol-gel technique with and with-
out the addition of surfactant. Two types of surfactants were used as par-
ticle size inhibitors: Cetyltrimethylammonium bromide (CTAB) and
polyvinylpyrolidone (PVP). The samples were characterized and their pho-
tocatalytic activity was measured and compared to Degussa P-25
nanopowder. Results showed that the prepared nanoparticles show differ-
ent particle size, particle size distribution and phase composition. Samples
prepared by using CTAB as surfactant reveal pure anatase phase structure
with uniform size distribution of about 13 nm, while samples prepared with-
out the introduction of surfactant and those prepared by using PVP expose
a bi-phase structure with different rutile concentration and particle size dis-
tribution. The highest degradation efficiency was obtained by the photo-
catalyst prepared with PVP as surfactant; while the lowest degradation effi-
ciency was obtained by the photocatalyst prepared using CTAB. The bi-
phase powders show higher degradation efficiency compared to pure ana-
tase phase powders, probably due to a synergetic effect between anatase
and rutile powders, which enhances the electron-hole separation and thus
increases the photocatalytic activity.
 2009 Trade Science Inc. - INDIA

activity because the optical band gap is widened due to
the quantum size effect, combined with the increased
surface area[1-6].

Recently, strong efforts have been made to develop
metal oxide semiconductor materials with active opti-
cal properties, for enhanced optoelectronic, and pho-
tocatalytic applications. As an n-type semiconductor
with a wide energy band gap, titanium dioxide (TiO

2
)

has been extensively used in a variety of applications
such as solar energy conversion, photocatalysis and gas
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sensing because of its high photocatalytic activity, ex-
cellent optical transmittance, high refractive index and
chemical stability[7-10]. TiO

2
 has three main crystal phases:

anatase; rutile and brokite[11,12]. Among these phases,
anatase phase, which is a meta-stable phase, is also
chemically and optically active proved to be suitable
for photocatalyst. Anatase TiO

2
 is also known for its

ability to act as an electrode material for light-sensitiz-
ers in dye-sensitized solar cells, where it was found that
photo-electrodes prepared using anatase phase TiO

2

results in better photoconversion efficiency compared
to other crystal structures due to its high photoactivity
[13,14]. Rutile phase is known as white pigment because
of its high scattering effect which leads to protection
from the ultraviolet light.

The photocatalytic activity is considered as an im-
portant characteristic of TiO

2
. According to the prin-

ciples of semiconductor TiO
2
 photocatalysis, the pho-

tocatalytic activity is mainly dependent on the electron�
hole generation capacity, electron transfer route and
separation efficiency of photo-generated charge
pairs[15]. Generally, the optical and electrical properties
of TiO

2
 nanoparticles depend strongly on the morphol-

ogy, particle size, particle size distribution, phase com-
position, surface area and porosity of the resultant ma-
terial. Therefore the precise control of these factors is
of basic importance for determining the properties of
the final material. In recent years, a wide variety of tech-
niques have been developed to produce TiO

2

nanoparticles like hydrothermal method in which amor-
phous TiO

2
 , TiCl

4
 or TiOCl

2
  aqueous solution are

used[16,17]. TiO
2
 nanoparticles can also be produced by

hydrolysis of titanium compounds, such as titanium
tetraisopropoxide (TTIP), titanium tetrachloride (TiCl

4
)

or titanium alkoxides (Ti(OR)4)[18,19]. However, using
chlorine containing starting materials or organic ligand
usually results in the residue containing chlorine or car-
bon in the as-prepared powder which limits the use of
the product for different applications and can also have
some environmental impact.  The sol�gel technique has

been regarded as an excellent method for the synthesis
of nanosized metal oxides and has been widely em-
ployed for the preparation of TiO

2
 nanoparticles. One

of the advantages of sol-gel technique is that the par-
ticles size, shape and crystalline phase can be controlled
by the addition of surfactants during the preparation

processes[20,21].
The ultimate goal of this study is to enhance the

photoactivity of TiO
2
 nanoparticles through the manipu-

lation of particle shape, size and crystal structure by
using different surfactant types. In this study, different
TiO

2
 nanoparticles were prepared through the sol-gel

technique at room temperature with and without the
introduction of surfactants and a comparison between
the morphological structure and photocatalytic activity
of the synthesized nanoparticles was performed.

2. EXPERIMENTAL

2.1. Materials

Tetrabutyl titanate (C
16

H
36

O
4
Ti) was used as the

precursor compound for the sol-gel process.
Cetyltrimethylammonium bromide (CTAB) and
polyvinylpyrolidone (PVP) were used as surfactants.
All chemicals and solvents were purchased from Shang-
hai Chemical Reagent Company (China) and were used
without further purification.

2.2. Preparation of TiO2 nanoparticles

Three samples of TiO
2
 nanoparticles were prepared

by the sol-gel technique. The first sample (which will be
denoted hereafter as CTAB-TiO

2
) was prepared by

using CTAB as surfactant. The typical process is as
follows: 23 ml of tetrabutile titanate was added to 23ml
of ethanol and the resulting solution (sol. 1) was stirred
for 30 minutes. 0.3g of CTAB was dissolved in 23 ml
of ethanol, then added to 18g of 4.4M HCl aqueous
solution and stirred for 15 minutes (sol. 2). Sol. 2 was
added dropwise to the former solution (sol. 1) under
vigorous stirring at room temperature. The resulting
mixture was held for hydrolysis in an incubator at 40
oC for 4 days. The obtained gel was then milled and
annealed at 6000C for 2 hours with heating and cooling
rates of ±200C. The second sample (PVP-TiO

2
) was

prepared following the same route, but by using PVP
instead of CTAB as surfactant. For the comparison
purposes, a third sample (N-TiO

2
) was prepared with-

out using any surfactant.

2.3. Characterization

The crystal phase composition of the samples were
characterized by powder X-ray diffraction (XRD; D/
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max-RB) using a Bruker D8 diffractometer with Cu k
radiation (ë =0.154178 nm). XRD patterns were ob-
tained for the 2 range 20-80° by step-scanning with a

step size of 0.060C. To determine the average crystal-
lite size, peak broadening analysis was applied to ana-
tase and rutile diffraction peaks using Scherrer�s equa-

tion. The morphology and grain size of the titania par-
ticles were examined by scanning electron microscopy
(SEM, JEOL JSM-6700F). The powder samples were
ultrasonically dispersed in ethanol and transferred onto
carbon-coated copper grids for the transmission elec-
tron microscopy (TEM, JEOL, JEM-2010F).

2.4. Photocatalytic activity measurements

The photocatalytic activities of the synthesized TiO
2

powders were evaluated by measuring the decomposi-
tion rate of methyl orange (MO) at room temperature,
and compared with the activity of the commercial TiO

2

powder (P-25, Degussa). 0.08g of the sample powder
was ultrasonically dispersed in 80 ml of aqueous MO
solution with the concentration of 20mg/L at the natural
pH value. The mixture was placed in an ultrasonic bath
for 10 minutes to form a suspension and then was placed
in the dark under continuous magnetic stirring.  A UV-
lamp ( = 360 nm) was fixed about 20cm above the
surface of the solution as light source and small quanti-
ties of the solution were withdrawn after various reac-
tion times (0, 5, 15, 25, 40 and 60 minutes). Each
sample solution was centrifuged at 4000 rpm for 10
minutes in order to separate the catalyst particles from
the solution. The absorption spectra were recorded
between 200 and 800 nm using a UV-vis spectropho-
tometer and the residual concentration of MO was de-
termined by measuring the maximum absorption peak
value of each sample solution at approximately 464 nm.

3. RESULTS AND DISCUSSION

3.1. Characterization results

Figure 1 shows the X-ray diffraction patterns of
TiO

2
 nanoparticles prepared with different surfactants.

The diffraction peaks in all samples obviously corre-
spond to crystalline titanium dioxide of either anatase
or rutile phase.

The XRD pattern of the nanoparticles prepared by
using CTAB as surfactant (CTAB-TiO

2
) expose a similar

crystalline structure to the commercial TiO
2
 nanopowder

(P-25) with pure anatase phase (figure 1(c) and (d)),
while the patterns of the samples prepared without the
addition of surfactant (N-TiO

2
) and those prepared by

using PVP as surfactant (PVP-TiO
2
), both show crys-

talline structures with mixed phase of anatase and rutile
crystals (see figure 1 (a) and (b)). The phase composi-
tion of these samples was calculated from the equa-
tion[22]:

1

A

R
R I

I
 26.111X
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where X
R
 is the weight fraction of rutile in the mixture, and I

R

and I
A
 are the peak intensities of the rutile (110) and anatase

(101) diffractions, respectively and the results are listed in
TABLE 1.

The average particle size of crystalline TiO
2
 was

roughly estimated by calculation from the width of the
XRD peaks using the Scherrer equation:






cos
 k

D (2)

where k is a constant (0.94),  is the XRD wavelength,  is the

TABLE 1: Average particle sizes of samples calculated by
Scherrer�s equation

Crystal structure Sample Average particle 
size (nm) Phase Rutile (%)

CTAB-TiO2 

PVP-TiO2 

N-TiO2 

P-25 

13 
17 
28 
21 

anatase 
anatase/rutile 
anatase/rutile 

anatase 

0 
28 
90 
0 

Figure 1 : X-ray diffraction patterns of TiO
2
 nanoparticles

prepared with different surfactants compared with Degussa
P-25 nanopowder
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corrected half-width of the strongest diffraction peak and  is
the diffraction angle. The average particles size of the pow-
ders; CTAB-TiO

2
, PVP-TiO

2
, N-TiO

2
 and P-25 are summarized

in TABLE 1.

From this TABLE, it is apparent that the presence
of both surfactants resulted in decreasing the size of the
formed nanoparticles, although CTAB shows a better
ability in decreasing the nanoparticles size compared to
PVP. This can be ascribed to the fact that the surfactant
molecules form an organic shell on each single particle
preventing the coalescence of the nanocrystals and the
growth of bigger particles by reducing the surface ten-
sion, i.e. it provides a cage-like effect that limits particle

nucleation, growth and agglomeration. In this sense, the
CTAB which has a shorter chain length seems to be
more effective than PVP, probably due to a better coat-
ing of the particles[23].

Figure 2 shows the SEM images of TiO
2

nanoparticles prepared with and without the addition
of surfactants. Large aggregates of fine particles with
an average particle size of about 13 nm and a uniform
particle size distribution was observed in sample CTAB-
TiO

2
 (Figure 2(a)). Sample PVP-TiO

2
 shows a

mesoporous structure with pore diameter of about 10nm
and a relatively large particle size distribution in the range
between 15-35 nm as can be seen from figure 2(b).
The sample prepared without the presence of any sur-
factant (N-TiO

2
) shows a similar aggregated structure

to CTAB-TiO
2
, however, the sample also shows a very

large particle size distribution in the range between 20-
50nm (see figure 2(c) and (d)). This broadened par-
ticle size distribution in PVP-TiO

2
 and N-TiO

2
 samples

can be attributed to the biphase structure of anatase
and rutile crystals existing in both samples.

In order to confirm the morphological structure and
identity of the resulting products, TEM analysis was
performed for all samples. The TEM micrographs of
the three samples (CTAB-TiO

2
, PVP-TiO

2
 and N-

TiO
2
) are shown in figures 3 (a-c) respectively. Figure

3(d) presents the TEM micrograph of the commercial
P-25 (Degussa) nanopowder. The nanoparticle size and
particle size distribution show a good agreement with
the SEM analysis.

The selected area electron diffraction (SAED)
analysis shows a polycrystalline structure for all samples,
as indicated by the ring pattern in the inset of each im-
age in figure 3. The lattice spacing (d) was calculated
for all produced nanopowders and was found to be
0.350 nm and 0.356 nm for the CTAB-TiO

2
 and PVP-

TiO
2
 samples respectively, which corresponds to the

anatase phase (101) according to the pdf card num-
ber[21-1272]. The calculated lattice plane spacing for
the N-TiO

2
 was found to have a value of about 0.325

nm corresponding to the rutile phase (110) according
to the pfd card number[21-1276].

These results match well with the phase composi-
tion calculations made by equation 1. Although the
phase composition calculated from equation 1 shows a
biphase structure for N-TiO

2
 and PVP-TiO

2
 samples,

Figure 2 : SEM images of TiO
2
 nanoparticles prepared

with and without different surfactants: (a) CTAB-TiO
2
, (b)

PVP-TiO
2
, (c) and (d) N-TiO

2

(a) (b)

(c) (d)

Figure 3 : TEM micrographs of TiO
2
 nanoparticles pre-

pared with and without different surfactants: (a) CTAB-
TiO

2
, (b) PVP-TiO

2
, (c) N-TiO

2
 and (d) P-25[24]
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but the calculation of the phase composition from the
SAED pattern can only show the composition of the
dominant phase, which is 90% rutile phase for N-TiO

2

sample and 72% anatase phase for the PVP-TiO
2

sample (see TABLE 1).

3.2. Photocatalytic degradation of MO

The photocatalytic activity of the synthesized nano
powders was studied by investigating the degradation
of methyl orange (MO) in the presence of the CTAB-
TiO

2
, PVP-TiO

2
, N-TiO

2
 and P-25 photocatalysts at

various time intervals. Figure 4 shows the UV�vis ab-

sorption spectra of MO on different photocatalysts with
different reaction time under UV irradiation. From this
figure it was observed that the concentration of MO in
all reaction systems decreases with the photocatalysis
processing time.

Figure 5 shows the Photocatalytic degradation of
methyl orange on different photocatalysts. Observations
show that the photocatalytic activity varies with the type
of the photocatalyst. The highest degradation efficiency
was reached with the photocatalyst PVP-TiO

2
, while

the photocatalyst CTAB-TiO
2
 shows the lowest deg-

radation efficiency, although it contains the smallest par-
ticle size.

The photocatalytic degradation of methyl orange is
supposed to follow the pseudo first-order reaction ki-
netics which can be expressed as follows:

kt
C

C
ln 0 








(3)

where k is the reaction rate constant, C
0
 and C are the initial

concentration and the reaction concentration of methyl or-
ange, respectively.

The reaction rate constant was calculated for the
different photocatalysts using equation 3 and the values
are listed in TABLE 2.
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Figure 4 : UV�vis absorption spectra of MO/photocatalyst
samples with different reaction time under UV irradiation
for the samples: (a) CTAB-TiO

2
, (b) PVP-TiO

2
, (c) N-TiO

2

and (d) P-25
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Figure 5 : Photocatalytic degradation of MO on various
TiO

2
 photocatalysts (original MO concentration: 20 mg/

L; photocatalyst concentration: 1 g/L)
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According to the pseudo first-order kinetics, it was
observed that the photocatalysts with the bi-phase struc-
ture (PVP-TiO

2
 and N-TiO

2
) show higher reaction rates

compared to the pure anatase phase photocatalysts
(CTAB-TiO

2
 and P-25). This can be ascribed to the

synergetic effect between the anatase and rutile
nanoparticles, which enhances the electron-hole sepa-
ration and thus increases the photocatalytic activity[25,26].
Similar behavior has been reported for bi-phase TiO

2

photocatalysts under an optimum rutile/anatase ratio in
different contaminants including naphthalene, hexane
and methanol. Ohno et al.[25] reported that bi-phase
powder shows higher activity than pure anatase or pure
rutile powder in naphthalene, which they attributed to
the synergetic effect between anatase and rutile pow-
ders, assuming that rutile particles are responsible for
the oxidation of naphthalene, while the anatase particles
are responsible for the reduction of oxygen.

Wu et al.[26] reported that the photocatalytic oxida-
tion of hexane and methanol in TiO

2
 nanoparticles is

dependent on the phase composition of the photocata-
lyst, where an optimum anatase/rutile ratio (85-88/15-
12) is essential to attain higher photocatalytic efficiency
for the bi-phase photocatalyst. However, Yang et al.[27]

reported that the photocatalytic activity of bi-phase
powder containing 65% rutile phase in methyl orange is
inferior to pure anatase phase TiO

2
 powder.

These results illuminate that the use of surfactants
does not always enhance the photocatalytic activity al-
though it may improve the size of the synthesized
nanoparticles. In addition, the photocatalytic activity
depends on many complicated factors including the
particle size, specific surface area, particle size distri-
bution, porosity and phase composition, which should
be interconnected to each other. However, the crystal
structure, the change in the band gap, and the elec-
tronic state are the most important variables in deter-
mining the photocatalytic activity.

TABLE 2 : Reaction rate constants for the different
photocatalysts

Sample Reaction rate constant k (min-1) 
PVP-TiO2 

N-TiO2 

P-25 

CTAB-TiO2 

0.05938 
0.04597 
0.03922 
0.03725 

CONCLUSION

Titanium dioxide (TiO
2
) nanoparticles were synthe-

sized by sol-gel technique with and without the addition
of surfactant. Cetyltrimethylammonium bromide
(CTAB) and polyvinylpyrolidone (PVP) were used as
particle size inhibitors. Characterization results showed
that the prepared nanoparticles show different particle
sizes, particle size distribution and phase composition.
Samples prepared by using CTAB as surfactant reveal
pure anatase phase structure with uniform size distribu-
tion of about 13 nm, while samples prepared without
the introduction of surfactant and those prepared by
using PVP show a bi-phase structure with different rutile
concentration and particle size distribution. The photo-
catalytic activity of the prepared powders in methyl or-
ange was measured and compared to that of Degussa
TiO

2
 nanopowder. The highest degradation efficiency

was obtained by the photocatalyst prepared with PVP
as surfactant; while the lowest degradation efficiency
was obtained by the photocatalyst prepared using
CTAB. The bi-phase powders show higher degrada-
tion efficiency compared to pure anatase phase pow-
ders, due to a synergetic effect between anatase and
rutile powders, which enhances the electron-hole sepa-
ration and thus increases the photocatalytic activity.
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