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Nanocrystalline TiO2 powder with and without Se doping were successfully synthesized at low temperature by a 

microwave-assisted sol–gel method. The synthesized TiO2 powders were characterized by XRD, UV-vis, FT-IR and SEM. It was 
found that anatase and brookite phase was formed after refluxed at 80°C using a domestic microwave oven. The study also 
investigated the efficiency of this compound to inhibit the growth of Escherichia coli with various concentrations of 0, 0.5, 1.0 and 
2.0 mole% doping Se. The antibacterial activity against Escherichia coli was investigated with a vitro test, from which the mixture 
of conidial suspension and the Se-doped TiO2 powder was added to Macconkey Agar plates under fluorescent light irradiation. It 
was found that Se-doped TiO2 nanoparticles enhance photocatalytic activity and bacterial inactivation efficiency. In addition, 1.0 
mole %Se doped TiO2 nanoparticles can destroy the bacteria within 10 min. Furthermore, the disinfection efficiency of Se-doped 
TiO2 is good activity is mainly related to the high OH radicals on its surface. The absorption threshold of the Se-doped 
photocatalyst shifted to the visible region of the spectrum. 
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1. Introduction 

 
Human beings are continuously menaced by 

infection by microorganisms from contaminated air 
and water. Researchers have tried to develop 
effective antibacterial methods using various natural 
or inorganic materials [1]. Among them, titanium 
dioxide (TiO2) has been intensively studied as a 
powerful antibacterial substance [2]. It has already 
been demonstrated that TiO2 show strong oxidizing 
power through the generation of hydroxyl radicals 
(OH•) and superoxide anions (O2•¯) under irradiation 
with UV light with a wavelength of less than 385 nm 

[3]. Although the exact bactericidal mechanism of 
these reactive oxygen species (ROS) is not clearly 
revealed, these ROS produced from photocatalytic 
activity of TiO2 are extremely reactive with the 
microorganisms they come into contact with, and 
subsequently cells are killed or deactivated [4]. The 
photocatalytic activity of TiO2 nanoparticles is mainly 
determined by its crystalline phase (anatase and 
rutile), crystallite size, specific surface area, pore 
structure, and crystallinity [5]. Many processes have 
been used for the deposition of TiO2 films including 
sol–gel, hydrothermal synthesis followed by dip-
coating, spray pyrolysis, pyrosol and chemical vapor 
deposition [6]. Nevertheless, these techniques 
generally require high preparing temperature to 
achieve the anatase phase formation; hence, they 
are inappropriate for polymer coating application.  

 Recently, there has been an evident of interest 
regarding the low temperature methods for 
fabrication of crystalline thin films of advanced 
materials such as semiconductors, from which not 
only from the point of view of energy saving, but also 
for the low thermally resistant substrates such as 
plastics, wood, or fibers have been reported [7].  
Calcination at high temperatures is also 
incompatible with polymer substrates with poor 
thermal stability [8]. The anatase thin films based on 
the various polymeric substrates could be achieved 
by the deposition of the suspension of anatase 
particles, crystallized at low temperature or by the 
deposition of the titania gel following with the 
crystallization post-treatments by autoclaving or 
refluxing [9]. Various strategies have been pursued 
to modify TiO2 such as metal ion doping [10–24], 
non-metal ion doping [22–30], surface modification 
[31,32] and doping with rare earth metals [33]. 
Transition metal ions like Fe3+, Cr3+, Co2+ and Mo2+ 
are usually employed to lower the band-gap and 
enhance the photocatalytic activity of TiO2. The 
motivation of this study is in the published paper by 
Yelda et al. [34]. They have investigated the 
behavior of selenium (Se IV) ions by an incipient wet 
impregnation method into the bulk of TiO2. And 
observed a red-shift in the absorption threshold of 
the resulting Se-mixed TiO2 powders. Based on this 
result, we attempted to dope TiO2 with selenium 
dioxide (SeO2) to obtain an active, visible-light  
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driven photocatalyst and antibacterial activity. To 
the best of our knowledge, there is no study 
reported in the literature on Se-doped TiO2. A 
recently published paper further strengthened our 
aim. Song et al. [35] have synthesized Se (II)-doped 
InOOH by a mild solvothermal method and 
concluded that Se(II)-doping narrows the band-gap 
of the photocatalyst. 

In this work, nanocrystalline TiO2 powder 
were synthesized at low temperatures by a 
microwave-assisted sol–gel method. The TiO2 sol 
was prepared from titanium tetraisopropoxide 
(TTIP) in acidic aqueous solutions and was 
subsequently refluxed at 80°C for 2 h using a 
domestic microwave oven. The microstructural and 
the antibacterial behavior of synthesized powders 
were investigated. 
 
2. Experimental Details 
 
2.1. Preparation of Se Doped TiO2 

Nanoparticles 
 TiO2 powders preparation Titanium (IV) 
isopropoxide (TTIP, 99.95%, Fluka Sigma-Aldrich) 
and selenium dioxide (SeO2) were used as starting 
materials, while hydrochloric acid (Oriental 
Chemical Industries) was applied as a peptizer. It is 
noted that water used to prepare TiO2 sols was 
distilled. The TiO2 sol was synthesized by adding the 
mixture of TTIP (10 ml), ethanol (90 ml) (99.9%; 
Merck Germany) and SeO2 (0, 0.5, 1.0 and 2.0 
mol%) with water (125 ml) and stirring for 5 min at 
room temperature. Then 2 M hydrochloric acid was 
added drop wise to the solution adjust the pH of the 
system to 2. Then the solution was refluxed for 2 h 
by a domestic microwave oven at low working 
power (about 180 W) intermittently leading to a 
milky solution. The temperature of the solution was 
measured and controlled at 80°C. It was then dried 
in a domestic microwave oven at 100 W for 2 h until 
TiO2 powders were formed. Finally, as received 
powders was ground using mortar in order to reduce 
the agglomerate grains. For Se-doped TiO2 powder 
preparation was added in TiO2 sols, while further 
processes were similar to those of pure TiO2 
preparation. 
 
2.2. Material Characterizations 
 In order to determine the effect of Se doping 
on the crystal structure of TiO2, X-ray diffraction 
(XRD) patterns were obtained (Phillips X’pert MPD, 
Cu-K). The band gap energy value of TiO2 in the 
powder form was measured by UV-Vis-NIR 
Spectrometer with integrating sphere attachment 
(Shimadzu ISR-3100 spectrophotometer by using 
BaSO4 as reference). The infrared spectra were 
recorded using Fourier-transformed infrared 
spectrophotometer (EQUINOX55, Bruker, 
Germany) in diffused reflectance mode at 4000–400 
cm−1 with KBr as blank. The morphological structure 
of the Se- doped TiO2 photocatalysts was examined  

 on a Scanning Electron Microscope (SEM). The 
chemical composition of sample surface was 
investigated by X–ray photoelectron spectrometer 
(XPS; AXIS ULTRADLD, Kratos analytical, 
Manchester UK.) Spectrums were processed on 
software “VISION II” by Kratos analytical, 
Manchester UK. The base pressure in the XPS 
analysis chamber was about 5x10-9 torr. The 
samples were excited with X–ray hybrid mode 
700x300 µm spot area with a monochromatic Al Kα 

1,2 radiation at 1.4 keV. X–ray anode was run at 
15kV 10 mA 150 W. The photoelectrons were 
detected with a hemispherical analyzer positioned 
at an angle of 45o with respect to the normal to the 
sample surface. 
 
2.3. Antibacterial activity against E. coli 
 Escherichia coli (ATCC 25922) were used 
as a model bacterium to evaluate the antibacterial 
activity of TiO2 nanoparticles.  Antibacterial activity 
of synthesized powder against the bacteria 
Escherichia coli (E. coli) was studied and compared 
to the synthesized TiO2 powder. Aliquots of 100 mL 
E. coli conidial suspension (105 CFU/ml) were 
mixed with 50 mg of powder. The mixture was then 
exposed to visible light for 0, 5, 10, 15 and 20 min. 
Then, 0.1 mL of mixture suspension was sampled 
and spread on Macconkey Agar plate and incubated 
at 37°C for 24 h. After incubation, the number of 
viable colonies of E. coli on each Macconkey Agar 
plate was observed. 
 
3. Results and discussion 
 
3.1. Characterization of Se-Doped TiO2 

Nanoparticles and Preliminary Study 
 From the XRD study as shown in Fig. 1, the 
anatase peaks were observed at 25.50°, 37.59°, 
48.01°, and 54.16°. A small broad signal at 30.64° 
is ascribed to TiO2 brookite traces. It is commonly 
known that high calcination temperature, at least at 
300◦C, is required to achieve anatase TiO2, while it 
can be successfully achieved here at a much lower 
temperature of 80°C. Furthermore, it can be seen 
that Se doping seems to hinder anatase crystal 
growth, especially at low temperature synthesis. 
These results confirm that Se-doped, can efficiently 
inhibit the anatase crystal growth. The spectrum 
(Fig. 2) for the undoped TiO2 has a sharp absorption 
edge at around 380 nm, however, the absorption 
threshold of the doped TiO2 shifted towards the 
visible region of the spectrum. In contrast to the 
undoped TiO2, a high visible light absorption band 
from 420 nm extending up to 460 nm was obtained, 
which is consistent with the color of the samples. 
Thus, the utility range of light is widened, which in 
turn may considerably increase the photocatalytic 
activity of TiO2 under visible light irradiation. From 
the UV–vis spectra shown in Table 1, the band gap 
energy of the 1.0mol % Se-doped TiO2 is shifted by 
0.52 eV compared to that of pure TiO2 (3.20 eV).  
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Fig.1 - XRD patterns of synthesized powders calcined at 100W 

using domestic microwave oven for 2 h for undoped and 
Se-doped TiO2 powders.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 - UV–vis diffuse reflectance spectra of undoped TiO2 and 
Se-doped TiO2 samples 
 

Table 1  
Energy band gaps of Se-doped TiO2 powders 

Samples Energy band gap (eV) 
TiO2 3.20 

0.5Se/TiO2 2.70 
1.0Se/TiO2 2.68 
2.0Se/TiO2 2.64 

 
The band gap energy of 1.0mol % Se-doped 

TiO2 was 2.68 eV. These shifts demonstrate show 
photocatalytic activity may be modulated by atomic-
level doping of a nanocatalyst. 

The absorption wavelength of the 1.0mol % 
Se-doped TiO2 photocatalyst is extended toward 
visible light (=460 nm) relative to the other samples 
[34], giving it the highest photocatalytic activity. Fig. 
3, show only 59% of bacteria were killed with 
synthesized pure TiO2 powder. This is possibly due 
to the higher concentration of OH radicals which are 
very strong oxidant species against microbial on its 
surfaces. Antibacterial activity under fluorescent 
irradiations occurred at completely destroyed E. coli 
bacteria after 10 min. The further work could be 
studied on the development and simplify its use as 
a thin film coating. As shown in Fig. 4 present the 
number of bacteria survived after testing under 
fluorescent light showing the decrease in E. coli 
survivals with irradiation time. The result indicated 
that synthesized Se-doped TiO2 exhibited higher  

  

 
 

Fig. 3 - The survival rate of E. coli treated with synthesized 
powder exposed under fluorescent light irradiations 
compared with a TiO2 powders. 

 
antibacterial activity compared to pure TiO2 powder 
when exposed to fluorescent light. 

The infrared spectra of synthesized titanium 
dioxide powders in the range 4000–400cm-1 wave 
number are shown in Fig. 5. Photogenerated 
hydroxyl groups on the titanium dioxide surface 
were characterized using FTIR transmittance 
spectra mainly in the range of 3200–3600 cm−1 [36]. 
The bands appearing at about 3400–3468 cm−1 in 
Se-doped TiO2 corresponded to stretching vibration 
of the OH groups linking with titanium atoms (TiO2-
OH) which arise from the hydrolysis reaction in the 
sol–gel process. The broad and strong peaks at 
1630–1640 cm−1 was ascribed to bending vibration 
of the OH group of free water or absorbed water 
[36]. These results confirmed the presence of 
hydroxyl group generated by the structure of the 
powders. The larger surface hydroxyl group density 
will lead to enhancement of the photocatalytic 
activity since they can interact with photogenerated 
holes, which give better charge transfer and inhibit 
the recombination of electron–hole pairs.  The peak 
at approx.600 cm−1 was ascribed to absorption 
bands of Ti-O and O- Ti-O flexion vibration. It can 
be seen that synthesized powder enhanced higher 
transmittance compared to TiO2 powder due to the 
absence of high temperature calcination 
requirement. 

The morphology of synthesized 1.0mol % 
Se-doped TiO2 nanoparticles was studied using 
SEM. The nanoparticles were distributed uniformly 
with the formation of aggregated nanoparticles. It 
shows that the nanoparticles were densely 
dispersed with a narrow range of dispersion. 
Particles were of size with the smooth and rough 
surface (Fig. 6). The observed micrograph shows 
synthesized Se-doped TiO2 aggregates and 
appears particles with the size less than 1 µm. 

 
3.2. XPS analysis 
 Fig. 7 shows the X-ray photoelectron 
spectroscopic (XPS) survey spectra of TiO2 and 1.0 
mol% Se-doped TiO2 thin films. The elements Ti, O, 
C  and  Se   were   clearly   detected, and  the 
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Fig. 4- Photo images for the results of E. coli test with synthesized powder under fluorescent light comparing with TiO2 powder. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 5 - FTIR spectra of the synthesized (a) TiO2 and (b) 1.0mol 
%Se-doped TiO2 powders. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6 - SEM images of synthesized 1.0 mol% Se-doped TiO2 powders 

calcined at 100W using domestic microwave oven for 2 h at 
5,000X (left) and 30,000X (right). 

 
 

semiquantitative analysis estimated atomic 
fractions in this order were about 2.3, 26.4, 68.6 and 
1.1 at%, for the 1.0 mol% Se-doped TiO2 thin film. 
The XPS peaks indicate that the 1.0 mol% Se-
doped TiO2 thin films contain Ti, O, C and Se 
elements, and the binding energies of Ti2p, O1s, 
C1s and Se 3d are 458, 532, 285 and 59 eV, 
respectively. 

The surface peak intensities of Ti reduced in 
the Se doped samples indicating the decrease in the 
surface Ti4+ content. The Ti 2p spectra of the Se-
doped TiO2 show the core binding energy (BE) 
levels at 458.7 eV for Ti 2p3/2 higher than 458.0 eV 
for the undoped TiO2(Fig. 8a and c). The higher 
binding energy indicates that the electronic 
interaction of Ti with selenium ions is different in the 
Se-doped TiO2 from that in the undoped TiO2. The 
binding energy of O 1s spectra in pure TiO2 sample 
is 529.3 eV whereas in the Se-doped TiO2 sample 
the binding energy of O 1s spectra 532.0 eV 
corresponding to the value of the one in the 
undoped TiO2, which is assigned to the metallic 
oxide (O2-) in the TiO2 lattice (Fig. 8b and d). This  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 - XPS spectra of a) TiO2 and b) Se-doped TiO2 
 

may be attributed to the formation of the Ti–O–Se 
bonds in the crystal lattice. Since the 
electronegativity of Se is more than titanium, the 
electron density around titanium cations and 
oxygen anions decrease causing an increase in the 
binding energy [37]. In addition to an assess the 
state of selenium atoms in the Se-doped TiO2 thin 
films, the signals of Se dopant were found to be 
weaker than all the others, due to the low doping  
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Ti 2p O 1s 

 
 

a) b) 

 
 

c) d) 
Fig. 8: XPS spectra of Ti 2p and O 1s of pure TiO2 (a and b) and 1.0mol %Se-doped TiO2 (c and d). 

 

 
 
 
Fig. 9 - XPS spectrum of Se 3d on the surface of 1.0 mol%  

Se-doped TiO2. 
 
level. The Se 3d binding energy peaks were broad 
and asymmetric, indicating at least two chemical 
states of Se 3d lines (Se 3d 5/2 = 58.90 and 59.79 
eV) as shown in Fig. 9. These peaks were the 
results of the introduction of the doping species 
during the synthesis process; the main peak at the 
binding energy of 58.90 and 59.79 eV was attributed 
to the selenium (IV) dioxide [37]. These 
observations reveal that selenium in the sample is 
in the form of Se (IV) that can penetrate into the TiO2 
lattice and substitute Ti4+ cations. The formation of 
the new Ti–O–Se bonds in the crystal lattice 
changes the electron densities of Ti4+ cations and 
O2- anions causing a change in the charge 
distribution of the atoms on the photocatalyst 
surface which may enhance the photocatalytic  
 
 

 activity.  The C element derived from the balances 
is other trace elements and the glass substrate. 
 
4. Conclusion 
  
Nanocrystalline TiO2 powder with and without Se 
doping was successfully synthesized at low 
temperature by a microwave-assisted sol–gel 
method. It was found that Se-doped TiO2 appear 
Se4+ from XPS data. The crystallization of TiO2 
precursor was obtained by refluxing using a 
domestic microwave oven. The fraction of Se was 
1.0%mol showed excellent antibacterial activity 
against E. coli; it completely destroyed E. coli 
bacteria after 10 min with fluorescent light. It was 
also found that TiO2 doped with Se powders to 
obtain a visible light active photocatalyst with high 
photocatalytic activity and the higher concentration 
of OH radicals which are very strong oxidant 
species against microbial than those of TiO2 due to 
the absence of high temperature calcination 
requirement.  
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