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Abstract A novel chlorine-doped titanium dioxide catalyst
with visible light response was prepared by hydrolysis of
tetrabutyl titanate in hydrochloric acid. The catalyst samples
were characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), X-ray photoelectron spectros-
copy (XPS), and ultraviolet-visible diffuse reflectance
spectroscopy (UV-Vis DRS). Results showed that the doped
element of CI lowered the temperatures of phase transfor-
mation of TiO, from amorphous to anatase and from anatase
to rutile. The absorption edge of chlorine-doped TiO, calcined
at 300°C shifted to visible light region. X-ray photoelectron
spectroscopy results proved that chlorine existed in the
TiO, crystal lattice as anion. The photocatalytic degradation
of phenol showed that under visible light (4>400 nm)
irradiation, the chlorine-doped TiO, calcined at 300°C
displayed the best performance, the degradation ratio of
phenol was 42.5% after 120 min.

Keywords titanium dioxide, chlorine doping, visible light,
photocatalysis, phenol

1 Introduction

In 1976, Carey and his coworkers first reported the degrada-
tion of the organic pollutant polychlorinated bipheny by TiO,
photocatalysis [1]. Since then, the studies on degradation
and mineralization of persistent toxic organic pollutants by
semiconductor photocatalysis have always been focused.
Because nearly all organic pollutants can be photocatalyti-
cally degraded, and it is possible to remove the persistent
toxic organic pollutants by using only atmospheric oxygen
and solar energy, photocatalysis is promising as a green
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environmental control technology [2]. Due to its advantages,
such as high efficiency, stability and economy, TiO, has been
investigated extensively in photocatalytic reaction. However,
its band gap is too wide (E,=3.2¢V), which can only
respond to the ultraviolet light with the wavelength below
387nm. Because more than 45% energy in solar spectrum
is visible light, the excitation wavelength becomes the
bottleneck of the photocatalytic application of TiO,.

By doping certain elements into the crystal of TiO,, and
introducing impurity or defect levels into the band gap, the
energy for electron excitation in TiO, can be decreased and
its absorption can be extended into visible light range. In the
earlier researches, much attention has been paid on metal
doping. However, the external metal ion can form recom-
bination centers, resulting in decreasing efficiency, and
an unacceptable stability of metal-doped TiO, [3]. In 2001,
Asahi first reported N-doped TiO, with good performance
under visible light irradiation [3], and nonmetal doping of
TiO, immediately stirred great interests. N [4,5], C [6,7],
S [8,9], I [10,11] and other nonmetal elements used in
doping TiO, all exhibited certain visible light photocatalytic
responses. And TiO,, codoped with metal and nonmetal
elements, showed even better activity in visible light [12—14].
In this paper, hydrolyzation of tetrabutyl titanate in hydro-
chloric acid chlorine-doped TiO, nanoparticles has been
prepared, and the novel photocatalyst exhibits good
photocatalytic activity under visible light irradiation.

2 Experiments
2.1 Preparation of photocatalysts

Chlorine-doped TiO, nanoparticles have been prepared as
follows: tetrabutyl titanate was added into hydrochloride
acid solution (V/V = 1:1) dropwise and stirred for half an
hour to hydrolyze completely. The formed white precipitate
was the precursor, which was dried in an oven at 120°C, then
ground to dried gel powder. The powder was calcined at
different temperatures for 2 h in a programmed oven with a
calefactive velocity 5°C/min.



2.2 Characterization of photocatalysts

The X-ray powder patterns of the photocatalysts were
obtained on a Bruker D8 ADVANCE polycrystalline diffrac-
tometer, with the voltage 40 kV and current 40 mA. The size
and shape of the particles were observed using a transmission
electron microscope (TEM, JEM-2010 JEOL). Samples were
sonicated in ethanol suspension and dropped onto a copper
net for observation. The specific surface area of the samples
was determined using a Micromeritrics ASAP 2010 nitrogen
adsorption apparatus and by Brunauer-Emmett-Teller (BET)
method with 8 point isothermal adsorption in liquid nitrogen.
Ultraviolet-visible diffuse reflectance spectra (UV—Vis DRS)
were obtained using a Cary 500 Scan UV—Vis Spectropho-
tometers, Varian, USA. X-ray photoelectron spectroscopy
(XPS) measurement was carried out on a VG Scientific
Microlab 310F system, using Mg Ka (1 253.6 ¢V) radiation
as X-ray source. All the binding energies were referenced
to the Cls peak at 285.0 eV with the surface adventitious
carbon. The energy range for the whole spectrum is 0—800 eV,
with 2 eV step length, which is 0.1 eV for the partial spectra.
The sample has been sputtered by Ar with 3 kV voltage for
20 min to remove the surface pollution.

2.3 Photocatalytic activity of photocatalysts

Five hundred milliliters of phenol solution was loaded into a
glass reactor stirred with a magnetic stirrer. The dosage of the
photocatalysts is 0.5 g/L. First, the suspension was stirred for
30 min to adsorption balance, then a 1 000 W xenon lamp
(with a 400 nm filter) was switched on to start the irradiation.
The initial phenol concentration was about 17 mg/L. Ten
milliliters samples were collected before and at regular
intervals during the irradiation for analysis. The phenol
concentration was determined by colorimetry at 510 nm after
color reaction with 4-aminoantipyrine [10].

3 Results and discussion
3.1 Crystal structure of chlorine-doped TiO,

Figure 1 shows the XRD patterns of chlorine-doped TiO,
calcined at different temperatures. It can be seen from Fig. 1
that the chlorine-doped TiO, calcined at 210°C has already
shown an anatase structure, and it is the mixture of anatase
and amorphous. When calcined at 260°C the doped TiO,
shows obviously anatase structure, and the crystallinity
increases with the temperature. Previous researches have
established that undoped TiO, calcined at 350°C were still
present as amorphous [15], so the formation temperature for
anatase phase should be above this temperature. Therefore,
the incorporation of chlorine significantly decreases the
transition temperature from amorphous to anatase. And
this phenomenon may be also the result of strong acid
treatment during the preparation. Rutile phase appears in the

279

photocatalyst calcined at 300°C (Fig. 1), and its content
increases with the temperature. The formation temperature
of rutile phase is also much lower than the normal one in
undoped TiO,. Generally, rutile phase should be present
over 600°C. Therefore, the induction of chlorine and acid
treatment significantly decreases the phase transition
temperature of chlorine-doped TiO,.

A: Anatase
R: Rutile

Intensity

20 30 40 50 60
20/(°)

Fig.1 X-ray diffraction (XRD) patterns of chlorine-doped TiO,
calcined at different temperatures
(1) 210°C; (2) 260°C; (3) 300°C; (4) 350°C; (5) 400°C

Furthermore, the crystallite sizes of chlorine-doped TiO,
can be calculated by Scherrer equation, shown in Eq. (1).

0894

= 1
Pcost W

where d is the mean crystallite size, A the wavelength of
X-ray radiation used, 0.154 06 nm, f the line width at
half-maximum height. The crystal lattice distortion (CLD)
can be evaluated using the following equation

e = f/4tgh (2)

The weight of percentage of anatase in the samples can be
calculated by the following equation

w, =KAAA/(KAAA+AR) 3)

where 4, and A, represent the intensity of the anatase peak at
101 and the rutile at 110 respectively, the constant K, is 0.886
[16]. The calculated result of different samples is shown in
Table 1. The mean crystallite sizes of these chlorine-doped
TiO, became larger with increasing calcination temperature,
while the values of CLD decreased. The reason for the
decrease of CLD is that the degree of CLD is determined by
chlorine content in the samples and oxygen may replace more
chlorine with increasing calcination temperature, leading to
the decrease of the CLD. On the other hand, the crystallinity
can be improved by increasing the calcination temperature,
also resulting to a decrease of CLD. The rutile phase appeared
in the sample calcined at 300°C, and the content increased
with the calcination temperature.
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Table 1 Mean crystallite size, CLD, and phase constitutes of chlorine-
doped TiO, calcined at different temperatures

Temperature /°C 210 260 300 350 400
pI(°) 1.017 0.899  0.806 0.733  0.502
Mean crystallite size /nm 7.93 8.97 10.00 11.0 16.1
CLD 1.14 1.00 0.899 0.818 0.560
Anatase percentage /% 100 100 96 71.5 73.9

Figure 2 shows the TEM photograph of chlorine-doped
TiO, crystallite calcined at 300°C. It can be seen that doped
TiO, nanoparticles are nearly spherical with an average size
of about 10-20 nm. It is close to the results calculated by
Scherrer equation. However, these nanoparticles aggregate
to some extent and their size is not homogenous after agglom-
eration. The BET area of this sample is 158 m%*g, even
larger than the commercial Degussa P-25, indicating a good
dispersibility of the doped TiO,.
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Fig.2 TEM image of chlorine-doped TiO, nanoparticles calcined
at 300°C

3.2 UV-Vis diffuse reflectance spectrum of chlorine-
doped TiO,

Figure 3 shows the DRS of the Degussa P-25 and the
chlorine-doped TiO, calcined at 300°C. It can be found that
the absorption onset of the Degussa P-25 (the undoped TiO,)
is lower than 400nm, so its light response is restricted only
in ultraviolet range. However, the chlorine-doped TiO,
also shows strong absorbency in the visible range, and the
absorption edge extends to nearly 700 nm. The change in the
optical absorption property can be attributed to the presence
of chlorine in TiO, crystal lattice. During the hydrolysis
of tetra-butyl titanate in HCI, the chlorine migrated into the
network of the formed gel, and replaced the oxygen in the
TiO, crystal cell or existed in its interstitial void by heat
treatment. Due to the presence of chlorine, some isolated
levels between the valence band and conduction band may be
formed, and photogenerated electrons and holes can transit

through these intermediate levels. Therefore, the excitation
energy for transition can be reduced to visible light range, and
the chlorine-doped TiO, shows absorption in the visible light
[17]. Due to the absorption changes, the chlorine-doped
TiO, exhibits photocatalytic activity under visible light
irradiation.
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Fig. 3 UV-Vis diffuse reflection spectra of photocatalysts
(1) Degussa P-25; (2) chlorine-doped TiO,

3.3 XPS of chlorine-doped TiO,

The XPS is an important means to investigate the elementary
components and their chemical states at the surface. To prove
the presence of chlorine and identify its chemical state, the
XPS of chlorine-doped TiO, calcined at 300°C was obtained
and shown in Fig. 4. According to the peaks in the figure,
Ti in the sample is present as Ti**, but the oxygen is present as
complicated states. According to the O/s asymmetric peak,
there are at least two kinds of oxygen species. They are
crystal lattice oxygen (530.0 eV) and adsorbed oxygen,
including chemically and physically adsorbed oxygen [18].
The chemical states of chlorine species are intricate. The
highest peak of Cl 2p; is 198.0 eV, which can be attributed
to —1 valence chlorine. Under the calcination temperature,
both HCI and TiCl, cannot exist in the sample, so chlorine
must enter into the crystal lattice and replace oxygen, and
exist as anion species. However, there are some other weak
peaks at the higher binding energy. They may come from
some adsorption species, or the interstitial chlorine in the
crystal cell. The presence of chlorine can provide electrons
for the band structure, form new levels in the band gap and
induce a visible optical response property.

3.4 Photocatalytic activity of chlorine-doped TiO, under
visible light irradiation

Because phenol is a typical recalcitrant contaminant without
the sensitizing effect of dyes, it has been chosen as model
pollutant to evaluate the photocatalytic activity of the samples
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Fig.4 XPS spectra of surface elements of chlorine-doped TiO, calcined at 300°C
(a) Ti 2p; (b) O 1s; (c) C1 2p

[19]. Figure 5 shows the photocatalytic degradation curves of
phenol on different samples. It can be found that in the dark
the removal of phenol in 180 min is only 2.7% on the chlorine
doped TiO, calcined at 300°C. However, under visible light
irradiation, this sample demonstrates the highest activity,
and the phenol concentration reduces as much as 42.5% in
120 min, even better than the nitrogen doped TiO, prepared
by using similar methods [15].
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Fig.5 Photocatalytic degradation of phenol in the presence
of chlorine-doped TiO, calcined at different temperatures under
visible light irradiation

(1) in dark; (2) Degussa P-25; (3) 210°C; (4) 260°C; (5) 300°C;
(6) 350°C; (7) 400°C

Except the one calcined at 400°C, all chlorine-doped TiO,
samples have better activity than the commercial Degussa
P-25 under visible light irradiation. With the temperature
increasing from 210°C to 300°C, chlorine-doped TiO,
transformed from amorphous with low activity to high
activity anatase structure, accompanied by an increase
in crystallinity. All of these were favorable for improving
photocatalytic performance. There was some rutile present in
the sample calcined at 300°C. It has been reported that the

mixture of rutile and anatase is favorable for the migration
of photogenerated carriers [20], and always exhibits better
activity than single anatase. Therefore, this sample shows
the best photocatalytic activity. However, with further
increase in calcination temperature, because the samples
were calcined in air, the chlorine in the precursor would be
replaced by oxygen and left gradually. And with the content
of chlorine decreasing, the absorption in visible range
disappeared and the photocatalytic activity under visible light
decreased.

4 Conclusions

A novel chlorine-doped titanium dioxide photocatalyst with
visible light response was prepared. The presence of chlorine
efficiently decreased the band gap of TiO,, and extended
the absorption spectrum. The doped TiO, exhibited strong
absorption in visible light range. The crystallization tempera-
tures of these chlorine-doped TiO, were decreased signifi-
cantly. These photocatalysts showed better photocatalytic
performance under visible light irradiation. The one calcined
at 300°C displayed the best activity, and the degradation ratio
of phenol was 42.5% after 120 min.
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