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a b s t r a c t

Halogen elements, i.e. fluorine, chlorine, bromine, and iodine, have attracted intensive interests in modifi-
cation of TiO2 for photocatalytic oxidation of organic pollutants under visible light irradiation. Compared
to other metal and non-metal elements, halogens show 3-fold advantages, such as improvement of UV

4+ 2−
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activity, various cations or anions for substitution of Ti and/or O in the TiO2 matrix, narrowing the
band gap of TiO2 and tuning the band position. In this paper synthesis, physicochemical properties, mech-
anism of visible response, and photocatalytic activities of halogen modified TiO2 are reviewed. It is found
that introduction of a halogen element into TiO2 crystals could lead to the enhancement of surface acidity,
formation of surface hydroxyl radicals, more active sites, creation of oxygen vacancies or Ti3+, narrowing
the band gap and tuning the valence band position. As a consequence, halogen modified TiO2 exhibited
high activity for organics oxidation under visible light radiation in aqueous and gas phases.
. Introduction

Energy shortage and environmental deterioration have become
he major obstacles to the development of economy and soci-
ty in the past decades. Due to wide applications in solar energy
onversion and environmental remediation, photocatalysis using a
emiconductor has attracted a considerable attention [1,2]. Tita-
ium dioxide has been intensively investigated as a promising
hotocatalyst because of its high activity, long-term stability and

ow cost, etc. Unfortunately, due to its larger band gap (3.2 and
.0 eV for anatase and rutile, respectively), TiO2 can only be acti-
ated by UV light, which only represents a small portion (3–5%)
f sunlight [3]. Driven by the “dream” of utilising solar energy,
.2 × 105 TW irradiation to the earth, attempts have been making
n shifting the absorption threshold of TiO2 to visible light region,
hich covers about 42% of solar energy spectrum [4].

Enormous efforts had been devoted to the studies on the red-
hift of TiO2 in the past decades. Many approaches, such as metal ion
oping (Fe3+ [5], La3+ [6], and Ag+ [7], etc.), semiconductor coupling
TiO2-CdS [8], TiO2-Cu2O [9], and TiO2-PdS [10], etc.) and dye sen-
itising (thionines [11], Ru(bpy)3

2+ [12], and RuL2(NCS)2 [13], etc.),

ave been applied to improve the optical properties of TiO2. Com-
ared to pure TiO2, modification of TiO2 usually resulted in poor
hermal and chemical stability and/or lower UV activity. Asahi et
l. [14] firstly proposed that doping TiO2 by non-metal elements,
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such as nitrogen, would overcome the problems and soon Khan et
al. [15] successfully introduced carbon to TiO2 crystals for water
splitting under visible light irradiation. Thereafter, many studies
on TiO2 doped with non-metals, such as nitrogen [16–18], carbon
[19–21], sulphur [22], phosphorous [23] and fluorine [24], have
been reported. Among these investigations, nitrogen doping has
been most extensively studied so far and several reviews have been
reported [25–27] in addressing the preparation, effective impurity,
activity and mechanism of visible-light response of the nitrogen
doped TiO2. More recently, halogen elements have been proposed
as alternative dopants for TiO2 to obtain visible-light responsive
materials, which has not been paid a wide attention.

In fact fluorine, one of halogen elements, was firstly used
to improve the UV activity of TiO2 [28–31]. It was found that
fluorine would influence the photocatalytic reactions by chang-
ing the interfacial e−/h+ transfer, surface charge distribution
and substrate-surface interaction, which were attributed to the
enhancement of surface acidity, formation of surface hydroxyl rad-
icals, and creation of oxygen vacancies or Ti3+, etc [31]. It is known
that the ions with a similar radius to either Ti4+ or O2− in TiO2 crystal
can occupy a substituted site. Table 1 shows the ionic radii of halo-
gen elements and it reveals that many halogen ions are able to be
doped into TiO2 crystal to improve the optical property of TiO2 [32].
Further studies showed that halogen doping could not only narrow

the band gap by being lowered to 1.4 eV [33] but also tune the posi-
tion of the conduction (CB) or valence band (VB)[34]. The studies
suggested that halogen doping produces three-fold advantages, i.e.
(i) improving UV activity, (ii) providing plenty of dopants especially
for co-doping, and (iii) tuning precisely the position of conduction
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Table 1
Ionic radius of halogens, Ti4+ and O2− in TiO2 matrix [32].

Element Anion radius (nm) Cation radius (nm)

Ti Ti4+ (TiO2): 0.068
O O2−(TiO2): 0.124
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F F (HF): 0.133
Cl Cl−(HCl): 0.181
Br Br−(HBr): 0.196
I I−(HI): 0.220

r valence band, which is relating to the reduction and/or oxida-
ion ability of the photogenerated carries. Thus, halogen doping
ffers flexible ways to control the activity, the optical property
nd the electronic structure of TiO2 photocatalyst [35]. In the past
ecade, many investigations have been conducted while no review

n this topic has been reported. This paper will discuss the synthesis
f halogen modified TiO2, summarise and compare their physico-
hemical structure and properties, and discuss the mechanism of
isible-light response as well as their activities in degradation of
rganics. The authors believe that this review will be very help-
ul for design, synthesis and development of novel photocatalysts,
s well as providing insights into the mechanism of visible-light
esponse from ion doping.

. Synthesis of halogen modified TiO2 photocatalysts

Many approaches have been successfully developed to prepare
alogen modified TiO2 photocatalysts, including hydrolysis, sol–gel
ynthesis, hydrothermal preparation, pyrolysis, ion implantation,
hemical vapour deposition (CVD), electrochemical anodisation,
nd thermal plasma oxidation. Here we discuss some typical syn-
hesis processes and the interest will focus on the bonding of
alogens to TiO2 crystal structure.

.1. Hydrolysis

Hydrolysis of an inorganic Ti-precursor is a traditional approach
or preparation of nano-sized TiO2 materials [36,37]. The basic
rocedure includes hydrolysis of the Ti-precursor, formation of pre-
ipitate with the composition of TiO2•nH2O and calcination of the
recipitate [36]. With addition of the donors, e.g. NH4F or HIO3,

n the hydrolysis process, F-doped and I-doped TiO2 were synthe-
ised [24,38–40]. This method is simple in changing the donors
nd selecting the doping ions, while generally resulting in material
ggregation [24,38,40]. Yu et al. [24] recently have reported synthe-
is of a mesoporous structured F-doped TiO2 using this technique,
ut no other studies have reported the similar structure for doped
iO2 photocatalysts.

.2. Sol–gel process

The sol–gel process also affords simplicity in controlling the
oping level and particle size by changing the experimental condi-
ions, such as hydrolysis rate, solution pH and solvent system [27].

typical sol–gel process for halogen-TiO2 involves the hydroly-
is of Ti-precursors (e.g. titanium (IV) tetraisopropoxide, tetrabutyl
itanate, and tetraethyl orthotitanate) in a mixture of ethanol and
ater, with the addition of halogen element donors, such as NH4F,

F, CF3COOH, NH4Br, and HIO3, etc. In the sol–gel process of pure
iO2, TiO2 usually was derived from the reactions of hydrolysis and
olycondensation of titanium alkoxides, Ti(OR)n to form oxopoly-
ers rather than an oxide network. The reaction scheme is usually
ritten as follows [41].
FO4 ): 0.008
lO−): 0.130; Cl3+(ClO2

−):0.105; Cl5+(ClO3
−):0.012; Cl7+(ClO4

−): 0.020
BrO−): 0.106; Br3+(BrO2

−):0.082; Br5+(BrO3
−):0.059; Br7+ (BrO4

−): 0.039
−): 0.170; I3+(IO2

−):0.139; I5+(IO3
−):0.062; I7+(IO4

−): 0.050

Hydrolysis

M(OR)n + H2O → M(OR)n−1(OH) + ROH (1)

Dehydration

M(OR)n + M(OR)n−1(OH) → M2O(OR)2n−2 + ROH (2)

Dealcoholation

M(OR)n + (n/2)H2O → MOn/2 + nROH (3)

Generally the halogen doping could be controlled by changing
solution composition (Eq. (1)), in which the donors, e.g. F− [42–46],
Br− [47], or I2 [48], were introduced to partially replace –OH and
be incorporated in the network of –Ti–OH. Then, the gels would
experience a calcination process which in most cases will deter-
mine the doping level, crystal phase, and particle size. Although
the detailed mechanism of ion doping processes has not been fully
elucidated, the doped elements possibly are, as proposed by Sun et
al. [3], incorporated via crystal transformation of TiO2 from amor-
phous to anatase or rutile. It is noted that, due to the substitution
of exterior radicals –OH, the crystal phase of TiO2 would be deter-
mined by both the calcination and sol composition. Pure anatase
[42–45] or mixed crystals of anatase and rutile [45–48] were found
in halogen modified TiO2. Furthermore, the doping level can only be
empirically controlled due to the oxidation of non-metal elements
during the calcination. Usually the morphology of doped TiO2 via
the sol–gel shows a sphere-like structure being rough and agglom-
erated [43], and sometimes void structure at higher temperatures
[43,48].

2.3. Hydrothermal synthesis

Hydrothermal synthesis has been widely used in the prepa-
ration of highly dispersed, and shape-controlled (i.e. nanotubes,
nanorods, and nanowires) nanocrystal TiO2 [49–51]. The dopants
and characteristics of TiO2 could be precisely controlled by chang-
ing the physicochemical parameters of the synthesis system,
such as temperature, pH, reactant species and concentration [49].
Hydrothermal synthesis has been applied to prepare F-doped,
Cl-doped, Br-doped and I-doped TiO2 by many research groups
[33,52–57]. In morphology, halogen doped TiO2 via a hydrother-
mal method could be nanoparticle [33,52,54,55,57], nanorod [56]
and microsphere [53]. In terms of microstructure, mesopores or
nanopores were found in the halogen doped TiO2 materials [52–54]
which have a lager specific area from 100 to 170 m2/g and a crys-
talline size between 5 and 20 nm. If controlling aqueous reactants
and heating, the crystal phases could be obtained in pure anatase
[53,57], rutile [56], and mixture [33,52,54,55].

2.4. Spray pyrolysis
Gaseous phase spray pyrolysis is widely used on the industrial
scale to produce ceramic materials [58] with a considerable vari-
ety of particle morphologies, sizes, and compositions. Using H2TiF6
as both Ti and F precursors, Li et al. [59,60] synthesised F-doped
TiO2 powders via the spray pyrolysis. The as-prepared F-doped TiO2
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Table 2
Chemical states and binding energies of doping halogen ions in TiO2.

Ion Orbital Compound Binding energy (eV) Ref.

F− F 1s TiO2−xFx 688.0 [24]
F− F 1s TiO2−xFx 687.8 [60]

TiOF2 685.3
F− F 1s TiO2−xFx 688.0 [46]

TiOF2 685.4
TiF4 684.3

F− F 1s TiO2−x−yFxNy 688.5 [64]
Surface fluorine 685.5

Cl− Cl 2p3 TiO2−xClx 198.0 [56]
I5+ I 3d5 Ti1−xIxO2 627.5 [38]
I5+ I 3d5 Ti1−xIxO2 624.5 [54]
I− I 3d5 Surface I− 619.0 [65]
I7+ Surface IO4

− 624.0
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631.6

I5+ I 3d5/2 Ti1-xIxO2 623.6
635.0

ossessed the morphology of spherical particle with an average
article diameter of 0.45 �m. With increasing the temperature, the
utile contents would be increased with increased crystallite size
rom 13 to 30 nm and the decreased BET surface area from 35 to
0 m2/g. The F-doped TiO2 showed higher photocatalytic activity
nder both UV and visible light when compared to a reference of
25 TiO2.

In synthesis of modified TiO2, many other approaches have also
een employed to obtain halogen modified TiO2 photocatalysts, e.g.

on implantation [61], electrochemical anodisation [62], and radio
requency thermal plasma oxidation [63]. In general the equip-

ents used in the above synthesis routes are expensive, and the
reparation conditions are neither easy to control nor flexible to
hange doped ions.

. Physicochemical properties of halogen modified TiO2

.1. Chemical nature of doped halogen elements in TiO2

The chemical state and doping level of halogen elements in
iO2 are the key features in halogen modified TiO2 photocatalysts.
-ray photoelectron spectroscopy (XPS) provides fundamental

nformation regarding the composition, electronic structure, and
nvironment of each element on a surface up to a few nanome-
res in depth [27]. Therefore, for nano-scaled halogen doped TiO2,
PS would figure out a panoramic view of the chemical nature
f the materials. With a comprehensive analysis of the chemical
tates of dopants together with the chemical composition of pure
iO2 (including ionic radii of Ti4+ and O2−), the modified types, i.e.
ubstituted doping, interstitial doping, and chemical and/or phys-
cal adsorption could be then determined. With the understanding
f the chemical states, the electronic structure, band structure
nd optical property could be studied. Table 2 lists the binding
nergies of various halogen modified TiO2 samples from previous
eports.

Fluorine is the most active element among all halogens and it is
asy to obtain an electron to form an ion with chemical state of −1.
u et al. [24] used XPS to measure the chemical states of the doping
and found that the F 1s could be assigned to two components.

he major contribution was the F in solid solution TiO2−xFx and
he minor one was from the F− ions physically adsorbed on the
urface of TiO2. Li et al. [60] and Ho et al. [53] proposed that the

1s could be attributed to the F-atoms which were doped into

he oxygen sites of the TiO2 crystal lattice in their investigations.
odorova et al. [45] found three F species in F doped TiO2 by XPS, the
eak at 684.3 eV indicated that the fluorine was presented mainly
s TiF4 and/or physically adsorbed F− on the surface. The second at
Journal 162 (2010) 437–447 439

685.4 eV could be related to TiOF2 structure and the tail at 688 eV to
the F in solid solution TiO2−xFx. All these studies suggested that the
F-atoms in F-doped TiO2 were mainly at the crystal O sites with a
chemical state of −1. Theory studies using density function theory
(DFT) have also suggested that it is energetically more favourable
for F to substitute O sites in TiO2 crystal matrix [35].

In general, Cl will also occupy the O sites of TiO2 matrix when
it is introduced to TiO2 crystal, and is in the chemical state −1. Xu
et al. [56] reported the observation of a Cl peak around 197 eV in
XPS and attributed it to Cl 2p3. Due to larger atomic radius of Cl
(1.81 Å) than O (1.32 Å), the cell parameters would change with the
increase in dopant concentration [56].

Iodine modification is more complex in chemical structure dif-
ferent from other halogen modified TiO2 systems. Iodine would
produce various chemical states, e.g., −1, 0, +5, and +7. The varying
chemical states account for the different occupied sites of doping
iodine in TiO2 matrix, leading to variation of band structures and
optical properties of TiO2.

Iodine doped TiO2 with visible-light response was firstly pre-
pared by Hong et al. [38]. They found that the iodine doped TiO2
prepared by a hydrolysis method showed a high efficiency for
decomposition of phenol under visible light irradiation. The high-
resolution XPS spectra showed a I 3d5 peak at the binding energy
of 627.5 eV, which was aroused from I5+ (ionic radius of 0.62 nm)
substitution of Ti4+ (ionic radius of 0.64 nm). It was also suggested
that the iodine source may control the chemical states of the iodine
dopant, for instance, I5+ had also been observed by Liu et al. [54],
Tojo et al. [33], and He et al. [39] in iodine doped TiO2 using HIO3,
the same result as Hong et al. [38]. The XPS spectra showed the
similar pattern to that of Hong et al. [38] while the band gap ener-
gies varied at a large range from 1.40 to 2.50 eV [33,54]. Also, surface
iodine species had been found in I-doped TiO2 samples, which were
dispersed on the particles [64,65].

Due to the unique chemical activity of halogens, these dopants
intend to more easily occupy a substituted site in TiO2 matrix than
the well-known dopant of nitrogen. The doped nitrogen would be
generally detected by XPS at the binding energy of either 396 eV
or 400 eV [16]. The former binding energy has been recognised
as the result of substitution of lattice oxygen by nitrogen, while
the latter one was resulted from surface NOx species [16]. Forma-
tion of Ti-N bond may significantly reduce the band gap energy,
but surface nitrogen-containing species produces less effect on the
change of the band gap. During the synthesis, the formation of Ti-N
only occurred in an energy extensive process, such as oxidation of
Ti-N, heating under NH3 atmosphere, sputtering, etc., other than
mild preparation process like wet chemistry [17]. In this regard,
halogen modification brings out merits since wet processes can
easily produce substituted doping. Therefore, the halogen modified
TiO2 from the cost-effective synthesis can respond visible light at
a longer wavelength than the nitrogen-doped TiO2. Furthermore,
the multivalence of halogen elements could make it feasible for
tuning the desired position of CB or VB by band gap engineering.
Anion and cation doping though could be obtained in sulfur dop-
ing [3], however, UV activity was generally found to be hindered
[66].

3.2. Surface features

Halogen ions could change the surface properties of TiO2
by altering the chemical composition (oxygen vacancy, surface
hydroxyl radical, and Ti3+), morphology, surface acidity, surface

area, and photoinduced hydrophilicity. On the other hand, the pho-
tocatalytic efficiency depends on the competition between surface
charge transfer process and electron–hole recombination. Thus the
photocatalytic efficiency was significantly affected by TiO2 surface
defect as well as the radicals [24].
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Hattori et al. [28] prepared a highly photoreactive sol–gel TiO2
lm on the soda-lime (SL) glass substrate with a SiO2 film con-
aining fluorine. They found that HF promoted the oxidation of
he gel-TiO2 film to reduce surface oxygen vacancy and that F−

ons decreased the rate of the h+/e− recombination as the result
f the filling of oxygen vacancy, contributing to the significant
nhancement of activity. However, more studies have proven
hat the incorporation of F− led to the formation of O vacancies
44,45,53,59–61,67]. In photoluminescence (PL) spectra, Li et al.
60] found two kinds of oxygen vacancies (F and F+ centres) were
ormed by F-doping, and that the visible-response photocatalytic
ctivity for F-TiO2 powders was ascribed to the creation of these
xygen vacancies. Comparison with the activity of P25, they also
uggested that the high photocatalytic activity was due to several
eneficial effects produced by F-doping, e.g. enhancement of sur-
ace acidity, creation of oxygen vacancies, and increase of active
ites [59]. Czoska et al. [44] further found that, besides the oxygen
acancies, F-doping could also induce the formation of reduced Ti3+

entres that localise the extra electrons needed for charge compen-
ation.

Photo-induced hydrophilic properties had also been observed
n F-doped TiO2. Tang et al. [68] found that fluorination remark-
bly increased the adsorption of polar molecules, including water
nd some organics. They attributed this property to the enhance-
ent of surface acidity, and the formation of surface hydroxyl

adicals, which are beneficial for both photocatalytic oxidation and
ydrophilicity. More recently, Chen et al. [67] observed that the sur-

ace fluorination increased the adsorption of rhodamine B (RhB) on
orous TiO2 film and enhanced the photocatalytic degradation of
hB. Also, under UV light irradiation, the water contact angle of the
orous F-TiO2 film decreased to 5.1◦ in 90 min.

Chlorination also significantly influences the surface properties
f TiO2. Li et al. [63] found that Cl-doping induced the formation
f oxygen vacancies not only in anatase but also in rutile crystals.
oreover, excessive surface Ti3+ ions were found, which may act as

urface recombination centres for h+/e− and accordingly suppress
he photocatalytic activity. However, Xu et al. [56] suggested that
l-doping increased the surface acidity, created surface defect, and
roduced more OH• radicals, which enhanced the photocatalytic
ctivity.

The substitution of Ti4+ with I5+ would induce the formation
f surface Ti3+, and the existence of the surface Ti3+ was sug-
ested to suppress the recombination of the electron–hole pairs
38]. Tojo et al. [33] found that the amounts of surface OH• groups
ere significantly decreased by I-doping into TiO2. With the results

f ATR-FTIR, they suggested that the I-TiO2 surface was more
ydrophobic than undoped TiO2.

The formation of surface Ti3+ was observed to occur in F-doping
44], Cl-doping [63] and I-doping samples [38], while its contribu-
ion to photocatalytic activity has not been clearly understood. For
nstance, some researchers suggested that the surface Ti3+ would
educe the recombination rate of photoinduced h+/e− pairs leading
o an enhancement of photoactivity [24,38,69,70]. That is plausi-
le because the Ti3+ surface species may trap the photogenerated
lectrons and transfer the electrons to adsorbed O2 on the surface,
esulting in the reduction of the h+/e− recombination [24,69,70].
owever, some other studies reported that the surface Ti3+ could be

ecombination centres and consequently reduce the photocatalytic
fficiency [63,71]. In those investigations, it was found that the 3d
tates of Ti3+ would form defect energy levels of 0–0.35 eV, lower
han the conduction band and the new energy levels would act as

he recombination centres [72,73]. Nevertheless, in most cases of
+/e− recombination either in reducing or increasing rate, the varia-
ions of Ti3+ amount and the effects of other dopants were not taken
nto account. The inconsistencies were possibly attributed to the
ifferent Ti3+ concentrations derived from sample synthesis even
Journal 162 (2010) 437–447

if the rate change was not due to the presence of other dopants. The
studies on Ti3+ species in pure TiO2 might help address this issue
more clearly. Using DFT models for pure TiO2, Takeda et al. [74]
reported that no new energy levels would be formed in the band gap
at lower Ti3+ concentration, while the energy levels would be pro-
duced at higher concentration. The conclusion was experimentally
proven by Scotti et al. [75]. The controversy on the oxygen vacan-
cies in photocatalysis may also be the same reason since the oxygen
vacancies are closely related with Ti3+ [44,59,60,63], and their con-
centrations were varying in different samples during synthesis [74].
Therefore, further research is highly required to elucidate the role
of Ti3+.

3.3. Optical properties

The optical properties of photocatalysts generally play a signif-
icant role in visible light photocatalysis. UV-visible diffuse spectra
(UV-vis) can directly reveal the visible absorption of halogen
modified TiO2 photocatalysts. Since TiO2 is an indirect band-gap
material, the intercept of the tangent to the plot of UV-vis spec-
trum will give a good approximation for the band gap energy of
modified TiO2 photocatalysts.

Fig. 1 illustrates UV-vis spectra of pure and doped TiO2. Fig. 1(A)
shows the optical properties of pure and nitrogen-doped TiO2,
which were used as references to halogen element doped TiO2. It is
found that N-doping slightly decreases the band gap of TiO2, while
creates a new absorption band in visible region [17]. Fig. 1(B) sug-
gests that F-doping can hardly change the absorption spectra of
TiO2 [60]. More surprisingly, no absorption bands in visible region
can be created by F-doping. These results have been confirmed by
other studies [44–46,53]. Yamaki et al. [61] theoretically studied the
effect of F-doping on the absorption spectra and concluded that,
when TiO2 is doped with F, the localised levels with a high den-
sity will appear below the valence band. Moreover, these levels are
composed of F 2p state without any mixing with the valence or con-
duction band; consequently, they are not expected to contribute to
the optical absorption spectra of TiO2.

Fig. 1(C) displays the plots of (˛hv)1/2 versus the energy of
absorbed light and diffuse reflectance absorption spectra of Cl-
doped TiO2 and P25 [56]. Cl-doping shifts the absorption of TiO2
to visible region, and the band gap of Cl-doped TiO2 is 2.99 eV. A
similar red-shift for Cl-doping was also observed by Li et al. [63].

I-doping would greatly improve the absorption property of TiO2,
as shown in Fig. 1(D) [33]. The absorption in visible region observed
in the I-TiO2 was much stronger than those of pure TiO2 and N-TiO2
powders and the band gap of the I-TiO2 was roughly estimated to
be 1.4–2.2 eV. The red-shift from I-doping is also much better than
that of F- or Cl-doping. This conclusion can be supported by other
studies. Hong et al. [38] found that the absorption of iodine-doped
TiO2 samples showed drastic and stronger photoabsorption in the
range of wavelengths between 400 and 550 nm compared to P25
and pure TiO2. The absorption edge of iodine-doped TiO2 is 441 nm,
corresponding to a band gap of 2.81 eV.

When evaluating the absorption change from doping halogens,
we found that the range and intensity become better in visible
region with increased molecular weight of elements from fluorine
to iodine. Besides the influence of chroma from possible physi-
cal/chemical adsorption of certain molecules, as found in nitrogen
doped TiO2 [14], another plausible reason is that the formation of
halogen-containing groups becomes easier with increasing atomic

number in halogen family. For instance, iodine has proven to be the
best dopant for creation of lower band-gap TiO2 by mild synthesis
[33]. It is noteworthy that visible light absorption is the basis for
inducing photoactivity, however, the strong absorption does not
justify a better activity due to other influencing factors.
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ig. 1. UV-visible diffuse spectra of N, F, Cl and I doped TiO2. (A) Absorption spect
iO2 [60]; (C) plots of (˛hv)1/2 versus the energy of absorbed light and diffuse refle
oot of the Kubelka-Munk (F(R)) versus the photon energy of I-doped TiO2, N-dope

. Mechanism of visible-responsive photocatalysis

.1. Crystal and band structure of TiO2

Two crystal structures of TiO2, rutile and anatase, are generally
sed in photocatalytic reactions, with anatase showing a superior
fficiency [76–78]. Recently, mixed-phase TiO2 photocatalyst has
een found to show higher activity than that of single rutile or crys-
al titania [79,80]. In TiO2 crystals, each Ti4+ ion is surrounded by
n octahedron of six O2− ions. The bulk structure of both anatase
nd rutile crystals can be described using TiO6 octahedra. The dif-
erence in the crystals of rutile and anatase is the connection type
f the octahedron. Each octahedron in rutile crystals connects with
wo sharing edges and eight sharing corners while an octahedron
onnects with four edges and four corners in anatase. Moreover, the
istortion of the TiO6 octahedron in anatase crystal is significantly

arger than that of rutile [81]. These differences in bulk crystal struc-
ure will eventually be embodied in the crystal surface structure on
hich a photocatalytic reaction occurs.

TiO2 semiconductor possesses a void energy region where no
nergy levels are available to promote recombination of electrons

nd holes produced by photoactivation under light irradiation. The
lectronic structure of nearly perfect TiO2 surface is essentially
dentical to that of bulk TiO2. Since rutile (1 1 0) surface is thermo-
ynamically stable, it has been extensively investigated. The filled
alence band is composed of O 2p orbitales and the empty conduc-
-doped TiO2 and pure TiO2 [17]; (B) absorption spectra of F-doped TiO2 and pure
e absorption spectra (inset) of Cl-doped TiO2 and P25 [56]; (D) plots of the square
and pure TiO2 [33].

tion band is composed of Ti 3d, 4s, and 4p orbitals. The Ti 3d orbitals
dominate the lower portion of the conduction band. Studies have
shown that anatase TiO2 (1 0 1) exhibits the similar photoemission
behaviour to that of rutile [81].

Asahi et al. [14] had proven that non-metal ion doping would
change the crystal structure and the band structure of TiO2. Gen-
erally the doped impurities in the modified TiO2 are located at
different sites, for substitution of Ti, O, interstitial, chemisorp-
tion, and physisorption sites, depending on the chemical nature
of dopants.

4.2. Effects of F doping

The band structure of fluorine doped TiO2, observed from
UV-vis, suggests its significant difference from other non-metal ele-
ment doped TiO2 photocatalysts. Most studies in F-doping showed
that F-doping could not change the absorption property of TiO2,
neither in band gap narrowing nor in production of new absorption
bands, as shown in Fig. 1(B) [45,46,53,59–61]. As mentioned above,
the experimental results were in accordance well with the theo-
retical analysis [14,61]. According to the mechanism of band-gap

photoexcitation [81], F doped TiO2 could not induce photocatalytic
reactions under visible light irradiation. Actually, the early studies
of fluorine modification targeted at improving the UV activity of
TiO2 [28–31]. However, it was surprising that the visible photocat-
alytic activity of F doped TiO2 has been reported by many groups
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A novel type of iodine modification of TiO with (I ) encap-
Scheme 1. Schematic band gap structure of F-doped TiO2 [59,60].

ecently [53,55,59,60,82] and two mechanisms have been proposed
o account for the phenomenon.

Li et al. [59,60] suggested that the photocatalytic activity of F
oped TiO2 at visible light would be attributed to oxygen vacancies.
wo kinds of oxygen vacancies (F and F+ centres) were found in the
-doped TiO2 by photoluminescence (PL) spectra. These vacancies
ed to two energy levels below the CB at 0.53 and 0.84 eV, respec-
ively. Moreover, an impurity energy state below the CB of TiO2 was
lso observed. Therefore the band gap structure could be schemati-
ally shown in Scheme 1 [59,60]. Emeline et al. [83–85] reported the
efect-induced red-shift of a wide band gap on metal oxide solids,

.e. TiO2, ZnO, MgO, and BeO, although the origin of the defects was
V pre-irradiation. In addition, Nakamura et al. [86] suggested the
vacancies were also responsible for the photocatalytic activity

nder visible light irradiation.
Another possible origin for visible response of F-doped

iO2 could be attributed to the formation of Ti3+ which had
een observed in the fluorine modified TiO2 by many groups
24,35,44,53]. Two types of doping F, insertion in the bulk (Ti-F-
i) and adsorption on the surface (Ti-F), were found by Yu et al.
24] and Czoska et al. [44]. In the former case, F− doped into O2−

ite requires one extra electron for charge compensation, inducing
he formation of Ti3+. In the surface F− adsorption, an isoelectronic
H− would compensate the charge imbalance from F− substitution
f O2−. In both cases, O vacancies are not necessary for the insertion
f fluorine in TiO2 matrix. Yu et al. [24,53] suggested that Ti3+ could
nly enhance the UV activity of TiO2 and the visible response was
ttributed to O vacancies. Czoska et al. [44] found that Ti3+ could
e formed without generating O vacancies and concluded that both
i3+ and surface fluorine were responsible for the visible response of
-doped TiO2. DFT calculations showed that Ti3+ induced a defect
tate at 0.6 eV below the conduction band. This state is of higher
nergy than that of Ti3+ states associated with O vacancies.

Therefore, F-doping produced two types of species, oxygen
acancy and Ti3+. These species have low energy barrier in response
o visible light and can activate organic molecules or oxygen to
nduce redox reaction. Previous investigations indicated that the
xygen vacancies and Ti3+ in TiO2 would result in significant
hanges of UV-vis absorption [83–86]. However, for F-doped TiO2,
o such changes were observed from the spectra (Fig. 1(B)). The
ossible suggestion would be the weak intensity and the balance
etween blue-shift and red-shift from oxygen vacancies and Ti3+.
urther studies would be directed to elucidate the role of F-doping
n visible response.

.3. Effects of Cl or Br doping

Different from fluorine doped TiO , UV-vis of chlorine doped
2
iO2 showed narrower band gap and new absorption bands in vis-
ble light region [56,63,87], which is similar to N-doping, as shown
n Fig. 1(C). Further studies suggested that Cl-doped TiO2 is able to
hotocatalytically degrade organic pollutants under visible light.
Journal 162 (2010) 437–447

The mechanism of the visible light response for chlorine doped
TiO2 has not been proposed so far. Li et al. [63] found that the
anatase and rutile crystallites in the plasma generated TiO2 pow-
ders had an approximate chemical composition of TiO1.98Clx, which
suggested the presence of oxygen vacancies due to chlorine dop-
ing. The Cl doping at chemical state of −1 might follow the similar
visible response mechanism as the O vacancies in F doped TiO2.

For Br doping, no single Br doped TiO2 has ever been synthesised.
The studies on Br doping have always been in co-doping with other
elements, such as Cl [52], N [55], and Sm [47]. It is imprudent to
discuss the effect of Br doping on the crystal and band structure
as well as visible response mechanism of TiO2 without taking into
account the synergistic effect of other doping ions. However, all the
studies of co-doping clearly showed that Br doping would signif-
icantly improve the optical absorption to lower band gap energy
than single Cl, N, or Sm doping [47,52,55]. Gao et al. [47] proposed
that Br would bind to Ti and form Ti-Br bond producing a new defect
band between CB and VB, consequently increasing the response to
visible light.

4.4. Effects of I modification

Long et al. [88] employed DFT calculations to analyse the elec-
tronic structure of I-doped TiO2 with I5+ substitution of Ti4+ and
found that I 5p orbitals would mix with O 2p and Ti 3d orbitals
and contribute to VB and CB, respectively. Moreover, the band
potentials would shift downwards and have a stronger oxidation
potential [88]. Tojo et al. [33] used time-resolved diffuse reflectance
(TDR) to study the transient behaviour of the photogenerated
charge carriers of I-doped TiO2 under UV and visible irradiations.
Based on the results, they proposed that the continuous states con-
sisting of 5p and/or 5s orbitals of I5+ and O 2p orbitals of the valence
band are favourable for efficient trapping of h+ at the I-induced
states, as shown in Scheme 2 [33].

DFT calculations was also applied by Long et al. [89] to inves-
tigate the structural and electronic properties of iodine doped
anatase and rutile TiO2. They suggested that I 5p states mixing with
Ti 3d and O 2p states resulted in a move to higher energy region and
induced band gap narrowing, while the substitution of I to O, a blue-
shift would occur. For I-doped rutile TiO2, the red-shift was similar
to anatase system but an indirect band gap reduced efficiency and
the nature of the red-shift was ascribed to I 5p states.

Different from HIO3, KIO3 could lead to multivalency (I7+/I−)
iodine doped TiO2 via a hydrothermal process [54]. I7+ can be
presented in the form of periodate (IO4

−) and the ionic radius of
I− (0.216 nm) is much larger than that of O2− (0.124 nm) or Ti4+

(0.068 nm), thus the substitution of O2− or Ti4+ would hardly occur.
Su et al. [65] suggested that the I7+/I− species were dispersed on the
surface of anatase particles rather than the substitution. With the
DFT calculations, they proposed a sub-band-band mechanism for
the visible light photoactivity on the multivalency I doped TiO2 [65].
The redox potential E0(I7+/I−) = 1.24 V lies between the conduction
band Ecb(TiO2) = −0.5 V and the valence band Evb(TiO2) = 2.7 V (ver-
sus NHE); therefore the excitation of an electron from the valence
band of TiO2 to the surface I species is feasible. Theoretical results
also revealed that the new states originated from the I atoms of
IO4

− group near the bottom of conduction band and suggested a
possible electron excitation from the valence band of TiO2 to the
surface IO4

−. The holes left on the valence band of TiO2 could oxi-
dise hydroxyl to hydroxyl radicals (OH•). The detailed illustration
is shown in Scheme 3 [65].
2 2 n

sulation inside TiO2 was also discovered [48]. In the investigation,
I2 was used as a dye, due to (i) its high solubility in titanium iso-
propoxide, (ii) the relative lower boiling point (about 184 ◦C), and
the reducing environment providing by Ti–OR can prevent I2 fur-
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Scheme 2. Schematic illustration of the I-TiO2 photocatalytic reactio
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2500 mL glass container, which was connected to a quartz reactor
with an inner size of 15 mm × 15 mm × 2 mm and interfaced to a gas
chromatograph. A closed circulation reaction system, including the
container, the reactor, and the GC, was established with the aid of
Scheme 3. Proposed photocatalytic mechanisms over I-doped TiO2 [65].

her oxidation. UV-vis spectra of the iodine modified TiO2 showed
broad absorption band at 400–667 nm. The visible response pos-

ibly follows a dye-sensitised mechanism. The dye (I2)n absorbing
visible photon is promoted into an excited electronic state (I2)n

*,
rom which an electron can be transferred into the conduction band
f the semiconductor as follows.

I2)n + hv → (I2)n
∗ (4)

I2)n
∗ + TiO2 → [(I2)n]+ + TiO2(e−) (5)

nce the electron is injected into the conduction band and trans-
erred to the photocatalyst surface, the photocatalytic reaction
nder visible light irradiation occurs [48].

. Photocatalytic activity

Many heterogeneous photocatalytic reactions have been carried
ut to evaluate the activity of halogen modified TiO2 photocat-
lysts. For aqueous phase reactions, various organic chemicals,
.g., 4-chlorophenol, phenol, methylene blue, methyl orange, rho-
amine B and oxalic acid, have been used as model pollutants. For
aseous photocatalytic reactions, acetone, acetaldehyde, formalde-
yde, and trichloroethylene have been widely tested. In those
hotocatalytic reactions, many experimental parameters were

nvolved, such as organic pollutant, initial concentration, surface
rea and amount of catalyst, temperature, and light source (irradi-

tion spectra). Thus, a comparison of the photocatalytic activities
rom laboratory to laboratory is much challenging even though
egussa P25 was generally used as a reference [90].

Fig. 2 shows the typical experimental results of photooxida-
ion of aqueous phenol and gaseous acetone using iodine doped
n processes under UV- (a) and visible-light (b) irradiation. [33].

TiO2 [38,65]. The photooxidation of phenol was carried out using a
1000-W Xe lamp and visible-light-activated photocatalytic activity
was tested with the irradiation above 400 nm using a cut-off filter.
The distance between the light source and surface of solution was
100 cm, and the temperature of phenol solution was about 25 ◦C.
The concentration of phenol was monitored by a colorimeter [38].
Fig. 2(A) shows that, compared to pure TiO2 and P25, I-TiO2 could
efficiently decompose phenol under visible light irradiation. On the
other hand, photodegradation of gaseous acetone was done in a
Fig. 2. Comparison of photocatalytic activity of pure and I-modified TiO2, (A) Pho-
todegradation of phenol solutions in the presence of I-doped TiO2, P25 powders,
and pure TiO2 nanoparticles (673 K) under visible light irradiation (� > 400 nm) and
absorption of phenol on I-doped TiO2 (673 K) in dark; [38] (B) Photooxidation of
gaseous acetone over I-TiO2 and TiO2 under visible light irradiation. The symbols ©
and � represent C3H6O and CO2, respectively. [65].
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Table 3
Preparation, property and activity (degradation of dyes) of halogen modified TiO2 photocatalysts.

Synthesis Precursor Calcination Crystallinea Dopant/levelb Band gapc (eV) Chemical Light (nm)/time (min) Activity/reference:
activity

Ref.

Ion implantation F+ 1200 ◦C/5 h R F−/0.43 mol% / / / / [61]

Pyrolysis (NH4)2TiF6 600 ◦C/1 h A F/13.4 mol% 3.05 Methylene blue >420/390 40%/P25: 20% [91]
N/1.7 mol%

Sol–gel NH4F and CF3COOH 600 ◦C/1 h A, R F/16 mol% ∼ 3.10 / / / [46]
Sol–gel HF 500 ◦C/1 h A F/- 3.20 / / / [44]

Sol–gel NH4F 100 ◦C/4 h A F/2.72 mol% 2.44 Methyl orange >420/360 95%/P25: 30% [43]
N/2.18 mol%

Sol–gel BF3•2CH3CO2 80 ◦C/18 h A F/3.3 mol% 3.10 Methylene blue >420/180 60%/P25: 35% [42]
B/low

CVD NH4F 600 ◦C/2 h A, R F/- ∼3.20 Methyl orange >400/180 70.5%/undoped
TiO2: 12.1%

[95]

B/-

Hydrothermal TiCl4 150 ◦C/12 h R Cl/0.7 mol% 2.99 Rhodamine B >420/240 85%/P25: 15% [56]
Ratio frequency

thermal plasma
TiCl3 / A, R Cl 2.65 Methyl orange 405/120 95%/P25: 60% [63]

Hydrothermal cetyltrimethylammonia
bromide

100 ◦C/5 h A, B Br/- 1.88 Methylene blue UV/80 85%/P25: 95% [55]

N/- >420/960 50%/P25: 18%

Sol–gel NH4Br 700 ◦C/2 h A, R Br/1 mol% 3.10 / / / [47]
Sm/0.75 mol%

Hydrothermal HIO3 400 ◦C/2 h A, R I5+/5.2 mol% ∼ 2.48 Methylene blue UV-vis/240 90%/P25: 40% [54]
>420/240 90%/P25: 20%

Hydrothermal HIO4 400 ◦C/2 h A I7+/8.9 mol% 3.14 Rhodamine B UV-vis/12 99%/P25: 60% [57]
>420/90 99%/P25: 20%

Sol–gel I2 300 ◦C/6 h A, R I2/– ∼ 3.10 Methylene blue Sunlight/2 d 10 times/P25 [48]

a A means anatase, B means brookite, and R means rutile crystalline phase.
b Dash is used if there are no data available.
c The results represent the intrinsic band gap energies.
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a circulation pump. The quartz reactor was irradiated with a 500 W
tungsten halogen lamp positioned inside a cylindrical Pyrex ves-
sel and surrounded by a circulating water jacket to cool the lamp.
A cut-off filter was placed outside the Pyrex jacket to completely
remove all wavelengths less than 420 nm to ensure irradiation with
visible light [65]. Fig. 2(B) reveals that I-TiO2 could decompose ace-
tone under visible light and that the catalytic activity was much
better than pure TiO2.

Here we summarise the photocatalytic activities of halogen
doped TiO2 according to the type of pollutants as aqueous dyes
(Table 3), aqueous non-absorbing-visible organics (Table 4), and
gaseous organics (Table 5).

Table 3 presents the activities of various halogen modified TiO2
in photodegradation of dyes, such as methyl blue, methyl orange,
and rhodamine B. Under visible light irradiation (� > 420 nm),
chlorine-doped rutile TiO2 showed the highest activity, with an
enhancement factor of 5.83 over P25 [56]. Iodine-doped TiO2
showed inferior activities with the enhancement factor of 4.95 [57]
and fluorine-doped TiO2 exhibited the lowest activities [42,91].
For the organics without absorbing visible light, such as phenol
and 4-chlorophenol, the activities of photocatalysts were generally
evaluated under irradiation above 400 nm, as shown in Table 4.
Compared to P25, iodine-doped TiO2 showed the highest activity,
and the enhancement factor was 6.98 [38], while fluorine-doped
TiO2 enhanced the activity less than 2 times [62,64]. It is noted that
codoping generally produced higher activity than that of single ele-
ment doping. For instance, the activity of F-S-codoped TiO2 was
1.86 times as high as that of F-doped TiO2. Also, La or Ce codoped
with I was more efficient than single I doping by an enhancement
factor of 3.92 and 2.43, respectively. Surprisingly, fluorine-doped
TiO2 showed higher activity in gaseous phase photocatalytic reac-
tions, as shown in Table 5, and achieved the enhancement over P25
by 4.55 times high in the photodegradation of gaseous acetalde-
hyde [60]. From the above available data, we can conclude that
halogen modified TiO2 shows varying performance in different
reaction systems. The detailed mechanism has not been eluci-
dated. Two possible reasons have to be taken into account. For dye
degradation in aqueous solution, dye molecules actually can absorb
visible light, and sometimes their visible absorption is stronger
than that of modified TiO2, which makes it difficult to identify
the activity contributed from the catalyst. For aqueous phase reac-
tion, the surface of a photocatalyst is dominantly covered by water
molecules. Then, plenty of hydroxyls are provided, and surface
defects of oxygen vacancies or Ti3+ are partially compensated by
dissociative water from adsorption [92], leading to inferior influ-
ence of surface characteristics on photoactivity in liquid phase.

Before being committed to practical application, the stability
and safety of halogen modified TiO2 need to be comprehensively
investigated, as what has been done to pure TiO2 [93]. Long et
al. [89] theoretically proved that iodine doped TiO2 has a much
more efficient and stable photocatalytic performance than the pris-
tine TiO2. Padmanabhan et al. [94] reported that fluorine doping
would maintain anatase phase stable up to a temperature as high
as 900 ◦C. Luo et al. [52] investigated the stability of Br-Cl codoped
TiO2 in photocatalytic reactions in three runs of regeneration, and
they found that the evolution rates of H2 and O2 were constant in
each run. However, the photocatalytic performance of long-term
use and lifetime of the modified TiO2 still lack of sufficient data,
which needs further investigation. Also, the safety of halogen mod-
ified TiO2 has not been explored yet. Generally, halogen element is
bonded to TiO2 matrix at relative low doping levels but with high

chemical and thermal stability and, thus the catalysts would be safe
to human and the environment as pure TiO2.

The results in Tables 3–5 for photocatalytic reactions using halo-
gen element modified TiO2 demonstrate that halogen modified
TiO2 exhibited high efficiency of photocatalysis for a wide range of
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organics in aqueous or gaseous phases with visible region. The pho-
tocatalytic performance, at some extent, depends on certain target
pollutions. For instance, chlorine doped TiO2 prefers to degrade
dyes, iodine doped TiO2 shows superior activity for organics with-
out the ability of responding visible, and fluorine doped TiO2 is
more suitable for gas phase reaction. The detailed mechanism and
relationship between doping types with target pollutants still need
further elucidation.

6. Summary and perspective

Halogen elements provide both cation and anion to substitute
Ti4+ and/or O2− in TiO2 matrix, which has attracted much atten-
tions in the development of halogen modified TiO2 for visible light
photocatalysis. Various synthesis routes, such as hydrolysis, precip-
itation, pyrolysis, sol–gel and hydrothermal synthesis, have been
applied to prepare the visible-light-induced TiO2-based photocat-
alysts. The precursor of the doping ion will greatly influence the
chemical states of the impurities of the doped samples. Fluorine,
chlorine and bromine generally exist in the TiO2 matrix with a
chemical state of −1, indicating their substitutions of O2− in TiO2
crystal; however, iodine usually is present as cation (+5 and +7) for
occupying the Ti sites. The surface properties of TiO2 could be sig-
nificantly improved by halogen doping, such as the enhancement of
surface acidity, formation of the surface hydroxyl radicals, creation
of active site and oxygen vacancies or Ti3+. The optical properties
are in general controlled by the chemical nature of dopants, which
may partially reflect the band structures of the modified TiO2. The
experiments and DFT computations have revealed that different
kinds of ion or chemical state contribute to the changes of the band
structure. Fluorine-doping usually does not change the optical fea-
ture of TiO2, while iodine-doping can dramatically narrow the band
gap of TiO2 to 1.40 eV. Compared to undoped TiO2, most of the
doped samples showed higher efficiencies for photocatalytic oxi-
dation of gaseous/aqueous pollutants under both UV and visible
light irradiations.

Compared to the studies on nitrogen doped TiO2, further exten-
sive attention needs to be paid on the topic of halogen modification.
The simple and efficient synthesis, which is able to control the
crystal phase, surface feature, and band structure (not only the
band gap, but also the position of CB and VB) thereafter improving
the efficiency under both UV and visible light, is still to be devel-
oped. The mechanism of visible light response from halogen doping
requires more efforts to investigate, from experimental using novel
characterisations to computational techniques, are strongly recom-
mended.
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