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ABSTRACT

In this work, we investigated the synergetic effect of La and F on the visible light photocatalytic activity of
TiO; catalysts. La,03/TiO,_xFx photocatalysts were prepared by a simple sol-gel process using tetrabutyl
titanate (TBT), La(NO3 )3 and NH4F as precursors. XPS results revealed that La,03; accumulated on the
surface of TiO,, which enhanced the surface area of TiO, and inhibited the recombination of electron-hole
pairs. It also showed that two kinds of fluorine species were formed and these increased the acid active
sites and enhanced the oxidation potential of the photogenerated holes in the valance band. UV-vis
diffuse reflection spectra of La;03/TiO,_xFx showed that intraband gap states were present and these are
probably responsible for its absorption of visible light while the intrinsic absorption band was shifted
slightly to a longer wavelength. At molar ratios of La and F to Ti of 1.5:100 and 5:100 and after calcination
at 500 °C, the degradation rate of 4-chlorophenol (4-CP) over the sample was about 1.2-3.0 times higher
than that of the other doped samples and undoped TiO,. The total organic carbon (TOC) removal rates
of 4-CP showed that 4-CP was mineralized efficiently in the presence of the sample under visible light

illumination.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, photocatalysts have attracted considerable
attention as they can be used to treat organic pollutants, purify air
and produce hydrogen by photocatalytically splitting water [1-10].
Among the oxide semiconductor photocatalysts, titania is currently
a promising photocatalyst because of its low cost, non-toxicity,
chemical stability and the strong oxidizing power of its photogener-
ated holes. However, its practical application as a photocatalyst has
been limited because of its large energy bandgap (~3.2 eV) which
requires UV light with a wavelength of less than 385 nm. UV light
only makes up about 3-5% of the solar light spectrum and to better
utilize solar light and indoor illumination extending the spectral
response of these photocatalysts into the visible light region and
enhancing their photocatalytic activities is a formidable challenge.

Doping with foreign elements such as metals [11-15] and non-
metals improves the energy band structure of TiO, by shifting
its optical absorption into the visible light region. Since nitrogen-
doped TiO, was first reported by Asahi et al. [3], doping with
non-metals such as N [3,16-19], C [20], B [21-24], S [25], I [26]
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and F[27,28], has received a great deal of attention. Although these
doped TiO, photocatalysts do have a response in the visible light
region, there is no guarantee that they will enhance the photocat-
alytic activity [23]. For example, using boron as a dopant resulted in
an extended optical absorption and enhanced photocatalytic activ-
ity in one study [23] while in other studies [21,22] inconsistent
results were reported.

To further extend the optical absorption and enhance the visible
light photocatalytic activity of TiO,, many researchers are studying
the synergetic effect of non-metal co-doping such as N-C co-doping
[29,30], S-C co-doping [31] and B-N co-doping [23,32]. Non-metal
co-doping has been reported to improve the photocatalytic charac-
teristics of TiO, but some negative effects in these systems are still
under investigation. First, non-metal co-doping atoms can result
in more oxygen vacancies, which can form recombination centers
for electron and hole pairs. Second, these doping elements do not
effectively enhance the surface area of co-doped TiO, during the
heat treatment step, which decreases the amount of organic com-
pound adsorption on the surface of TiO,. Third, the orbital energies
of Byp, Cap, Nop and S3p are higher than that of Oy according to
hybrid orbital theory. Therefore, the valence band energy for TiO,
increases because the valence band is made up of Oy, and Byp, or
Cop, Npp and Ssp. The oxidation potential of the photogenerated
holes in doped TiO, is, therefore, lower and this results in lower
photocatalytic activity. Recently, lanthanum and iodine co-doped
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titania has been synthesized by He et al. Their results showed that
lanthanum can act as a barrier and thus facilitate charge carrier sep-
aration while the dopant lanthanum can create a Ti3* state, which
retards the recombination of electron-hole pairs and extends the
absorptioninto the visible light region. Moreover, the dopantiodine
enters the lattice of TiO, and then I>* replaces Ti** to maintain the
charge balance [26]. Three positive roles for the fluorine dopant
during photocatalysis are considered. First, physically adsorbed flu-
orine ions can increase the number of active sites on the surface of
TiO, [19]. Second, the Ti3* state and oxygen vacancies are created
by fluorine doping below the conduction band [33]. Therefore, the
electrons in the valence band will transfer to the 3d states of Ti3*
and/or oxygen vacancies under visible light irradiation. The pho-
togenerated electrons will then combine with the O, adsorbed on
the surface of TiO, to form superoxide anions [34]. Third, doped
fluorine can result in a localized level with high density below the
valence band of TiO,, which is beneficial in enhancing the oxidation
potential of the valance band holes and capturing surface hydroxyls
to produce *OH [18,35].

In this paper, we demonstrate a synergetic effect of La and F
on the visible light photocatalytic activity of TiO5. La;03/TiO,_xFx
shows a spectral response into the visible light region and also
exhibits significantly enhanced photocatalytic activity. After the
photocatalytic degradation of 4-chlorophenol, a TOC analysis ver-
ified that the visible light photocatalytic activity of TiO, was
enhanced by the synergetic effect of La and F. Therefore, it has
potential to be used in a practical application.

2. Experimental
2.1. Synthesis

All chemicals used in this study were of analytical grade and
millipore water was used in all experiments. Typically, tetra-
butyl titanate, NH4F and La(NO3)3; were used as sources of TiO5,
fluorine and lanthanum, respectively. 0.01-0.02 mol NH4F was dis-
solved in 100 mL millipore water, 0.2 mol tetrabutyl titanate and
0.002-0.004 mol La(NO3)3 were dissolved in 100 mL dry alcohol
and then the mixed solution of tetrabutyl titanate and La(NOs)3
was added dropwise to 100 mL of the NH4F solution under vigor-
ous stirring at room temperature using different atomic ratios of F
and La to Ti. The mixed solution was stirred in a closed beaker at
room temperature for 12 h to further hydrolyze tetrabutyl titanate
and monodispersed TiO, particles were obtained. The sol solution
was dried at 100 °C for 10 h in air to remove water and alcohol and
a xerogel was obtained. After calcination at high temperature in air
for 2 h, a white powder was obtained. The lanthanum and fluorine
co-doped TiO; nanoparticles were denoted LyF,T-t, where x, y and
t represent the atomic ratios of La and F to Ti and the calcination
temperature in degrees Celsius, respectively. For comparison, pure
TiO, was also prepared using the same procedure without NH4F
and La(NO3)s3.

2.2. Characterization

The powder phase composition was identified by X-ray diffrac-
tion (XRD) equipment using Cu Ko (A =1.5406 A) radiation. UV-vis
diffuse reflection spectra were recorded on a PE Lambda 950 instru-
ment in the form of a dry-pressed disk at room temperature.
BaS0O4 was used as a reference from 200 to 800 nm. Particle mor-
phology was observed with a JEM-100CX II transmission electron
microscope (TEM). Specific surface areas were determined by nitro-
gen adsorption desorption isotherm measurements at 77K on an
Autosorb-1 nitrogen adsorption apparatus (Quantachrome Instru-
ments, USA).

X-ray photoelectron spectroscopy (XPS) was performed using
a Kratos Axis Ultra system with monochromatic Al Ko X rays
(1486.6 eV) operated at 75W and 15 kV with a background pres-
sure of approximately 5.0 x 102 Torr. A survey spot size and 40 eV
pass energy were used for the analysis. Photoelectrons emitted
perpendicular to the sample surface were collected. A charge neu-
tralizer was used and all the binding energies were calibrated with
respect to the adventitious contamination hydrocarbon Cy5 peak at
284.8eV.

2.3. Photocatalytic activity measurements

The photocatalytic oxidation of 4-CP was used as a model
reaction to evaluate the photocatalytic activity of the resultant
bare TiO, and doped TiO, powders. A top-irradiation reactor was
used as the photoreactor. Irradiation was performed with a 500 W
xenon lamp and a ZJB 420 filter glass was used to cut off light of
wavelength <420 nm. In a typical reaction, 0.2 g of photocatalyst
was added to a 450 mL Pyrex photoreactor containing 150 mL of
2.5 x 1074 M 4-CP solution. The aqueous suspension was stirred
for 30 min to establish an adsorption-desorption equilibrium for
4-CP in the dark and then it was irradiated under visible light. The
light intensity at 420 nm near the surface of the 4-CP solution was
identified as 30 mW/cm? (Newport Power Meter Model 1918-C).
The aqueous suspension was periodically taken from the reactor,
centrifuged and the absorbance of the clear solution was measured
on a PerkinElmer Lambda-35 spectrophotometer at 224 nm. The
absorbance was converted to 4-CP concentration using a standard
curve that showed a linear relationship between the concentration
and the absorbance at this wavelength.

In order to investigate the long-term photocatalytic activity,
L15F5T-500 was used to degrade 4-CP solutions four times. After
the first run (visible light irradiation for 4h) the solution was
centrifuged and the photocatalyst was washed three times with
Millipore water and dried at 100 °C for 6 h. The recovered photocat-
alyst was subsequently used to degrade a fresh 4-CP solution under
the same irradiation conditions for 4 h. Then 3-cycle and 4-cycle
were also carried out in the same process.

The degradation rates and the total organic carbon removal rates
of 4-CP was calculated using formula (1) and formula (2):

n (%)= COC;C % 100 (1)
(%) = m"T‘Om x 100 2)

where Cy and C are the concentrations of the primal and remaining
4-CP, mg and m are the primal and remaining total organic carbon
content.

3. Results and discussion
3.1. Crystal structure

Fig. 1A and B shows the XRD patterns of some samples. Clearly,
anatase was the main crystal phase of the TiO, and traces of
brookite as well as rutile are present. Additionally, the intensity of
the rutile (except in L; 5F3T-600) and brookite peaks decreased for
LxFyT-600 as the fluorine and lanthanum content increased indi-
cating that lanthanum and fluorine can suppress the anatase to
rutile transformation. No La, O3 was observed on the surface of the
crystallites probably because small amounts of La; O3 were present.
This was similar to the results reported by He et al. [26]. We also
found that the anatase peaks of these samples became wider as
the lanthanum content increased, which means that the size of the
TiO, nanoparticles decreased with increasing of lanthanum con-
tent. The decrease in crystallite size can be attributed to segregation
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Fig. 1. The X-ray diffraction (XRD) patterns of (A): (a) L1 5FoT-600, (b) L; 5FsT-600,
(C) L1_5 F]oT-GOO, (d) L1 5 onT-6OO and (e) pure Ti02; (B) (a) L] F5T-500, (b) L] 5 F5T-500
and (c) L,FsT-500; (C): (a) L15FsT-500, (b) L1 5sFsT-600 and (c) Ly 5FsT-700.

after the formation of La,; 03 at the grain boundary or the presence
of the Ti-O-La bond, which inhibits the growth of crystal grains
by restricting the coalescence of some smaller neighboring grains
[36-38]. According to a line width analysis of the anatase (101)
diffraction peak and based on the Scherrer’s formula, the average
crystallite sizes of some samples were estimated and the values
are shown in Table 1 along with other physical characteristics. It

Table 1

can be seen from Table 1 that the cell parameters “c” of the doping
samples decreased after modification with lanthanum and fluorine.
This can be explained as follows: For the La-doped TiO, system,
the ionic radius of La3* (0.1016 nm) is much larger than that of Ti**
(0.068 nm); Ti** can enter the lattice of Lay03 during heat treat-
ment, which results in a TiO, lattice defect. Moreover, the doped
fluorine ion in the 02~ sites of the TiO, lattice causes a reduction
of Ti** to Ti3*, which results in a TiO, lattice change. Therefore, the
cell parameter “c” of the doping samples decreases after modifica-
tion with lanthanum and fluorine. BET surface areas of the samples
are also shown in Table 1. It is clear that the BET surface areas of
the samples increase as the amount of lanthanum increases. This
further confirms that lanthanum can efficiently inhibit the crys-
tal growth of TiO, These results are consistent with the report
by Reddy and Ganesh [39]. The BET surface areas of doped TiO,
are less affected by fluorine doping because the oxygen ion radius
(0.132 nm) and the fluorine ion radius (0.133 nm) are almost equal.

Fig. 1C shows the effect of calcination temperature on the phase
structure of L1 sF5T-t. It can be seen that as the calcination temper-
ature is increased from 500 to 700 °C, the width of the diffraction
peaks of anatase become narrower suggesting that the crystallite
sizes of Ly 5F5T-t gradually become larger. Moreover, it is clear
that the rutile phase peaks of the L 5F5T-t samples increased as
the calcination temperature increased from 500 to 700 °C, which
means that lanthanum and fluorine ions cannot suppress the
anatase to rutile transformation when the calcination temperature
is increased. This can be attributed to three factors: First, the metal
cation (Ti**) is hydrolyzed to form Ti(OH)4 and then Ti(OH)4_xFx
because of the strong electronegativity of fluorine. As the tempera-
tureisincreased, Ti(OH)4_xFx decomposes and this is a fast reaction.
This fast reaction rate promotes the formation of anatase rather
than the thermodynamically favorable rutile. Upon further heat-
ing, the fluorine atoms are preferentially eliminated, causing faster
atomic/ionic diffusion. These faster diffusion conditions are favor-
able for the formation of a denser rutile structure [40]. Second, the
phase transformation involves a rearrangement of the (TiOg) octa-
hedron [41] and the surface La;O3 species may prevent the TiO,
nanoparticles from agglomerating and rearranging during calcina-
tion which retards the anatase to rutile transformation. Third, the
pore volume for L 5F5T-500 and undoped TiO, was 0.1625 and
0.1026 cm3/g, respectively. It is clear that La,03 accumulated on
the surface of TiO, nanoparticles could inhibit the agglomeration
of TiO, particles, which can produce more disordered pores, the
porous structure formed might inhibit the migration and arrange-
ment of the Ti and O atoms during the formation of rutile during
calcination [24].

3.2. TEM images

Fig. 2 shows TEM images of the L, 5F5T-t sample calcined at dif-
ferent temperatures and also the L,FsT-500 samples. Clearly, the
nanocrystal size of L; 5F5T-t gradually increases as the calcination
temperature is increased from 500 to 700 °C. At 700 °C, some of the

Crystallite size, lattice parameters and BET surface areas of the undoped and doped TiO,.

Sample Crystallite size (nm) (anatase) Lattice parameter (a, A) (anatase) Lattice parameter (c, A) (anatase) Sger (M?/g)
TiO2-600 32.7 3.7881 9.5247 19
TiO,-500 254 3.7880 9.5238 25
L;F5T-500 12.4 3.7875 9.4986 44
L15FsT-500 11.3 3.7894 9.4936 69
L,F5T-500 11.2 3.7875 9.5152 74
L;F5T-600 14.2 3.7849 9.5075 33
Li5FsT-600 138 3.7851 9.4862 40
L15FsT-700 16.5 3.7867 9.5196 16
L1 5F10T-500 11.1 3.7894 9.4936 70
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Fig. 2. TEM images of lanthanum and fluorine co-doped TiO, samples with x=1.5, y=5 and calcined at (a) 500°C, (b) 600°C, (c) 700°C and (d) L,F5T-500.

particles agglomerate resulting in the BET surface areas decreasing
to 16 m?/g. Compared with the L;5F5T-500 sample, the L,FsT-
500 sample has a smaller crystallite size, implying that lanthanum
dopants could inhibit the growth of crystal grains. Moreover, no
La, 03 was observed on the crystallite surfaces probably because of
the small amount of La, O3 present.

3.3. Nitrogen adsorption-desorption

Fig. 3 shows nitrogen adsorption-desorption isotherms and
BJH pore size distribution curves for L; 5F5T-500, L 5F5T-600 and
L, 5F5T-700. The adsorption isotherms (Fig. 3A) are typical type IV
with a hysteresis loop according to the IUPAC classification, indi-
cating that the powders contain disordered mesopores [42]. The
formation of the mesopores can be explained as follows: First,
monodispersed amorphous titanium oxide sol particles are formed
by the hydrolysis of tetrabutyl titanate and subsequent condensa-
tion under heat treatment. The monodispersed xerogel particles
then crystallize and aggregated during heat treatment to form
mesoporous crystalline TiO, [43-45]. The pore size distribution
curves (Fig. 3B) were calculated from the desorption branch of a
nitrogen isotherm by the BJH method using the Halsey equation
and showed that all three samples had a narrow pore size distri-
bution with a maximum around 2.3, 3.7 and 5.1 nm, respectively
[27]. The BJH desorption cumulative pore volume of pores below
13 nm and the BET specific surface areas were 0.1625, 0.1365 and

0.1008 cm3/g as well as 69, 40 and 16 m?/g for Ly 5F5T-500, L; sF5T-
600 and L, 5F5T-700, respectively.

3.4. XPS studies

Fig. 4A shows high-resolution XPS spectra of the F;5 region of
L, 5F5T-500, L1 5F5T-600 and L; 5F5T-700. The XPS spectra of the
Fqs region of the samples showed two separate peaks. The strong
peak of Fys is located at 684.5eV and is assigned to fluorine ions
that are physically adsorbed onto the surface of TiO;, [28]. Phys-
ically adsorbed fluorine ions can enhance photocatalytic activity
because they increase the number of active site on the surface of
TiO, [19]. The weak peak of Fy is located at 688.4 eV and is assigned
to fluorine ions that are within the crystal lattice of TiO,. The oxy-
gen positions are thus occupied by fluorine, i.e., O-Ti-F bonds are
formed. Fluorine doped TiO, can be represented as TiO,_4Fx. A
charge imbalance is created in the TiO, lattice so it needs one extra
electron for charge compensation. This electron localizes on a lat-
tice cation causing it to reduce from Ti%* to Ti3* according to polaron
theory [46,47] and this is also indicated by Tiy,, analysis (see below).
Doping with fluorine can result in a high density localized level and
it is present below the valence band of TiO,, which mainly consists
of the Fy, state [18,35]. Therefore, holes in the valance band are
trapped in these localized levels and are less mobile, which is bene-
ficial in increasing the oxidation potential of the valance band holes
and capturing surface hydroxyls to produce *OH (Scheme 1). *OH is
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Scheme 1. Illustration of the photocatalytic mechanism under visible light irradia-
tion.

a powerful oxidant for the degradation of 4-CP. As shown in Fig. 4B,
the O spectra of Ly 5F5T-500, L; 5F5T-600 and L; 5F5T-700 mainly
consist of three peaks at 530.2, 532.2 and 533.1 eV corresponding
to Ti-O, the hydroxyl group and La-0, respectively [24].

Two characteristic doublet peaks of Lazq are present in Fig. 4C
and these correspond to binding energies of 835.3 eV and 852.2 eV
for the Lazgs), and Lasgsp, levels. Compared with the standard spec-
tra of lanthanum oxide, it is clear that the lanthanum bonded
to oxygen was located at the sample surface at every calcination
temperature and thus the photocatalyst can be represented by
La,;03/TiO,_yxFx. We also found that the intensity of the Lasq peaks
gradually increased as the calcination temperature increased from
500 to 700°C. This implies that a higher calcination temperature
results in higher amounts of La;03. The formation of La; O3 results
in an efficient separation of the TiO, surface charge indicating that
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it can inhibit the recombination of photogenerated electron-hole
pairs and thus prolong the lifetime of electron-hole pairs [26].
Moreover, for the La-doped TiO, system, the ionic radius of La3*
(0.1016 nm) is much larger than that of Ti** (0.068 nm) indicating
that the bulky lanthanum ions cannot substitute Ti#* to form stable
solid solutions. Therefore, Ti** can enter the lattice of lanthanum
oxide during heat treatment, which creates a charge imbalance. The
charge imbalance must be satiated and Ti%* is thus reduced to Ti3",
which is also indicated by Tiyp, analysis (see below).

As shown in Fig. 4D, the Tiyp, region of the undoped TiO5, L1 5F5T-
500, L1 5F5T-600 and L; 5F5T-700 show two peaks located at about
459 and 464.8 eV, which are assigned to Tiyp, , and Tiyp, ,, respec-
tively. The typical binding energy of the Ti2p3/2 peakin TiO; crystals
is 458.5-459.7 eV. Compared with the binding energy of Tizp3/2
for the undoped sample (459.6 eV), L1 5F5T-500, L; 5F5T-600 and
L15F5T-700 show a slight deformation in the lower side of the
binding energy, which corresponds to the formation of the Ti3*
species [48]. This behavior might be induced by fluorine substitut-
ing oxygen and lanthanum dopants. This is also supported by Fy;
and Lasgq XPS analysis. The existence of the Ti3* species can inhibit
the recombination of photogenerated electron-hole pairs [26,49].

The overall surface atomic content of F and Ti in L; 5F5T-500
were determined by XPS to be about 1.2 and 24.63%, respectively.
Therefore, the overall surface atomic ratio of F to Ti in L; sF5T-500
was about 4.86%. We can also see that the peak located at 688.4 eV
is weak, which means that the substitutional fluorine ion content
in the lattice of TiO, is smaller than that of physically adsorbed flu-
orine ions on the surface of TiO,. The physically adsorbed fluorine
ion content and the amount of fluorine ions in the crystal lattice on
the surface of TiO, was calculated to be about 92.2 and 7.8%, respec-
tively. This was calculated using the formula: §; =A;/ A;, where A;
is the area of each peak. Similarly, the surface atomic ratios of La to
Ti of L; 5F5T-500, L1 5F5T-600 and L 5F5T-700 were also estimated
from their corresponding XPS spectra to be about 1.97, 2.88 and
3.75%, respectively. It is clear that the La content in these samples
is higher than the amount of nominal lanthanum and this is due
to the formation of La, O3 on the surface of TiO,. Additionally, the
lanthanum content increases with calcination temperature, which
means that La can easily move to the surface from the lattice of TiO,
at higher calcination temperatures.

3.5. UV-vis absorption spectra

UV-vis diffuse reflection spectra of undoped TiO,, LyF5T-500,
L1 5FgT-500 and L; 5F5T-500 are shown in Fig. 5. These samples have

a steep absorption edge located at ca. 389, 389, 396 and 393 nm,
respectively, which can be attributed to the intrinsic absorption
band derived from the bandgap transition. Compared with the three
other samples, intraband gap states were observed for L;5F5T-
500 and these correspond to an absorption edge at about 440 nm.
This behavior may be explained as follows: For the La-doped TiO,
system, Ti** enters the lattice of lanthanum oxide during heat treat-
ment, which creates a charge imbalance. The charge imbalance
must be satiated and therefore Ti** is reduced to Ti3*. Addition-
ally, La and F doping also produce oxygen vacancies on the surface
of TiO,. A small amount of Ti3* and oxygen vacancies extends
the optical absorption of TiO, into the visible light region [50,51].
The presence of Ti3* in L; 5F5T-500 was also indicated in the XPS
spectrum. The intrinsic energy gap of undoped TiO;, LoF5T-500,
L 5FpT-500 and L, 5F5T-500 as well as the intraband gap states of
L15F5T-500 were roughly estimated to be about 3.18, 3.18, 3.13,
3.15 and 2.8 eV, which can be calculated from band-edge absorp-
tions (Ag) using the following equation.

1240
Ag(nm)

Eg (EV) =

The absorption edge of LyF5T-500 and L, 5FyT-500 did not show
a significant shift to the visible region, which means that single lan-
thanum or fluorine doping does not result in an absorption edge
shift. This result can be explained by hybrid orbital theory. When
TiO, is doped with fluorine, high density localized levels appear
below the valence band of TiO,, which is mainly composed of an
Fyp, state. This result has already been confirmed by theoretical band
calculations [3]. On the other hand, lanthanum ions cannot enter
the TiO, lattice, which means that lanthanum ions cannot decrease
the bandgap of TiO, and thus cannot extend the optical absorp-
tion into the visible light region. However, Yu et al. [28] reported
that their F-TiO, sample showed a weak red shift during absorp-
tion. Maeda et al. [18] also found that a TiNyOyF; sample showed
a wide absorption band in the visible light region compared with
a weak visible absorption of TiN,O,. These different results might
be explained by considering the different synthesis methods used
and the original materials, which might have resulted in differ-
ent amounts of Ti3* or oxygen vacancies and different high density
localized levels below the valence band of TiO,.

3.6. Photocatalytic activity

To investigate the effect of doping concentration and calcination
temperature on photocatalytic activity, the decomposition of 4-CP
with doped samples and bare TiO, under visible light and UV light
irradiation were carried out.

Fig. 6A and B shows degradation rates versus illumination time
and the total organic carbon (TOC) removal for 4-CP over undoped
TiO,, LoFsT-500, Ly 5FgT-500, L;FsT-500, Ly 5F5T-500, LyF5T-500
and L, 5F5T-500 after illumination under visible light for 4 h. The
4-CP degradation rates linearly increase at molar ratios of La to Ti
from 0:100 to 1.5:100 and then decrease as the lanthanum content
increases. Moreover, the degradation rate of 4-CP over L; 5F5T-500
can be estimated to be about 1.2 to 3.0 times higher than that of
the other doped samples and undoped TiO,, as shown in Fig. 6A.
These results imply that the optimum molar ratio of La to Ti is
1.5:100. The TOC removal rate showed a similar trend to the degra-
dation rate and 4-CP was mineralized efficiently with L; 5sF5T-500
under visible light illumination. These results can be explained as
follows: As the lanthanum content increases, the BET surface area
increases (see Table 1) and 4-CP is effectively adsorbed by the sam-
ple, whichresults in higher photocatalytic activity. These results are
consistent with the C/Cy obtained from the adsorption-desorption
equilibrium of 4-CP in the dark (see Table 2). La,O3 mounted on
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Fig. 6. The degradation rates (A) and total organic carbon (TOC) removal (B) of 4-
chlorophenol photocatalyzed over (a) undoped TiO,, (b) LoFsT-500, (c) L1 5FoT-500,
(d) L] F5T—500, (E) L2_5F5T—500, (f) LstT-SOO, and (g) L1_5F5T—500.

the surface of TiO;, can act as a barrier and thus inhibit the recom-
bination of electron-hole pairs, which prolongs the lifetime of the
electron-hole and thus enhances the quantum efficiency. However,
when the concentration of lanthanum is increased continuously,
the Lay,O3 coating on the surface of TiO, can inhibit the adsorp-
tion of 4-CP molecules on the surface of TiO, and thus decrease the
number of 4-CP molecules adsorbed on the surface of TiO,, which
results in decreased photocatalytic activity.

The effect of fluorine doping content on the photocatalytic activ-
ity of La, 03 /TiO,_,Fx is shown in Fig. 7A. The photocatalytic activity
clearly increases substantially when the molar ratios of F to Ti
changes from 0:100 to 5:100. The reason is that the acid active
site on the surface of TiO, and suitable oxygen vacancies were cre-
ated, while the oxidation potential of the photogenerated holes in
the valence band of F-doped TiO,, also increased. Further increasing
the fluorine doping content, the photocatalytic activity started to
decrease because of the formation of more oxygen vacancies and
Ti3* species, which can become the recombination center of pho-
toinduced electrons and holes. This result means that the optimal
molar ratio of F to Ti is 5:100.

Fig. 7B clearly shows that L 5F5T-500 had a higher photocat-
alytic activity than L 5FsT-600 and L; 5F5T-700. It is well known
that the calcination temperature is an important factor for photo-
catalytic activity. When the calcination temperature is increased,
it will facilitate the growth and agglomeration of fine grains and
thus decrease the BET surface area, which results in a lower pho-
tocatalytic activity. On the other hand, it has been reported that
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Fig.7. The degradation rates of 4-chlorophenol photocatalyzed over (A): (a) L; sFoT-
500, (b) Ly 5F20T-500, (c¢) L1 5F10T-500 and (d) Ly 5FsT-500. (B): (a) without catalyst,
(b) L1_5F5T—700, (C) L1_5F5T—600, (d) L1_5F5T—500 and (E) L1,5F5T—500 (UV irradiation).

the photocatalytic activity of rutile is lower than that of anatase
[52]. In our case, when the calcination temperature was increased
from 500 to 700 °C, the photocatalytic activities of La;O3/TiO,_xFx
decreased sharply because of the formation of a large quantity of
rutile (see Fig. 1C).

L1 5F5T-500 exhibited the highest photocatalytic activity under
UVlightirradiation, as shown in Fig. 7B. This result can be explained
as follows: The intrinsic bandgap is 3.2 eV, corresponding to UV
radiation, for anatase TiO,. Therefore, the electrons in the valence
band will be easily excited to the 3d states of Ti3* and/or oxy-
gen vacancies and/or the conduction band under UV irradiation,
leaving holes in the valence band. The photogenerated electrons
combine with adsorbed oxygen to form superoxide anions and the
holes react with OH~ to form hydroxyl radicals. The reactive oxygen
species or hydroxyl radicals will react with 4-CP [34].

To investigate the self-degradation of 4-CP under visible light, a
test without catalyst was carried out and this test showed that the
degradation rate of 4-CP was only 4%, implying that 4-CP is stable
under visible light irradiation [53].

In order to investigate the possibility of reuse for catalyst,
L 5F5T-500 was used to degrade 4-CP solutions four times. After
the first run (visible light irradiation for 4 h), the suspension con-
taining photocatalysts was centrifuged and the photocatalyst was
washed three times with millipore water and dried at 100°C for

;zleﬂdeazta of C/Cy of the adsorption-desorption equilibrium of 4-CP in dark.
Sample
TiO,-600 L{F5T-500 L, 5FsT-500 L,F5T-500 L;FsT-600 L, 5FsT-600 L, 5FsT-700 L15F10T-500
C/Co 0.98 0.92 0.89 0.87 0.95 0.94 0.96 0.90
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Fig. 8. The photocatalytic activity of (a) 1-cycle, (b) 2-cycle, (c) 3-cycle and (d) 4-
cycle of L; 5F5T-500.

6 h. The recovered photocatalyst was subsequently used to degrade
another fresh 4-CP solution (keep 4-CP concentration that is equal
to the initial concentration of 4-CP as in the first circle) under
the same irradiation conditions for 4 h. Then 3-cycle and 4-cycle
were also carried out in the same process. The results are shown
in Fig. 8. We found a relatively small decrease in photocatalytic
activity after successive utilization cycles. The content of fluorine
in the first supernatant was determined to be about 2 x 10~4gL-!
using a chromatographic method. The surface of the recovered
L, 5F5T-500 was studied by FTIR. Photocatalyst surface spectra (not
shown) showed three bands (1631, 1398 and 1385cm™1!) in the
1000-2000 cm~! range. These bands are attributed to hydroxylated
benzoic acids [54]. Therefore, the small decrease in the photocat-
alytic activity is due to the adsorption of the original compound
and/or by-products on the active sites of the catalyst surface during
repeated cycles.

3.7. Photocatalytic reaction mechanism

Recently, the reaction mechanism of the photocatalytic process
has been widely investigated. Most researchers believe that the
surface properties of TiO, such as the surface acidity, defects, oxy-
gen vacancy, oxidation potential of holes and hydroxyl groups are
important factors that determine the reaction efficiency [55-58].
The experimental results presented in this paper allow us to com-
pile a schematic of the mechanism responsible for the interaction
of La;03/TiO5_xFx with visible light.

(a) XPS investigations of Lasy reveal that La;03 had formed and
was located on the surface of TiO, and this inhibits the growth
of crystal grains by restricting the coalescence of some smaller
neighboring grains and thus enhances the TiO, surface area
[36].4-CP can thus be effectively adsorbed by the sample, which
results in higher photocatalytic activity. La,O3 mounted on
the surface of TiO, can act as a space charge region and the
electron-hole pairs within this region have been shown to be
separated efficiently by an electric field before recombination
[26], which can enhance the photocatalytic activity of TiO,.
However, if the doped La content is too high, the space charge
region becomes very narrow and the depth of light penetra-
tion into TiO, greatly exceeds the space charge layer. In this
case, recombination of the photoinduced electron-hole pairs
becomes easier [26] and the photocatalytic activity begins to
decrease. For the La-doped TiO, system, Ti** enters the lattice
of La; 03 during heat treatment, which creates a charge imbal-
ance. The charge imbalance must be satiated and, therefore,

Ti%* is reduced to Ti3* [59]. The 3d states of Ti3* below the con-
duction band can contribute to visible light absorption as the
color center [34]. Therefore, the electrons in the valence band
will be transferred to the 3d states of Ti3* under visible light
irradiation and the photogenerated electrons combine with O,
adsorbed on the surface of TiO, to form superoxide anions. The
reactive oxygen species will react with 4-CP [34]. After a series
of reactions, 4-CP molecules are finally degraded into CO, and
H,O0.

(b) XPS spectra of Fis showed that the possible formation of fluo-
rine should be taken into account for both the surface and bulk
F~ dopants as these are important factors for photocatalysis.
First, surface fluorine canincrease the surface acidity because of
the strong electronegativity of fluorine and this can effectively
improve the adsorption of the reacting organic molecules. Sec-
ond, three positive roles of bulk F~ dopants in photocatalysis
are: (1) The doped fluorine ion in the 02~ sites of the TiO, lattice
needs one extra electron for charge compensation. This elec-
tron localizes on a lattice cation causing its reduction from Ti%*
to Ti3*. The effect of Ti3* on visible light photocatalysis has been
discussed above. (2) Oxygen vacancies created by fluorine dop-
ing below the conduction band are responsible for visible light
absorption of TiO, and directly provide the active species for
the photocatalytic reaction [33]. (3) Doped fluorine can result
in a localized level with high density and this is present below
the valence band of TiO,, which mainly consists of the F,, state
[18,35]. Therefore, the holes in the valance band are trapped at
these localized levels and are less mobile, which is beneficial in
increasing the oxidation potential of the valance band holes and
capturing the surface hydroxyls to produce *OH [60], as shown
in Scheme 1. *OH is a powerful oxidant during the degradation
of 4-CP.

In summary, the synergetic effect of lanthanum and fluorine
effectively tunes the energy band structure, improves the surface
area and enhances the visible light photocatalytic activity of TiO,.

4. Conclusions

We found that La,03/TiO,_4Fx shows an extended optical
absorption range and also has higher visible light photocatalytic
activity compared with undoped TiO,. In particular, the visible light
photocatalytic activity of L; 5F5T-500 was 1.2-3.0 times more than
that of other samples tested. We believe that lanthanum increases
the surface area and decreases recombination of the photoinduced
electron-hole pairs. When fluorine atoms are incorporated into
TiO, or loaded onto the surface of TiO,, the oxidation potential
of the photogenerated holes in the valence band and the active
sites on the surface of TiO, are much improved. In summary, this
work has demonstrated that extending the spectral response into
the visible light region and enhancing the photocatalytic activity
can be achieved by tuning the energy band structure and improv-
ing the surface area of TiO, by the synergetic effect of fluorine and
lanthanum.
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