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a b s t r a c t

A boron/ferrum/cerium/titania photocatalyst with visible-light-induced performance was prepared by
the conventional sol–gel method, in which tetrabutyl titanate (Ti(O-nC4H9)4) was used as the precur-
sor and boric acid (H3BO3), ferric nitrate enneahydrate (Fe(NO3)3·9H2O), and cerium nitrate hexahydrate
(Ce(NO3)3·6H2O) were the sources of boron, ferrum, and cerium, respectively. The microstructure and
optical property of the photocatalyst were characterized by X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), N2 adsorption–desorption isotherm, and UV–vis
diffusive reflectance spectroscopy (DRS). It was found that the as-prepared photocatalyst composed of
anatase and that the presence of impurities could retard phase transformation of TiO2 from anatase to
rutile at elevated temperatures and could prohibit growth of polycrystalline, which favored forming photo-
catalyst with large surface area. Degradation of 2,4-dichlorophenol (DCP) under visible light illumination
isible light photocatalysis was used to evaluate the photocatalytic activity. Comparative investigations showed that photocatalytic
performance of the boron/ferrum/cerium/titania photocatalyst was the highest among the all test sam-
ples. It was testified that boron doping led to the band gap narrow and the response to visible light, and
that ferrum and cerium impurities, which presented in the forms of FeO/Fe2O3 and Ce2O3/CeO2, dispersed
on the surface of TiO2, suppressed the electron and hole recombination, and resulted in the enhancement
of catalytic performance. The results exhibited that the synergistic effects of boron, ferrum and cerium
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. Introduction

In the past decades, photocatalysis has become an area of great
esearch interest because of serious pollution in the environment
rom industrial and agricultural wastes, which contain harmful
rganic compounds. Among various kinds of photocatalysts, TiO2 is
idely used to photo-degrade a great deal of pollutants because of

ts excellent properties, such as cheapness, nontoxicity, structural
tability, abundance, high oxidation rate and ecological friendli-
ess [1–11]. However, there are some significant limitations for
itania photo-degradation and the major constraint is its low photo-
uantum efficiency resulting from low interfacial charge-transfer
ate of photo-generated carriers and high recombination of photo-
nduced electron–hole pairs [2,12]. Moreover, titania with the high
nergy band gap (ca. 3.0 eV for rutile and 3.2 eV for anatase) can

e activated only by ultraviolet (UV) light, thus basically ruling
ut the use of sunlight which contains less than 5% UV light as
he light source for the photocatalysis and making it seemingly
mprobable to take advantage of the solar energy [6,9]. Therefore,

∗ Corresponding author. Tel.: +86 571 87953171; fax: +86 571 87951612.
E-mail address: bigwig@zju.edu.cn (J. Sun).
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band gap narrow and the increase of photoactivity.
© 2008 Elsevier B.V. All rights reserved.

he modification to titania has attracted great attention to improve
he response of titania to visible light and enhance the separa-
ion of electron–hole pairs for the purpose of preparing the novel
hotocatalysts which show the high activity under visible light

rradiation as well as utilizing effectively sunlight. Numerous meth-
ds, such as loading noble metal over semiconductor photocatalyst
13], using rare earth metal [12] or transition metal [14] as impuri-
ies, photosensitizing titania [15], compounding titania with other

aterials[16], doping of titania with nonmetal [6–10] have been
nvestigated. Of these approaches for modification to TiO2, using

etal or nonmetal as impurity has been frequently performed and
any reports have also been published on the field. Previous stud-

es demonstrated that the metal ions could trap temporarily the
hoto-generated charge carriers and could inhibit the recombina-
ion of photo-induced electron–hole pairs when migrating from the
nside of the photocatalyst to the surface [12], whereas the doping

ith nonmetal could narrow the band gap and might drive the pho-
ocatalytic performance under the visible light [6–10]. It was proved

hat modification to titania by the synergistic effects was an effec-
ive method for increasing the photocatalytic activity, too. Zhao et
l. [17] reported that Ni2O3/TiO2−xBx photocatalyst was prepared
y a simple method of modified sol–gel and that the improve-
ent in both spectral response and photocatalytic efficiency could

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:bigwig@zju.edu.cn
dx.doi.org/10.1016/j.jphotochem.2008.07.003
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e achieved through a combined approach doping with nonmetal
oron and loading the metal oxide Ni2O3. They demonstrated that

ncorporation of B into TiO2 could extend the spectral response to
he visible region and that the photocatalytic activity was greatly
nhanced when it was further loaded with Ni2O3. Sakatani et al. [18]
eported that La–N–TiO2 photocatalyst, which could decompose
cetaldehyde under visible light irradiation, was prepared by means
f polymerized method. Yuan et al. [19] revealed the cooperative
ction of Zn2+ and Fe3+ over titania could obviously improve the
hotocatalytic performance for the phenol degradation. Li et al. [20]
repared the N–F co-doped photocatalyst by pyrolysis method and
ointed out that its high Vis photocatalytic activity was ascribed
o a synergetic effect of its unique surface characteristics, doped

atoms, and doped F atoms. These investigations indicate that
he synergistic effects can obviously increase the photocatalytic
ctivity of TiO2. It is worth noticing that the mechanisms of modifi-
ation using metal and nonmetal element are completely different,
nd that metal atoms either form individual phases dispersed into
iO2 or accommodate into the lattices of TiO2, which are primar-
ly related to metal ion radii [12,21] while nonmetal atoms can
nter into TiO2 lattice [6–10,17]. It is expected that the synergis-
ic effects of transition metal, rare earth metal and nonmetal can
e used to raise the photoactivity. However, to the best of our
nowledge, report on this aspect has not been found so far among
he impressive number of publications. On the basis of the con-
ideration, we carried out the investigation on photocatalysis and
ucceeded in preparing boron/ferrum/cerium/titania photocatalyst
y the sol–gel route. The as-prepared titania samples were charac-
erized by XRD, XPS, DRS, SEM, N2 adsorption–desorption isotherm.
he decomposition of DCP under visible illumination was used as a
robe reaction to evaluate the photocatalytic property. The effects
f impurities on photocatalytic activity were investigated in detail
nd the reasons for exhibiting Vis photocatalytic activity in this
ystem were elucidated.

. Experimental

.1. Photocatalyst preparation

All chemicals used in this study, in which tetrabutyl titanate was
hemically pure and others were analytically pure, were used as
eceived without any further purification. Water used was deion-
zed water. In order to prepare the photocatalyst by means of
he sol–gel technique, two kinds of solutions (solutions 1 and
) were prepared first. Solution 1 was made by the following
rocedures, which 0.002 mol boric acid (H3BO3), 0.002 mol fer-
ic nitrate enneahydrate (Fe(NO3)3·9H2O), and 0.002 mol cerium
itrate hexahydrate (Ce(NO3)3·6H2O) were dissolved in 20 mL of
ater (H2O) at room temperature, and 15 mL of glacial acetic

cid (CH3COOH) and 80 mL of ethanol (CH3CH2OH) were added.
olution 2 was obtained by the following method, which 0.1 mol
etrabutyl titanate (Ti(O-nC4H9)4) was dissolved in 80 mL of anhy-
rous ethanol. Then, the solution 2 was added drop-wise into the
olution 1 within 60 min using a separating funnel, keeping the
eaction mixture vigorously magnetically stirred to form the sol.
ubsequently, the sol was stirred continuously for 2 h and aged
or 72 h at room temperature to prepare the gel. The resulting gel
as dried for 12 h at 100 ◦C under reduced pressure to gain the

erogel, which was crushed to obtain powder, followed by anneal-
ng at desired temperature for 2 h to remove the residual organic

ompounds resulting from the hydrolysis of the Ti(O-nC4H9)4 and
he solvent to prepare boron/ferrum/cerium/titania photocatalyst.
he as-prepared sample was kept in a vacuum until the time of
se. The sample was labeled as B–Fe–Ce–TiO2-X, where B–Fe–Ce
epresented impurities of boron, ferrum, and cerium, and X

l
E

A
g

Fig. 1. Procedures of preparing the boron/ferrum/cerium/titania photocatalyst.

enoted the corresponding temperature of calcination. Other sam-
les, including B–Fe–TiO2-500, B–Ce–TiO2-500, Fe–Ce–TiO2-500,
e–TiO2-500, B–TiO2-500, Fe–TiO2-500, and undoped TiO2-500
s well as B–Fe–Ce–TiO2-400, B–Fe–Ce–TiO2-450, B–Fe–Ce–TiO2-
50, B–Fe–Ce–TiO2-600 and undoped TiO2-600, were synthesized

n the same procedures changing the component of solution 1 or
alcination temperature for the purpose of the comparative tests.
he procedures of preparing the photocatalyst were represented in
ig. 1.

.2. Photocatalyst characterization

The XRD patterns recorded on a D/max-RA X-ray diffractometer
ith Cu target K� radiation (� = 0.15406 nm) as X-ray source at a

can speed of 2◦ min−1 in a 2� range of 20–80◦ were used to con-
rast the standard diffraction charts of anatase and rutile, determine
he crystallite size, and calculate the lattice parameters. The accel-
rating voltage and the applied current were 40 kV and 100 mA,
espectively. Crystallite sizes were determined through the widths
f half-height according to the Scherrer equation.

The oxidation states of atoms at the surface of TiO2 were
nalyzed using the binding energies from X-ray photoelectron
pectroscope (XPS). The XPS spectra of the synthesized photocat-
lyst were recorded by a Thermo Escalab250 X-ray photoelectron
pectroscope equipped with Al K� excitation. Detailed scans were
ecorded for B 1s, Fe 2p, Ce 3d, and Ti 2p. The C 1s peak set at
84.6 eV was used as an internal reference for absolute binding
nergies.

The UV–vis diffusive reflectance spectra of the as-prepared sam-
les in the wavelength range of 200–800 nm were determined
sing a Shimadzu (Japan) DUV-3700 UV–vis–NIR Recording Spec-
rophotometer with an integrating sphere. BaSO4 was used to be a
eference.

The surface morphologies and the particle size of photocata-

ysts were observed and estimated by means of a S-4800 Scanning
lectron Microscope (Hitachi).

The N2 adsorption–desorption isotherms were determined by
utosorb-1 at 77 K. Prior to measurements, the samples were out-
assed in an evacuation chamber for 8 h at 423 K.
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ig. 2. XRD patterns: (a) B–Fe–Ce–TiO2-500, (b) B–Fe–TiO2-500, (c) B–Ce–TiO2-
00, (d) Fe–Ce–TiO2-500, (e) Ce–TiO2-500, (f) B–TiO2-500, (g) Fe–TiO2-500, and
h) undoped TiO2-500.

.3. Photocatalytic activity test

2,4-Dichlorophenol (DCP), which was a common chemical used
xtensively in a variety of industrial and agricultural applications,
as chosen as model pollutant to evaluate the photocatalytic per-

ormance. The degradation of DCP was conducted in a 100 mL of
elf-designed quartz vessel with a suspension containing 50 mL of
0 mg/L DCP (the initial concentration Cin) solution and 0.05 g of
hotocatalyst. In order to keep the temperature of photoreaction
onstant, the reactor was immersed in a thermostatic circulation
ath (30.0 ◦C). In the process of decomposition, the reaction system
as exposed in the air, keeping the reaction mixture magnetically

tirred. A 50-W metal halide lamp located at 5 cm above the reac-
or provided the light source, which was filtered by a 410-nm cut
lter (L41, KenKo Japan) to assure cut-off of the UV light. Prior
o illumination, the suspension was ultrasonicated for 5 min and
tirred for 30 min in the dark to allow the adsorption of DCP reach
state of equilibrium. Then, 5 mL of suspension was withdrawn by

ucker and centrifuged at 12,000 rpm for 10 min. The centrifugate
as used to determine the initial absorbance (A0). After determina-

ion, the clear solution tested and the cloudy suspension remained
ere rapidly poured into the vessel. The decomposition experiment
as carried out for 3 h and the reaction mixture was periodically

ampled every hour to analyze the absorbance (A), which was
etermined at the characteristic wavelength, indicated the max-

mal absorption peak of DCP at � = 285.5 nm by a 751GD UV–vis
pectrophotometer. The photocatalytic activity is evaluated by

egradation ratio = C0 − C

C0
× 100% = A0 − A

A0
× 100% (1)

here C0 and C represent the concentration at the adsorption equi-
ibrium and the concentration at irradiation time t, respectively; A0
nd A represent the absorbance at the adsorption equilibrium and
he absorbance at irradiation time t, respectively.

. Results and discussion

.1. XRD spectra of samples
The XRD patterns of different samples, including B–Fe–Ce–TiO2-
00, B–Fe–TiO2-500, B–Ce–TiO2-500, Fe–Ce–TiO2-500, Ce–TiO2-
00, B–TiO2-500, Fe–TiO2-500, and undoped TiO2-500 are shown

n Fig. 2. Compared with the 21-1272 anatase ASTM (American Soci-

B
r
t
7
t

Fig. 3. XRD patterns: (a) B–Fe–Ce–TiO2-600 and (b) undoped TiO2-600.

ty for Testing and Materials) card and the 21-1276 rutile ASTM
ard, it could be observed that the all samples were present in
he anatase phases when annealed at 500 ◦C for 2 h and that there
as no evident difference between them and anatase TiO2. Further-
ore, it could be estimated that the average particle sizes were 9.6,

1.8, 9.9, 9.8, 11.5, 14.0, 13.5, and 17.6 nm for B–Fe–Ce–TiO2-500,
–Fe–TiO2-500, B–Ce–TiO2-500, Fe–Ce–TiO2-500, Ce–TiO2-500,
–TiO2-500, Fe–TiO2-500, and undoped TiO2-500, respectively.
bviously, the smallest average particle was for B–Fe–Ce–TiO2-
00 and the biggest average particle was for undoped TiO2-500
mong these samples. The XRD patterns of B–Fe–Ce–TiO2-600 and
ndoped TiO2-600 are shown in Fig. 3. It could be observed that
–Fe–Ce–TiO2-600 consisted only of anatase phase while undoped
iO2-600, which a weak peak occurred at 2� = 27.4◦ (1 1 0) for rutile,
xisted in the states of both anatase and rutile. The results revealed
hat the impurities could prohibit growth of polycrystalline and
ould retard the transformation from anatase to rutile at elevated
emperatures.

In addition, the analysis from XRD revealed that the Fe and Ce
id not incorporate into the lattice of TiO2, and that B was weaved

nto the crystal lattice of TiO2. In fact, it was demonstrated that
erric nitrate enneahydrate and cerium nitrate hexahydrate were
hanged into FeO/Fe2O3 and Ce2O3/CeO2 in the process of the cal-
ination by XPS (3.2). The ionic radii of Ce3+, Ce4+and Ti4+ are 0.101,
.087, and 0.068 nm, respectively. Therefore, it can be deduced the-
retically that Ce3+ and Ce4+ cannot be weaved into the lattice of
iO2. However, there were no separate phases of FeO/Fe2O3 and
e2O3/CeO2 to be detected and the possible reason was that their
mounts were less than limits of detection of the instrument.

.2. XPS spectra of boron/ferrum/cerium/titania photocatalyst

The XPS spectra of B–Fe–Ce–TiO2-500 for B 1s, Fe 2p, Ce 3d, and
i 2p are shown in Figs. 4–7, respectively. From Fig. 4, it could be
een that the binding energy (BE) for B 1s was 191.8 eV. Based on the
revious researches reported in the literature, the binding energies
BEs) for B 1s were 193.6 eV in B2O3 [22], 193.0 eV in H3BO3 [23],
nd 187.5 eV in TiB2 [24], respectively. This indicated that the boron
toms were bonded by means of neither B–Ti–B bond nor B–O bond.

Es for B 1s in FeB and Fe2B were 187.9 eV [24] and 188.3 eV[25],
espectively. Fig. 5 revealed that BE for Fe 2p was 710.3 eV, assigned
o Fe 2p3/2. BEs for Fe 2p3/2 in FeB, Fe2B, FeO, and Fe2O3 were
07.4 eV [24], 707.3 eV [25], 709.6 eV [26] and 710.9 eV [27], respec-
ively. Undoubtedly, on one hand, there was no existence of the
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Fig. 4. XPS spectra of B–Fe–Ce–TiO2-500 for B 1s.

Fig. 5. XPS spectra of B–Fe–Ce–TiO2-500 for Fe 2p.

Fig. 6. XPS spectra of B–Fe–Ce–TiO2-500 for Ce 3d.
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Fig. 7. XPS spectra of B–Fe–Ce–TiO2-500 for Ti 2p.

ompounds FeB or Fe2B, either. On the other hand, the broad XPS
pectra for Fe 2p3/2 (BE = 710.3 eV) suggested the presence of FeO
nd Fe2O3 [26,27]. Fig. 6 revealed the quite broad XPS spectra of Ce
d and that BEs for Ce 3d were 885.6 eV and BE = 904.4 eV, which
hould be attributed to Ce 3d5/2 and Ce 3d3/2 in Ce2O3 or CeO2
ccording to the literature [28,29]. Therefore, it was not difficult
o imagine that Ce existed in the forms of Ce2O3 or CeO2. Accord-
ng to the report [24], BE for Ti 2p3/2 in TiB2 was 454.4 eV, thus
onfirming further that there were no existences of the compound
iB2. BE = 458.4 eV and BE = 464.3 eV for Ti 2p should be attributed
o Ti 2p3/2 and Ti 2p1/2 of TiO2, indicating that Ti remained in
n octahedral environment. Undoubtedly, the boron atom was
oped into TiO2 lattice, possibly holding such a chemical struc-
ure as B–Ti–O. The ferrum and cerium atoms existed in the forms
eO/Fe2O3 and Ce2O3/CeO2. The XPS analysis also showed that
olar ratio of Ti:B:Fe:Ce for as-prepared B–Fe–Ce–TiO2-500 were

:0.021:0.037:0.035. However, B–Fe–Ce–TiO2-500 was prepared in
erms of the corresponding ratio of Ti:B:Fe:Ce = 1:0.02:0.02:0.02.
his revealed that FeO/Fe2O3 and Ce2O3/CeO2 were dispersed on
he surface of TiO2. In order to further verify the oxidation states of
he atoms, samples of B2O3, H3BO3, TiB2, Fe2O3, Ce2O3 were used as
tandards to determine the binding energies. It was found that BEs
ere 193.5 eV for B 1s in B2O3, 193.4 eV for B 1s in H3BO3, 187.9 eV

or B 1s in TiB2, 710.5 eV for Fe 2p3/2 in Fe2O3, and 886.0 eV for Ce
d5/2 in Ce2O3. The results were in agreement with the reports in
he literature [22–24,27,28] and supported the analysis of the XPS
pectra. In addition, these results further testified the conclusions
rom the analysis of the XRD spectra of B–Fe–Ce–TiO2-500, too.

.3. UV–vis DRS spectra of typical samples

The as-prepared boron/ferrum/cerium/titania photocatalyst
as vivid yellow. Generally, the color of a solid is determined by

he position of its absorption edge and a shift of this absorption
dge toward higher wavelength can result in absorption in the
isible part of the spectrum. The optical absorption spectra of
–Fe–Ce–TiO2-500, B–TiO2-500, Ce–TiO2-500, Fe–TiO2-500, and
ndoped TiO2-500 powder are shown in Fig. 8. In comparison
ith undoped TiO2-500, there was strong photoabsorption in the
isible region for B–Fe–Ce–TiO2-500 and B–TiO2-500. However,
here was hardly Vis absorbance for Ce–TiO2-500 or Fe–TiO2-500.
he red shift of the absorption edge implied that the band gap
nergy decreased, the sample could absorb more photons, and
ventually photoactivity increased. From Fig. 8, it could be seen
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observed that the samples of B–Fe–Ce–TiO2-500, B–Fe–TiO2-500,
B–Ce–TiO2-500, and B–TiO2-500 exhibited catalytic activity of vis-
ible light. It could be also seen that the photocatalytic activity
of B–Fe–TiO2-500 or B–Ce–TiO2-500 was superior to the one of
ig. 8. Diffuse reflectance absorption spectra: (a) B–Fe–Ce–TiO2-500, (b) B–TiO2-
00, (c) Ce–TiO2-500, (d) Fe–TiO2-500, and (e) undoped TiO2-500.

hat B doping could lead to the band gap narrow while Fe or Ce
mpurity decreases hardly the band gap. According to the results
rom XRD and XPS analysis, it was clear that B doping led to a mod-
fication of the electronic structure around the conduction band
dge of TiO2, and eventually resulted in the visible light response.
n fact, in TiO2 crystal the valence band (VB) and conduction band
CB) consist of both the Ti 3d and O 2p orbitals. The Ti 3d orbital is
plit into two parts, and the CB is divided into the lower and upper
arts. When TiO2 is doped with B, the B 2p states are somewhat
elocalized, thus resulting in the modification of the electronic
tructure around the conduction band edge of TiO2. The mixing of
he B 2p states with VB increases the width of the VB itself. This
ives rise to a decrease in the band gap energy [30]. Zhao et al.
17] calculated theoretically densities of states (DOSs) for the O
ubstitution case, and revealed that the mixture of p orbital of B
ith O 2p orbital is responsible for the band gap narrow. Yang et

l. [31] investigated the electronic and optical properties of several
ossible B-doped models, and pointed out that the transition of
xcited electrons from the valence band to the empty gap states
bove the Fermi level might be responsible for the redshift of the
bsorption edge in substitutional B- to O-doped anatase.

.4. SEM photographs of B–Fe–Ce–TiO2-500 and undoped
iO2-500

The SEM photographs of boron/ferrum/cerium/titania and
ndoped TiO2 are shown in Figs. 9 and 10, respectively. From these
hotographs, it could be also observed that B–Fe–Ce–TiO2-500 and
ndoped TiO2 were approximately present in the form of spherical
article. According to statistics, the average sizes of B–Fe–Ce–TiO2
nd undoped TiO2 were about 11.2 and 17.0 nm, which were in
ccordance with the above-mentioned values determined by XRD.

.5. BET surface area and pore structure

Brunauer–Emmett–Teller (BET) surface areas calculated from
he linear parts of the BET plots (p/p0 = 0.05–0.3) were 83.72 m2/g
or B–Fe–Ce–TiO2-500 and 5.5 m2/g for undoped TiO2-500. Total
ore volume and average pore size taken from the volume of

2 adsorbed at p/p0 = 0.9994 were 0.11 cm3/g and 5.3 nm for
–Fe–Ce–TiO2-500, and those taken from the volume of N2
dsorbed at p/p0 = 0.9951 were 0.012 cm3/g and 9.0 nm for undoped
iO2-500. There was no doubt that impurities led to decrease of
verage pore size and increase of BET surface area. As is well known,
Fig. 9. SEM pattern of B–Fe–Ce–TiO2-500.

hotocatalysts with a bigger surface area are in favor of the adsorp-
ion of target pollutant.

.6. Photocatalytic performance

DCP was used as a sacrifice reagent. The comparative tests of
ifferent samples B–Fe–Ce–TiO2-500, B–Fe–TiO2-500, B–Ce–TiO2-
00, Fe–Ce–TiO2-500, Ce–TiO2-500, B–TiO2-500, Fe–TiO2-500, and
ndoped TiO2-500 for degradation of DCP under the identical con-
ition were employed to evaluate the photocatalytic activity of
hotocatalysts. The measurements were repeated five times for
ach catalytic system and the results were averaged. The error in
he tests was found to be within the range of 5.0%.

The adsorption of target pollutant over photocatalyst is the pre-
equisite of photocatalysis. Table 1 shows the concentrations of
CP at the adsorption equilibrium after 30 min in the dark over
ifferent photocatalysts. Obviously, it could be seen that the sam-
le B–Fe–Ce–TiO2-500 adsorbed the most amount of DCP at the
dsorption equilibrium among these samples.

The decomposition ratios of DCP versus irradiation time under
isible light illumination are shown in Fig. 11. It could be
Fig. 10. SEM pattern of undoped TiO2-500.
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Table 1
The concentrations of DCP at the adsorption equilibrium after 30 min in the dark
over different photocatalysts (for Cin = 10 mg/mL)

Sample C0 (mg/mL)

B–Fe–Ce–TiO2-500 7.66
B–Fe–TiO2-500 8.45
B–Ce–TiO2-500 8.30
Fe–Ce–TiO2-500 8.68
Ce–TiO2-500 8.95
B–TiO2-500 8.59
Fe–TiO2-500 8.75
Undoped TiO2-500 9.12
B–Fe–Ce–TiO2-400 8.35
B–Fe–Ce–TiO2-450 8.03
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–Fe–Ce–TiO2-550 7.82
–Fe–Ce–TiO2-600 8.15

in, initial concentration; C0, concentration at the adsorption equilibrium.

–TiO2-500, that the photocatalytic activity of B–Fe–Ce–TiO2-500
xceeded the one of B–Fe–TiO2-500 or B–Ce–TiO2-500, and that the
est performance was attributed to boron/ferrum/cerium/titania
hotocatalyst. Moreover, Fe–TiO2-500 and Ce–TiO2-500 hardly
evealed photoatalytic performance under visible light. These
emonstrated that B doping drove the response to the visible light,
greeing well with the results from XRD, XPS, and DRS, which B
oping modified the electronic structure around the conduction
and edge of TiO2, led to the band gap narrow, and consequently
aused the as-prepared boron/ferrum/cerium/titania photocatalyst
esponse to visible light. The results revealed that impurities Fe and
e, which ferrum and cerium atoms existed in the forms FeO/Fe2O3
nd Ce2O3/CeO2, dispersed on the surface of TiO2, increased effi-
iently the photoatalytic activity.

According to the reports [12,19], the possible mechanism that
e and Ce impurities improve the photocatalytic performance is
s follows: Fe3+ is very stable because of its half-filled electronic
onfiguration. When degradation DCP, Fe3+ ion trapped an electron
o change into Fe2+, thus demolishing the electronic configuration.
or the purpose of maintaining steady structure, the trapped elec-
ron could rapidly be transferred from Fe2+ to the oxygen molecules
dsorbed on the surface of the photocatalyst and Fe2+ recurred to
he original half-filled state (Fe3+), thus accelerating charge transfer,

romoting effectively the separation of the electrons and holes and
rohibiting their recombination. Additionally, because the ionic
adius of Ti4+ is much than that of Ce3+ or Ce4+, titanium atoms
ould enter into the lattice and replaced Ce3+ or Ce4+. As a result

ig. 11. Temporal course of visible-light-driven photocatalytic degradation of DCP.
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ig. 12. Under visible illumination after reaction for 3 h the degradation DCP
atios: (a) B–Fe–Ce–TiO2-400, (b) B–Fe–Ce–TiO2-450, (c) B–Fe–Ce–TiO2-500, (d)
–Fe–Ce–TiO2-550, and (e) B–Fe–Ce-TiO2-600.

f substitution, a charge balance was destroyed. In order to keep
he equilibrium, more hydroxide ions would be adsorbed onto the
urface, thus benefiting the photo-generated electron–hole pairs
eparation, preventing effectively their recombination, and bring
bout eventually the increase of the photoactivity. Therefore, Fe and
e could increase the photocatalytic performance. The results of
omparative tests for degradation of DCP suggested that the coop-
rative actions of boron, ferrum and cerium resulted in the increase
f the photoactivity.

Fig. 12 shows the degradation ratios of DCP after reaction for 3 h
ver boron/ferrum/cerium/titania photocatalyst annealed at differ-
nt temperature under visible illumination. It could be seen that the
alcination temperature had an effect on the photocatalytic activ-
ty of the as-prepared samples and B–Fe–Ce–TiO2-500 represented
he best photoactivity among these samples. Generally, many fac-
ors, e.g., surface area, crystallinity, and surface hydroxyl densities
nfluence the activity of a photocatalyst [32–35]. However, because
hese factors are closely related to each other, the photocatalytic
ctivity is a combined effect of many factors. Therefore, it is not sur-
rising that the highest photocatalytic performance was achieved
t a particular calcination temperature.

For the purpose of testing the stability of the sample
–Fe–Ce–TiO2-500, four cycles of photocatalytic experiments
nder visible irradiation were carried out and it was found that the
hotocatalytic performance did not decrease. In addition, the sam-
le B–Fe–Ce–TiO2-500 after the photocatalytic reaction was used
o determine XPS and it was found that there was no difference
etween the peaks of the sample before and after the catalytic reac-
ion, indicating that boron/ferrum/cerium/titania photocatalyst did
ot suffer the instability.

. Conclusions

The boron/ferrum/cerium/titania photocatalyst having narrow
and gap, showing strong photoabsorption and exhibiting high
ctivity in the visible region was prepared. Its microcrystal only
ontained anatase phase and presented approximately spherical
hape. It was testified that boron was weaved into the crystal
tructure of TiO2 and the crystal lattice locally was distorted by
ncorporating boron, which could narrow the band gap of TiO2.

he ferrum and cerium presented in the forms of FeO/Fe2O3
nd Ce2O3/CeO2, and dispersed on the face of TiO2, which could
rohibit the electrons and holes recombination and increased
hoto-quantum efficiency. It was also verified that the impuri-
ies could retard phase transformation of TiO2, prohibit growth
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