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bstract

A visible-light-driven InVO4/TiO2 mesoporous photocatalyst was prepared by a sol–gel method. The catalyst was characterized by powder X-ray
iffraction (XRD), nitrogen adsorption–desorption, transmission electron microscopy (TEM), UV-vis diffuse reflectance spectroscopy, X-ray pho-
oelectron spectra (XPS), ultraviolet photoelectron spectra (UPS), and spin-trapping electron paramagnetic resonance (EPR). Photocatalytic activity
f the sample was evaluated by the degradation of volatile organic compounds (VOCs) in air under visible light irradiation (450 nm ≤ � ≤ 900 nm).
esults revealed that the addition of InVO4 leaded to the visible light response up to ∼540 nm for InVO4/TiO2. Moreover, upon visible light

rradiation, some superoxide radical anions, such as O2
•− and OH• radicals, were generated on InVO4/TiO2, leading to the decomposition of

OCs. The high photocatalytic activity towards VOCs (e.g. benzene) was still maintained in the cycle experiments, and the turnover numbers

ecorded within 12 h work out to be 11.8 mol (produced CO2) and 6.2 mol (degraded C6H6) per mol catalyst. Deactivation of the photocatalyst
as not observed during the cycle experiments. It has been confirmed that InVO4/TiO2 photocatalyst could be activated by visible light due to the

xistence of the InVO4. Based on the energy-band levels of InVO4 and TiO2, a photosensitization mechanism of InVO4/TiO2 is proposed.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Semiconductor-mediated photocatalysis is one of the most
fficient destructive technologies among advanced oxidation
rocesses (AOPs) for environmental remediation [1–2]. TiO2
as been intensively investigated as a semiconductor photo-
atalyst because of its stability, cheapness and environmental
riendliness. Unfortunately, a major obstacle in the populariza-
ion of this semiconductor material is the large band gap, 3.2 eV
or bulk TiO2. This severe disadvantage limits the photocata-
yst photosensitivity to the ultraviolet region, a small fraction
∼5%) of the solar energy. Therefore, significant efforts have
een devoted to developing stable and efficient photocatalysts
apable of using abundant visible light in solar spectrum or

rtificial light sources [3–9].

For this purpose, doping TiO2 with various noble/transition
etal or metal ions and their photocatalytic activities has been

∗ Corresponding author. Fax: +86 591 83738608.
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purification

nvestigated extensively [10–13]. Some theoretical calculations
ave also been carried out to suggest that anion doping of TiO2
as a considerable effect on the band gap alteration [5]. How-
ver, the photocatalytic activity of metal ions doping is impaired
y thermal instability and an increase in carrier-recombination
acilities. Few of them gave prospective satisfactory results. Pho-
osensitization is another approach to extend the photosensitivity
f TiO2 into visible region. Excited by visible light, sensitizer
dsorbed on TiO2 injects electron into the conduction band (CB)
f TiO2, which acts as a mediator for transferring electrons
rom the excited sensitizer to the electron acceptors on TiO2
urface. Traditional sensitizers are small band-gap semiconduc-
ors or organic dyes. Some of these systems have achieved high
uantum efficiencies [14,15]. However, the sensitized systems
nevitably lose their light-responsive functions due to the photo-
orrosion/photodegradation of sensitizers, making the overall
rocess impractical. The key challenge in sensitization-type

hotocatalysis is therefore finding sufficiently stable sensitizers
ith appropriate electronic states.
Stable multimetallic oxides (e.g. InMO4 [M = V, Nb, or Ta])

ave recently attracted much attention as new photocatalytic

mailto:xzfu@fzu.edu.cn
dx.doi.org/10.1016/j.jphotochem.2007.06.027
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Scheme 1. Proposed band structures of InMO4 and TiO2. The energy levels of
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the integrated intensities of anatase (101), rutile (110) [25].
a5+5d, Nb5+4d, or V5+3d are more negative than that of Ti4+3d. Therefore,
lectron transfer from the conduction band of InMO4 to that of TiO2 is allowed.

aterials for hydrogen generation from water splitting under
isible light irradiation [3,16–18]. The electronic structures cal-
ulated from density functional theory (DFT) show that the d
rbital of the transition metals in InMO4 form the bottom of the
onduction bands, and the top of the valence band consist of O2p
rbital (Scheme 1) [19]. Normally, in single component metal
xides (e.g. TiO2), the energy level of O2p orbital is located
t about +3 eV versus SHE. The band gap energy between the
etal-d and O2p-levels is therefore too wide to absorb visi-

le light. In the case of InMO4, the valence band energy from
2p-level of the polyhedrons is ca. 1.0 eV more negative than

hat of the O2p-level in a simple component metal oxide. This
auses the narrowing of band gap energy, and then a response for
isible light. Although the InMO4-based materials are active for
ater splitting under visible light, their activities are usually low.

n addition, no usage of these photocatalysts in gas–solid het-
rogeneous photocatalysis for decomposing organic pollutants
as been reported. This is due to fact that the high-temperature-
repared solid phases typically possess a very small surface area
<1 m2/g), making the surface-based gas–solid reactions awfully
nefficient [20].

Instead of using InMO4 directly as a visible-light-driven pho-
ocatalyst, we have explored the potential of the multicationic
etal oxide as a stable inorganic sensitizer to activate titania

21,22]. As the electronic structures of InMO4 matches well
ith that of TiO2 (Scheme 1), an efficient surface charge sepa-

ation between them is expectable [19]. This paper describes
much more sophisticated system in which building blocks

f nanoscale InVO4 and TiO2 are integrated into mesoporous
rchitecture. Such an architectural design offers the ultrahigh
ispersion of sensitizer on a large-surface-area TiO2 porous net-
ork. The physicochemical properties of the nanocomposite are

lso described. The visible-light-driven photoactiviy of the cat-
lyst was investigated for the photocatalytic decomposition of

ome organic pollutants, such as benzene, cyclohexane, toluene
thylbenzene, and acetone. Meanwhile, because of high toxic-
ty and environmental pertinacity, benzene was chosen as a main

T
t
a
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robe to test the toxic endurance and the structural stability of
he photocatalyst upon visible light irradiation.

. Experimental

.1. Materials

InCl3, V2O5, NaOH, cyclohexane, toluene ethylbenzene, and
cetone were analytical grade and purchased from the Shang-
ai Chemical Co. SiO2 (Alfa, specific surface = 144 m2 g−1) and
enzene (Acros, spectrophotometric grade) were obtained from

he Phentex Chemical Co. and the J&K Chemical Co., respec-
ively. All reagents were used without further treatment.

.2. Preparation of catalysts

The InVO4-modified mesoporous nanocrystalline TiO2 was
repared by a sol–gel method. Mixture was formed by adding
small amount of InVO4 sol to TiO2 sol, and then gelatinized
y heating treatment. In a typical synthesis, a solution contain-
ng InCl3 and NaVO3 with a molar ratio of 1:2 was adjusted to
H 8.0 by adding NaOH. The solution was placed in a Teflon-
ined stainless steel autoclave and then hydrothermally treated at
50 ◦C for 16 h. The resulting precipitate was washed with dis-
illed water to remove impurities. The washed precipitate was
ispersed in a butyl ethanol solution. This mixture was distilled
or 6 h to form a homogeneous InVO4 sol solution. Titanium
etraisopropoxide was hydrolyzed under acidic conditions and
he resulting suspension was dialyzed to pH of ca. 4 and then
orm a transparent TiO2 sol [23]. The sols of InVO4 and TiO2
the initial ratio of InVO4 to TiO2 was fixed at 0.5 wt.%) were
ixed, stirred for 48 h, and then heated to remove solvents.
he resultant xerogels were calcined at 450 ◦C for 3 h, and then
rinded and sieved to obtain particulates of the 0.21–0.25 mm
ize. As a comparison, pure TiO2, InVO4, InVO4/SiO2 and In
or V)-doped TiO2 were also prepared. The synthesis process of
nVO4/SiO2 was similar to that of InVO4/TiO2. In (or V)-doped
atalyst was prepared by dropping the InCl3 (or NaVO3) solution
o TiO2 sols. The post heating treatment process was also similar
o that of InVO4/TiO2. N-doped TiO2 catalyst (TiO2–xNx) was
repared by a dry method [5]. The as-prepared TiO2 sol was
ried at 60 ◦C for 24 h, then heated at 450 ◦C in an alumina tube
eactor under dry NH3 gas flow for 3 h.

.3. Characterization

In this paper, it was the 0.5 wt.% InVO4 in TiO2 that was
sed constantly for the physical characterization. X-ray diffrac-
ion (XRD) analysis was performed using a Bruker D8 Advance
iffractometer with CuK� radiation. The crystallite size of
natase was calculated from the peak half-width by using the
cherrer equation with corrections for instrumental line broad-
ning [24]. The phase content of a sample was calculated from
ransmission electron microscopy (TEM) and high-resolution
ransmission electron microscopy (HRTEM) were recorded on

JEOL 2010F microscope operated at a 200 kV accelerating
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nanocrystalline nature of InVO4/TiO2 as examined by high-
resolution TEM. The fringes appearing in the micrographs allow
for the identification of the crystallographic spacing of TiO2 and
InVO4. The fringes of d = 3.5 Å and d = 2.8 Å observed match
G. Xiao et al. / Journal of Photochemistry an

oltage to elucidate the mesostructure of the samples. Nitrogen
dsorption–desorption isothermals for the specific surface area
nd pore volume of the samples were collected at 77 K using
icromeritics ASAP 2010 equipment. Prior to adsorption exper-

ments, the samples were degassed to 10−5 Torr at 573 K for
h. UV-vis diffuse reflectance spectra (DRS) of samples were

ecorded on a Varian Carry 500 Scan, equipped with an inte-
rating sphere attachment. The reflectance data were converted
o the F(R) values according to Kubelka–Munk theory [26]. X-
ay photoelectron spectroscopy (XPS) analysis was conducted
n a VG Scientific ESCASAB Mark II spectrometer using Al
a as the radiation source (hv = 1486.6 eV). The catalysts were

rushed and pressed into the sample holder on a double-side glue
ape. The samples were degassed and the residual vacuum in the
ample chamber was maintained at 2 × 10−9 Torr during anal-
sis. Charging effects were calibrated by C1s line at 284.8 eV.
ltraviolet photoelectron spectra (UPS) were carried out in an
ltrahigh vacuum (UHV) apparatus of a VG ADES-400 elec-
ron energy spectrometer with a base pressure of <2 × 10−8 Pa.
he apparatus contains an argon-ion gun with a hot filament, a
xed ultraviolet source, and a semispherical deflector analyzer
SDA). The sample stage can be rotated along the polar axis.
he sample was cleaned several times by argon-ion sputtering

1000 eV, 30 min) to remove surface contamination. The UPS
as measured using He I excitation (21.2 eV) and recorded with
constant pass bias of −5 eV. The overall resolution of the mea-

urement is 0.05 eV. All of the measurements are carried out at
mbient temperature. Electron paramagnetic resonance (EPR)
ignals of the radicals spin-trapped by DMPO were recorded
ith a Bruker ESP 300E spectrometer after 3 min irradiation
f methanol or aqueous dispersions (catalyst, 4 g L−1; DMPO,
.05 M). The irradiation source (λ = 532 nm) was a Quanta-
ay Nd:YAG pulsed (10 Hz) laser system. The settings for

he EPR spectrometer were: center field = 3480 G, microwave
requency = 9.79 GHz and power = 5.05 mW. Oxygen adsorp-
ion capacities of InVO4 and InVO4/TiO2 were investigated
y temperature-programmed desorption of oxygen (O2-TPD)
sing a volumetric flow apparatus (Autochem 2910, Micromet-
ics) with helium as a carrier gas. Samples were heated in situ
o 300 ◦C with a heating rate of 10 ◦C/min under a 50 mL/min
00% O2 flow, kept at 300 ◦C for 1 h, cooled to 25 ◦C with a
ate of 2 ◦C/min under flowing O2, and flushed with 50 mL/min
elium for 30 min. The O2 desorption heating rate was 10 ◦C/min
rom 50 to 700 ◦C. The analyses of the desorbed gases were
erformed continuously with a quadrupole mass spectrometer
Balzers OminiStar Thermo 300). For quantitative measure-
ents, the mass spectrometer was calibrated for the O2 signal.

.4. Reactivity measurements

The measurement of photocatalytic activity was carried out
n a fixed-bed quartz reactor with volume of 1 ml and oper-
ted at ambient conditions [23]. The light resource was a

00 W Xe-arc lamp equipped with an IR-cutoff filter and an
V-cutoff filter. The pass-band of the coupled filters was identi-
ed as 450 nm ≤ � ≤ 900 nm by the UV-vis spectrophotometer
escribed above. Organic pollutant (e.g. benzene, toluene, cyclo-

F
a
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exane, acetone or ethylbenzene) fixed at a certain concentration
as supplied by bubbling with oxygen in nitrogen from a
as cylinder, then continually fed to typical 1.2 g of catalyst
t a total flow-rate of 50 cm3 min−1. The temperature of the
eaction was controlled at room temperature by an air-cooling
ystem. The effluent gas was analyzed by an online gas chro-
atograph (HP6890) equipped with a flame ionization detector

FID), a thermal conductivity detector (TCD), and a Porapak R
olumn. The concentrations of organic pollutants and carbon
ioxide were determined by using the FID and TCD detec-
ors, respectively. The gas chromatograph was calibrated using
nown concentrations of reactants and carbon dioxide. Before
n activity measurement, the adsorption/desorption equilibrium
f reactant gas on sample was obtained after 5 h in dark.

. Results and discussion

.1. Textural and optical properties

The N2 adsorption–desorption of the InVO4/TiO2 sample is
ound to be of type IV isotherms, and the pore size distribu-
ion plot shows a narrow pore size distribution with average
ore diameter of 10 nm (Fig. 1). These results indicate that
he InVO4/TiO2 is a mesoporous solid [27]. The BET spe-
ific surface area and pore volume (90 m2/g, 0.28 cm3/g) of the
nVO4/TiO2 are larger than those of the pure TiO2 (62 m2/g,
.21 cm3/g), which suggests that the addition of InVO4 inhibits
he collapse of mesoporous structure during the thermal treat-

ent. In addition, the BET specific surface area and pore volume
f TiO2–xNx is 67 m2/g and 0.22 cm3/g, respectively.

The porous nature of InVO4/TiO2 is also characterized
y transmission electron microscopy as shown in Fig. 2a,
here a interconnected fine particulate morphology is observed,

ndicating the inter-particle porosity [28]. Fig. 2b shows the
ig. 1. Nitrogen-sorption isotherms and the pore size distribution plots for TiO2

nd InVO4/TiO2.



216 G. Xiao et al. / Journal of Photochemistry and Photobiology A: Chemistry 193 (2008) 213–221

Fig. 2. TEM image of InVO4/TiO2 photocataly
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Fig. 3. XRD patterns of InVO4, TiO2 and InVO4/TiO2.

hat of the (101) and (200) crystallographic planes of anatase
iO2 and InVO4 orthorhombic phase, respectively, indicating

he existence of InVO4/TiO2 heterogeneous junctions. Interest-
ngly, this kind of heterogeneous junction has almost not been
bserved for InVO4/TiO2 sample without heat treatment. The
isappearing of such junctions also occurs for the InVO4–TiO2
ample prepared by mechanically mixing. It should be noted that
uch heterogeneous junctions is generally detected during TEM
easurements for InVO4/TiO2 sample with heat treatment. It

eems that the strong interaction between the two composites is
ormed in the thermal treatment process, and this may be one of

he reasons that account for the discrepant photoactivity of the
amples described below.

Fig. 3 shows the XRD patterns of InVO4/TiO2. As a com-
arison, the XRD patterns of the as-prepared pure InVO4 with

i
t
t
e

able 1
he crystal size (D), the weight percentage of the crystal phase (W), and the distance

ample D101 (nm) WA (%) d101 (n

iO2 10.8 62.8 0.3516
nVO4/TiO2 10.7 74.5 0.3516
st, and (b) HRTEM image of the sample.

character of orthorhombic InVO4 (ICSD010431) and the pure
iO2 with main components of anatase (A) and rutile (R) are
lso presented. For the sample with 0.5% InVO4 in TiO2, no dis-
inct peak corresponding to InVO4 is observed. This is because
he amount of InVO4 is so small that it is beyond the detec-
ion of XRD or InVO4 exists in a highly dispersed form in
he porous TiO2 host. In addition, when the amount of InVO4
n TiO2 exceeds 2%, the peaks corresponding to orthorhombic
nVO4 appear. This confirms the existence of InVO4 in TiO2. In
his investigation, the peak at 2θ = 25.4 ± 0.1◦ is considered as
natase (1 0 1), and the peak at 2θ = 27.4 ± 0.1◦ is considered as
utile (1 1 0). The calculated results of the weight percentage of
rystal phase (W) for the samples are shown in Table 1. Obvi-
usly, a decrease in WR value and an increase in WA are detected
or InVO4/TiO2, compared with TiO2. It shows that adding small
mount of InVO4 remarkably suppresses the phase transforma-
ion of TiO2 from anatase to rutile phase. Kozlowski et al. [29]
eported the opposite results relating to phase transformation of
iO2 doped by V element. It might be concluded that the phase

ransformation of InVO4/TiO2 is not due to the V doping. This
mplies that doping V into TiO2 lattice is unlikely in InVO4/TiO2
ample. On the basis of XRD results, the crystal size (D) and
he “d” space values between the crystal planes of InVO4/TiO2
ample were also presented. It shows no distinct changes in the
rystal size and the “d” space values are observed for the anatase
r rutile phase. This confirms that the In or V species doesn’t
ope into the lattice of TiO2.

Fig. 4 shows the UV-visible DRS of the TiO2, InVO4,
nVO4/TiO2 and TiO2–xNx samples. Compared to that
∼400 nm) of pure TiO2, the absorption onset of InVO4/TiO2

s estimated at 540 nm, with a red shift of 140 nm. Obviously,
he absorption of InVO4/TiO2 in the visible light range is due
o the contribution of InVO4. The absorption onset of InVO4 is
stimated at 590 nm corresponding to the band gap of 2.1 eV,

between the crystal planes of TiO2 modified by InVO4

m) D110 (nm) WR (%) d110 (nm)

21.5 37.2 0.3248
21.1 25.5 0.3248
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ig. 4. Visible light absorption spectra of TiO2, InVO4, InVO4/TiO2 and
iO2–xNx.

hich is in agreement with the previous report [19]. As a result

f the modification of InVO4 to TiO2, it seems that InVO4 may
hotosensitize TiO2 in visible light. This permits the novel pho-
ocatalyst to respond to a wide range of solar spectrum. This
ight-responsive range is much wider than that of TiO2–xNx pho-

c
l

Fig. 5. X-ray photoelectron spec
tobiology A: Chemistry 193 (2008) 213–221 217

ocatalyst (<500 nm), which well agrees with the reported value
or the N-doped TiO2 system [5].

.2. Surface chemical composition and electronic state

XPS analysis was carried out to determine the surface chemi-
al composition of the catalysts and the valence states of various
pecies present therein. The XPS measurement also confirms the
ncorporation of InVO4 with TiO2 (Fig. 5). The analysis of the
n3d and V2p core lines of the as-prepared sample clear indi-
ates the presence of In3+ and V5+ oxidation states (445.0 eV and
52.6 eV for In3d, 516.7 eV and 524.4 eV for V2p) [30]. This
uggests no changes of the oxidation state of In and V occur at
he surface during the thermal treatment of InVO4/TiO2 sam-
le. Moreover, the core lines of Ti2p are fixed at 458.9 eV and
65.0 eV for both TiO2 and InVO4/TiO2, and no shift of the Ti2p
ore lines is detected for the InVO4 doping, implying no strong
nteraction among Ti, In and V atoms of InVO4/TiO2.

.3. Determination of electronic band position
Theoretically, the electronic structure of InVO4 had been
alculated by density functional theory [19]. The DFT calcu-
ations revealed that the conduction band of InVO4 consists of

tra (XPS) of InVO4/TiO2.
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Fig. 6. (a) Ultraviolet photoelectron spectra (UPS) of InVO4 (a), TiO2 (b) and
InVO4/TiO2 (c). (b) Position of the ECB and EVB for TiO2 and InVO4 on the
absolute vacuum energy scale and with respect to normal hydrogen electrode
(NHE). The relationship between the absolute vacuum energy (E ) and the
n
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Table 2
Band energies of InVO4, TiO2 and InVO4/TiO2 by UV-visible DRS and UPS

Sample EBG (eV) EF (eV) EVB (eV) ECB (eV)

InVO4 2.1 −4.5 −5.7 −3.6
T
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CO evolution in the blank test (no photocatalyst) under visi-
abs

ormal electrode potential (E◦) is expressed as follows: Eabs = −E◦−4.44 (at
98 K). E◦(O2/O2

•−) of −0.33 V is taken as a reference.

ybridized orbitals of V3d and In5s, and the valance band (VB)
s composed of 2p orbitals of O atoms. Furthermore, to deter-

ine the possibility of InVO4-sensitized TiO2, UPS is a useful
echnique for this situation [31,32], because the energy bands
or the two composites can be well established. UPS spectra
f InVO4, TiO2 and InVO4/TiO2 measured at sample biases
−5 v) are shown in Fig. 6a. According to the spectrum a, the
alence band maximum (EVB) of InVO4 is located at ca. −5.7 eV
versus vacuum) determined by fitting a straight line into the
eading edge. The secondary electron onset (SO) on the right
ide of the spectrum is 16.7 eV. The work function of InVO4
as calculated to be 4.5 eV by subtracting the SO position of
he He I UPS spectrum from the excitation energy (21.2 eV).
he corresponding Fermi level (EF) is located at −4.5 eV (ver-
us vacuum). Determined by the UV-visible DRS, the value of

b
t
a

iO2 3.0 −4.2 −7.0 −4.0
nVO4/TiO2 2.3 −4.2 −6.4 −4.1

and gap (EBG) is 2.1 eV for InVO4. Therefore, the conduction
and minimum (ECB) of InVO4 is located at ca. −3.6 eV (versus
acuum). Similarly, the value of EBG, EVB, EF and ECB deter-
ined by UV-visible DRS and UPS are summarized in Table 2.
he results reveal that the ECB of TiO2 is located at −4.0 eV

versus vacuum), which is more negative than that of InVO4.
Fig. 6b) Obviously, the difference of ECB between InVO4 and
iO2 allows the transfer of electron from the CB of InVO4 to that
f TiO2, making the InVO4 an efficient ‘electron pump’ for the
ntrinsic visible-light-sensitization of TiO2. As expected, based
n the EBG value of 2.3 eV from UV-visible DRS, the result of
PS for InVO4/TiO2 indicates that and the apparent ECB and
VB of InVO4/TiO2 are −4.1 eV and −6.4 eV (versus vacuum),

espectively. On the basis of the relationship between the abso-
ute vacuum energy (Eabs) and the normal electrode potential
E◦), the apparent ECB of InVO4/TiO2 is −0.34 V (versus NHE),
hich is almost the same as that of E◦(O2/O2

•−) (−0.33 V
ersus NHE) [33]. Therefore, it is possible for the adsorption
xygen to capture electron from the CB of InVO4/TiO2, result-
ng in an active oxygen species (O2

•−), subsequently leading to
OCs decomposition.

.4. Photocatalytic activity

Fig. 7 displays the visible light activity of InVO4/TiO2 for
ecomposing benzene in air. The result demonstrates the high
hotocatalytic performance and the good stability in the photo-
atalytic process. The conversion of benzene and the production
f CO2 are observed at steady state after ca. 1 h of illumina-
ion (Fig. 7a). The reaction was allowed to continue for 12 h
nd the InVO4/TiO2 generated 147.5 × 10−3 mol of CO2 per
ram of catalyst, by photodecomposition of 77.5 × 10−3 mol of
enzene in air. The catalyst turnover number recorded within
2 h works out to be 11.8 mol (CO2) per mol (InVO4/TiO2),
ndicating that the observed benzene photooxidation is indeed
atalytic. It is noted that the benzene oxidation isn’t stoichiomet-
ic, suggesting that the benzene with stable aromatic structure
s partially oxidized. The experiment was also carried out for
ve runs to examine the stability of the catalyst under visible

ight irradiation as shown in Fig. 7b. In the first run, the photo-
atalytic conversion of benzene was 48.7%, and the amount of
O2 produced from the reactions was up to 188 ppm. When the

teady state was reached, the conversion was maintained at ca.
6.5% for the following four runs, and the production of CO2
as ca. 180 ppm. Additionally, no benzene degradation and no
2
le light irradiation, confirmed that the decompositions of the
ypical environmental pollutant occurred through photocatalysis
nd that it self-photolysis could be neglected.
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Fig. 7. (a) Photodegradation of benzene (215 ppm) on InVO4/TiO2(a) under
visible light irradiation. The activity of TiO2–xNx(b), InVO4(c), TiO2(d) and
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and the production of CO2 are measure at steady state after PCO
for 12 h. The photocatalytic conversion of cyclohexane, ethyl-
benzene, toluene and acetone are 62%, 64%, 57% and 31%,
respectively. The corresponding CO2 produced are 366 ppm,
nVO4/SiO2 (e) samples are also measured for comparison. (b) Photodegradation
f benzene (215 ppm) on InVO4/TiO2 photocatalysts during repetition operation
pon visible light irradiation.

To further understand the photocatalytic performance of
he InVO4/TiO2 catalyst, the nitrogen-doped TiO2 (TiO2–xNx)
isible light photocatalyst was chosen for a comparison. Notice-
bly, complete deactivation was rapidly observed during the
hotocatalytic degradation of benzene, resulting in the sample
iscoloration from yellowish to chocolate brown (Fig. 7a). It
hows that some reaction intermediates are strongly adsorbed on
he catalyst surface and make it deactivated. On the contrarily, no
eactivation and discoloration were observed for InVO4/TiO2 of
ark red even after the catalyst was evaluated for 60 h.

As a comparison, measurements were also carried out to
tudy the activity of pure TiO2, InVO4 and InVO4/SiO2 under
isible light irradiation (Fig. 7a). As a result, no degradation
f benzene was observed in these cases. It implies that no
hotocatalytic degradation of benzene takes place on TiO2 or
nVO4 alone. Moreover, no photocatalytic activity under visi-
le light irradiation can be found when testing the activity of
n2O3/TiO2, V2O5/TiO2, (In2O3–V2O5)/TiO2 towards benzene
ecomposition. In addition, there is no decomposition of ben-

ene occurred when mixing the two powders of pure TiO2 and
nVO4 together simply. These results suggest that the interaction
f InVO4 with TiO2 is required to activate TiO2 for visible light
hotocatalysis and which contributes to the high activity and
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urability of InVO4/TiO2 for organic decomposition. We also
ound that the InVO4/TiO2 must be sintered at temperatures
etween 300 ◦C and 500 ◦C for achieving high photocatalytic
erformance under visible light irradiation. The optimum sin-
ering temperature was 450 ◦C. Certainly, a high temperature is
mportant for the strong interaction between InVO4 and TiO2,
hich is in favor of photogenerated-carrier transfer. However,

he specific surface area of InVO4/TiO2 will also decrease for
he increasing temperature. Compared with the sample sinter at
00 ◦C, the BET specific surface area of InVO4/TiO2 remark-
bly decreases to 53 m2 g−1. This may lead to a decrease in
hotocatalytic performance.

The effect of InVO4 concentration in TiO2 on the visible light
ctivity of InVO4/TiO2 was also investigated towards benzene
egradation (Fig. 8). In the absence of InVO4, the conversion
as zero. The best concentration of InVO4 is 0.5%. The activ-

ty of InVO4/TiO2 gradually decreased when the concentration
f InVO4 was increased from 0.5 to 10%, at which the photo-
atalyst was virtually inactive for benzene decomposition. The
ame trend can be found when photocatalytic activity is mea-
ured for ethylene or other organic pollutants. It is known that
n ideal sensitizer should be homogeneously attached to the
emiconductor surface as small particles [34]. Such directly con-
ected sensitizers are more effective in injecting electrons into
he semiconductor as compared to those in outer layers. When
he concentration of InVO4 is 0.5%, InVO4 is highly dispersed
n the high-surface-area TiO2 as small nanoparticles, as indi-
ated by the absence of XRD signal in the sample. When the
oncentration of InVO4 increases, more and more TiO2 will be
hielded by the overgrowth InVO4. Since the pure InVO4 is inac-
ive toward benzene degradation, the shielding effect may cause
he reduction in the photosensitization efficiency of InVO4.

InVO4/TiO2 photocatalyst also exhibited good photocatalytic
erformance for other VOCs degradation under visible light irra-
iation. As shown in Fig. 9, the conversion of the target reactants
ig. 8. Photocatalytic conversion of benzene on visible-light-driven
nVO4/TiO2 as a function of InVO4 concentration in the catalyst.
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ig. 9. Photooxidation of other VOCs on InVO4/TiO2 irradiated by visible light:
a) cyclohexane (250 ppm), (b) ethylbenzene (200 ppm), (c) toluene (200 ppm)
nd (d) acetone (500 ppm).

96 ppm, 154 ppm and 166 ppm, respectively. Similarly, no
eactivation was detected on the InVO4/TiO2 photocatalyst. In
ddition, no obvious degradation of the target reactants can be
lso detected on InVO4 samples.

.5. Photochemical processes

In general, it is known that the photocatalytic reactions pro-
eed mainly by the contributions of active oxygen species,
uch as O2

•−, OH• and H2O2 [2,35,36]. Particularly, since the
eaction ability of OH• is high enough to attack any organic
olecules, it has been assigned as a key species in the mineral-

zation of many hazardous chemical compounds. Thus, to probe
he nature of the reactive oxygen species generated during the
isible light irradiation of InVO4/TiO2 system, EPR spin-trap
echnique (with DMPO) is used to monitor the intermediate
adicals in the system. It has been reported that the superoxide
adical anion (O2

•−) remains stable in methanol medium and
he hydroxyl radical (OH•) can be detected in aqueous medium
37]. Consequently, the EPR spectra of DMPO–O2

•− and
MPO–OH• adducts were investigated in irradiated methanol

nd aqueous dispersions, respectively.
Firstly, we recorded EPR spectra for pure TiO2 and InVO4

lluminated with visible light (532 nm), respectively. Neither
MPO–O2

•− nor DMPO–OH• adducts are detected by EPR
or the TiO2 or InVO4 alone. Since the optical absorption edge
f TiO2 is 387 nm, the visible light (532 nm) cannot induce the
ormation of reactive radicals such as O2

•− and OH•. Compared
ith TiO2, the narrower band-gap of pure InVO4 can be activated

heoretically by the visible light as shown in reaction 1. However,
t seems that the separation of photoinduced electron-hole pairs
n pore InVO4 is too inefficient to generate enough superoxide
adical anion for EPR detection. This is also supported by our
xperiment that InVO4 are virtually inactive for the degradation
f benzene under visible light irradiation (Fig. 7a).
Interestingly, in the case of InVO4-sensitized TiO2, six char-
cteristic peaks of the DMPO–O2

•− adducts are observed as
hown in Fig. 10. No such signals were detected in the dark or
he blank test. As known above (Fig. 6 and Table 2), CB potential

1
o
n
t

ig. 10. EPR spectra of radical adducts with DMPO in InVO4/TiO2 dispersions:
a) DMPO-O2

•− formed in irradiated methanol dispersions; (b) DMPO-•OH in
rradiated aqueous dispersions; (c) sample in methanol or aqueous dispersion
efore irradiation.

f InVO4 is ca. −0.84 (V versus NHE), whereas the CB poten-
ial of TiO2 is ca −0.44 (V versus NHE). These data point to
n interfacial electron-transfer process between the InVO4 and
iO2 particles. The TiO2 may act as an active center for hinder-

ng the recombination of photoinduced electron-hole pairs and
ransfers electron to absorbed oxygen through its CB, subse-
uently resulting in a yield of O2

•− radicals (reactions 2 and 3).
he EPR analysis confirmed that O2

•− radicals are formed much
ore efficiently on InVO4/TiO2 than on naked InVO4 alone.
ertainly, since the bottom of CB in InVO4 locates more neg-
tive than that in TiO2, the photogenerated electrons in InVO4
ay directly reduce the absorbed oxygen to form O2

•− radicals.
owever, compared to the absorption of oxygen for InVO4/TiO2

17.5 mL g−1), the quantity of oxygen absorbed on pure InVO4 is
ery small (0.2 mL g−1). Moreover, the concentration of InVO4
n the surface of InVO4/TiO2 is poorly low (0.5 wt.%), so little
xygen is absorbed on the InVO4 particles. It means the pro-
uction of O2

•− radicals are inefficient for the electron transfer
etween the CB of InVO4 and its absorbed oxygen, which agrees
ell with the result of EPR analyses. Namely, the O2

•− radicals
ound in the InVO4/TiO2 photocatalytic system may be formed
y the injected electron to oxygen through the CB of TiO2.

nVO4 + hv → InVO4(h+ + e−) (1)

nVO4(h+ + e−) + TiO2 → InVO4(h+
VB) + TiO2(e−

CB)

(2)

iO2(e−
CB) + O2 → TiO2 + O2

•− (3)

Moreover, the DMPO–OH• adducts with the characteristic

:2:2:1 quartet pattern (αN = βH = 1.48 mT [38,39]) were also
bserved for InVO4/TiO2 in the EPR experiments. In addition,
o such signals were also detected in the dark or the blank
est. Noted that it is too weak for the hole (h+

VB) of InVO4



d Pho

(
c
i
m
A
d
I
(
t
f

O

2

H

I

H
I
p
d
i
t
p
t
I

4

m
f
b
u
p
s
l
o

A

S
a
M
F
P

R

[

[

[

[

[

[
[
[
[

[

[
[

[

[
[
[
[

[

[
[
[

[

[

[

[

[

[

G. Xiao et al. / Journal of Photochemistry an

+1.26 V versus NHE) to oxide hydroxyl to form OH• radi-
al (E0

OH•/OH− = +2.38 V versus NHE [33]) under visible light
rradiation. It is proposed that the generation of OH• radical

ay originate from O2
•− radical as below (reactions 4 and 5).

lthough, it is impossible to generate OH• radical through the
irect oxidation of oxide hydroxyl, the photogenerated hole in
nVO4 can easily activate some unsaturated organic pollutants
e.g. benzene), leading to a subsequent decomposition. Cer-
ainly, the hole (h+

VB) of InVO4 can also consume O2
•− to

orm O2 (reaction (6)).

2
•− + TiO2(e−

CB) + 2H+ → TiO2 + H2O2 (4a)

O2
•− + 2H+ → O2 + H2O2 (4b)

2O2 + TiO2(e−
CB) → OH• + OH− + TiO2 (5)

nVO4(h+
VB) + O2

•− → InVO4 + O2 (6)

In this way, active oxygen species (O2
•−, OH• and

2O2) are generated from the sensitization of TiO2 with
nVO4, subsequently leading to the oxidation of organic com-
ounds. Obviously, the photosensitizer of InVO4 distinctly
iffers from the traditional organic dyes, which are known to
nevitably lose their visible-light-responsive functions due to
he self-photocorrosion or self-photodegradation. In the case of
hotosensitization with InVO4, high visible-light-induced pho-
ocatalytic activity and superior stability can be observed on
nVO4/TiO2 catalyst.

. Conclusions

When modified by small quantities of InVO4 (0.5 wt.%), the
esoporous TiO2 catalyst is a stable and relative efficient system

or the visible light photodegradation of VOCs. The good dura-
ility of the photocatalysts is due to the stable sensitizer of InVO4
nder visible light irradiation. The relative high photocatalytic
erformance of InVO4/TiO2 is interpreted by the generation of
uperoxide radical anion (e.g. O2

•− and OH•) under visible
ight irradiation, thereby leading to the efficient decomposition
f VOCs.
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