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bstract

Novel Ag/InVO4–TiO2 composite thin films were synthesized via a sol–gel method in order to elucidate their visible-light-driven photo-catalytic
erformance. A wide range of techniques, such as X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), X-ray photo-
lectron spectroscopy (XPS), UV–vis absorption spectroscopy (UV–vis) and electron spin resonance (ESR) were applied to characterize the
btained composite thin films. The results revealed that the Ag/InVO4–TiO2 thin films extended the light absorption spectrum toward the visible
egion. Visible-light-induced photo-catalytic degradation of aqueous methyl orange (MO) and gaseous formaldehyde over Ag and InVO4 co-doped

2−
iO2 thin films was observed. CO2 and SO4 were detected in the products of formaldehyde and methyl orange, respectively, indicating that
ormaldehyde and methyl orange were mineralized over the Ag/InVO4–TiO2 films under visible light. The effects of doped noble metal Ag by
cting as electron traps and InVO4 as a narrow band gap sensitizer in the Ag/InVO4–TiO2 films were also discussed. This study may provide an
pproach to treatment of organic pollutants by using visible light.

2006 Elsevier B.V. All rights reserved.

h
t
[
s

c
T
t
l
t
F
n
h
p

eywords: Thin films; Ag/InVO4–TiO2; Visible light; Photo-catalytic activity

. Introduction

Titanium dioxide has attracted great interest for its potential
ses in catalysis [1], high selective adsorbents, photo-electrodes
2–4], photo-catalysts [5,6], gas sensors [7] and so on. Espe-
ially, the scientific interests in the photo-catalytic degradation
f organic pollutants have grown quickly in the decade [8], TiO2
as undoubtedly proven to be an excellent photo-catalyst for the
xidative decomposition of many organic compounds [9–11].

Although the process of UV irradiated TiO2-photo-catalyzed
egradation of organics proved to be a fascinating solution to
his problem, the relatively wide band gap of 3.2 eV limits
urther applications of the material in the visible-light region
λ > 400 nm). For the efficient utilization of visible light, the

evelopment of visible-light-induced photo-catalysts for organ-
cs photo-degradation has become an urgent issue from the
iewpoint of using solar energy. In order to endow the TiO2 with
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igher photo-catalytic efficiency under visible-light illumina-
ion, numerous methods including transition metal or non-metal
12–15] doped TiO2 and dye [16,17] or metal complex [18] sen-
itized TiO2 have been developed.

Co-doped TiO2 is also effective for enhancing the photo-
atalytic activity. Li et al. [19] prepared the N–F-codoped
iO2 photo-catalyst by spray pyrolysis method; they found that

he N–F–TiO2 photo-catalyst demonstrated the highest visible-
ight activity for the decompositions of both acetaldehyde and
richloroethylene, being much higher than that of N–TiO2 and
–TiO2. Hua et al. [20] synthesized the Pt and N co-doped TiO2
ano-photo-catalyst, and found that the Pt/N–TiO2 possessed
igh catalytic activity in the visible-light region. Wei et al. [21]
repared the La and N co-doped nano TiO2 with high visible-
ight photo-activity. Alternative approach achieving visible-light
hoto-activity is to couple TiO2 by using a narrow band gap
emiconductor such as CdS [22,23], WOx [24,25], Bi2S3 [26],

nO2 [27] and V2O5 [28], which have higher conduction band
CB) than TiO2.

As a new type of semiconductor, InVO4 has attracted inter-
st for its special electrochemical and photo-catalytic proper-
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ies. Very recently, calculated by first principles calculations,
nd supported by experiments, InVO4 has become a promising
hoto-catalyst with a narrow band gap (Eg = 2.0 eV), which is
ble to induce hydrolysis of water molecules under visible-light
rradiation [29–31]. It would be desirable to estimate that the
nVO4–TiO2 composite photo-catalyst may be excited by visi-
le light and used as new visible-light-induced photo-catalysis.
he noble metals such as Pt [32] and Au [33] deposited or doped
n the TiO2 have high Schottky barriers among the metals and
hus act as electron trips, facilitating electron–hole separation
nd promoting interfacial electron transfer process [34]. More-
ver, surface plasmon resonances of noble metal particles, which
an be excited by visible light, increase the electric field around
etal particles and thus enhance the surface electron excitation

nd electron–hole separation on noble metal-doped TiO2 parti-
les [35,36].

However, most of studies reported the powdered TiO2 used
s photo-catalyst under visible-light irradiation, the application
f TiO2 powder is limited since a post-treatment separation is
equired to recover the catalyst. Some works reported the doping
f TiO2 with nitrogen, such as the synthesis of TiO2−xNx films by
puttering of TiO2 precursor under a nitrogen/argon gas mixture
37,38]; however these methods need expensive equipments and
omplex procedures.

In this study, we report a new simple method for the prepa-
ation of Ag and InVO4 co-doped TiO2 photo-catalytic thin
lms by the sol–gel method. The InVO4 samples were syn-

hesized by the hydrothermal method at low temperature of
50 ◦C. The InVO4–TiO2 composite thin films were prepared
n glass slide substrates with the aim of extending the light
bsorption spectrum toward the visible region. To promote
lectron–hole separation and efficiency of photo-catalytic reac-
ion, the noble metal Ag from AgNO3 solution was doped into
he InVO4–TiO2 composite thin films. The Ag/TiO2 and TiO2
hin films were also prepared to be compared with the co-
oped thin films. The photo-catalytic activity of the obtained
hin films was evaluated by the photo-catalytic degradation of
queous methyl orange and gaseous formaldehyde. To the best
f our knowledge, this is the first report showing the prepara-
ion and visible-light photo-catalytic activity of Ag/InVO4–TiO2
lms deposited on glass slide substrates via the sol–gel method.
his work may provide new insights into the preparation
f highly photo-active TiO2 thin films under visible-light
rradiation.

. Experimental

.1. Chemicals

Indium chloride (InCl3) and ammonium metavanadate
NH4VO3) were used as precursors of indium vanadate (InVO4).
itanyl sulfate (TiOSO4) was chosen as a Ti precursor. Silver
itrate (AgNO3) was used as a source of Ag dopant. Indium

hloride (InCl3), ammonium metavanadate (NH4VO3), titanyl
ulfate (TiOSO4), silver nitrate (AgNO3), hydrogen peroxide
H2O2, 30%) and ammonia solution (NH3·H2O, 3 mol/l) used
n the experiment were all analytical reagent grade.

d
m
X
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.2. Synthesis of orthorhombic InVO4

A typical synthesis of InVO4 was conducted in the follow-
ng way: InCl3 and NH4VO3 were first dissolved with distilled
ater respectively, the as-prepared InCl3 solution with a con-

entration of 0.5 ml/l was put into a beaker, and then was slowly
dded the 0.5 ml/l NH4VO3 solution until the mole ratio of In3+

o VO3
− reached 1:1; continual magnetic stirring was required to

eep the reactant mixed uniformly, the pH value of the solution
eing adjusted to about 7 with ammonia solution. After that, the
btained sol was placed in a 150 ml stainless steel autoclave; the
emperature of hydrothermal reaction was 150 ◦C for 4 h (tem-
erature was raised at a heating rate of 1◦/min). The obtained
hite slurry was centrifuged and washed with distilled water

or three to five times to remove the remaining Cl− and NH4
+.

inally the sample was dried in a drying cabinet at 60 ◦C.

.3. Preparation of Ag/InVO4–TiO2 thin films

The method of Ag/InVO4–TiO2 sol preparation is as follows:
0.1 mol/l refluxed PTA sol (RS) was prepared by adding 50 ml
0% H2O2 to 450 ml dispersed white precipitate [Ti(OH)4],
hich was then refluxed at 100 ◦C for 6 h according to the liter-

ture [39]. The obtained RS sol was mixed with certain amount
f an as-prepared InVO4 sample and AgNO3 solution to form
he various doping amounts of Ag/InVO4–TiO2 sols.

Glass slides were used as substrates. Before the deposition,
ubstrates were ultrasonically cleaned in dilute HNO3, acetone
nd absolute ethanol for 30 min, respectively. Finally, they were
horoughly rinsed with distilled water. TiO2 thin films were
eposited on the substrates by a dip-coating process at room
emperature. The substrates were immersed into the as-prepared
g/InVO4–TiO2 sol for 10 min. Upon withdrawal from the sol,

he substrates were dried under infrared light at 60 ◦C for 30 min.
fterward, the substrates were ultrasonically rinsed with water

nd then the dried films were calcined at 500 ◦C for 30 min in air.
he layers on substrates could be thickened by means of con-
ecutive dip-coating processes. In such cases, substrates were
nly ultrasonically rinsed with water and dried at the end of the
hole deposition process. The TiO2, Ag/TiO2 and InVO4–TiO2

hin films were also prepared by following the same procedure.

.4. Characterization

The crystal structure of the samples was investigated by using
-ray diffraction (Rigaka D/max 2500v/pc X-ray diffractome-

er) with Cu K� radiation at a scan rate of 0.1◦ 2θ S−1. The accel-
rating voltage and the applied current were 40 kV and 40 mA,
espectively. The crystallite size was calculated from X-ray line
roadening by Scherrer equation: D = 0.89λ/β cos θ, where D is
he crystal size in nm, λ is the Cu K� wavelength (0.15406),

is the half-width of the peak in radians and θ is the corre-
ponding diffraction angle. The morphology of the samples was

etected by using a JEOL JSF-6700F field emission scanning
icroscopy (FE-SEM) with an accelerating voltage of 10 kV.
-ray photo-electron spectroscopy (XPS) measurements were
one on a PHI Quantum 1600 XPS instrument with a monochro-



7 ataly

m
p
c
t
m
G
a
v
c
q
o
s
7

2

fi
h
t
w
w
p
u
r
o
l
3
a
l
c
p
a
l
c
s
4
s

m
g
o
(
e
fi
t
P
s
f
r
b
i
i
c
T
a
D

3

3

T
F
i
a
p
o
m
e
d

s
3
(
planes (JCPDS 21-1272) [41], respectively, which indicates that
the TiO2 sample exist in the form of anatase phase after cal-
cined at 500 ◦C. No extra peaks except for the TiO2 anatase are

Fig. 1. XRD patterns of the InVO4 samples prepared from hydrothermal method.
0 L. Ge et al. / Journal of Molecular C

atic Mg K� source; the analyses were based on the following
eaks: C1s, O1s, Ti2p, In3d, V2p. The binding energy scale was
alibrated with respect to C1s peak of hydrocarbon contamina-
ion of 284.6 eV. The electron spin resonance spectra (ESR) were

easured using an EMX-6/1 spectrometer (Bruker Analytik
MBH, Germany) in air under visible light (λ > 400 nm) irradi-

tion. A 150-W Xe lamp with a 400 nm cut filter was used as the
isible-light source. The setting for the ESR spectrometer were
enter field, 323.66 mT; sweep width, 25 mT; microwave fre-
uency, 9.075 GHz; power, 450 �W. The UV–vis spectroscopy
f the Ag/InVO4–TiO2 thin films were recorded on a UV–vis
pectrophotometer (Exact Science Apparatus Ltd. of Shanghai
230G).

.5. Photo-catalytic activity

The visible-light photo-catalytic activities of the as-prepared
lms were evaluated by decomposition of gaseous formalde-
yde and methyl orange in an aqueous solution at ambient
emperature. The photo-catalytic degradation of formaldehyde
as carried out in a 300 ml self-made cylindrical iron vessel,
hich consisted of an inlet, an outlet, and a sample port. Two
ieces of the films samples were tested in the vessel perpendic-
lar to the light beam. The optical system for the photo-catalytic
eaction was composed of a 15 W energy saving lamp and a cut-
ff filter (λ > 400 nm). The distance between the films and the
ight source was 10 cm, where the average light intensity was
0 mW cm−2. The gaseous formaldehyde in the contaminated
tmosphere was obtained by the vaporization of formaldehyde
iquid using the predetermined flow rate controlled by mass flow
ontrollers. The mixture was then forced to flow through the
hoto-reactor for 30 min. Then, the photo-reactor was sealed
nd the photo-catalytic reaction was started by turning on the
amp. Subsequently, the concentration of formaldehyde and the
arbon dioxide (CO2) in the photo-reactor, obtained from the
ample port, was measured with a gas chromatograph (GC-
009A) equipped with a flame ionization detector and a stainless
teel column (Porapak R).

Experiments on photo-catalytic degradation of aqueous
ethyl orange were as follows: two pieces of 25 mm × 75 mm

lass plate coated with films were settled into a 30 ml methyl
range aqueous solution with a concentration of 10 mg/l
30.56 �mol/l) in a 100 ml cylindrical glass reactor. A 15 W
nergy saving lamp was used as a light source. A cut-off
lter (λ > 400 nm) was placed under the lamp. One face of

he TiO2 thin films was irradiated along the normal direction.
rior to photo-catalytic reaction, the methyl orange aqueous
olution with TiO2 thin films was kept in a dark condition
or 20 min to establish an adsorption–desorption equilib-
ium. The concentration of methyl orange was determined
y UV–visible spectrometry. UV–vis absorption spectra of
rradiated samples were measured every 3 h. The changes
n concentrations of methyl orange were estimated from the

hanges in absorbance of the absorption maximum at 500 nm.
he product of methyl orange degradation was determined by
n ion chromatograph with a conductivity detector (Dionex,
X-100).

F
I

sis A: Chemical 258 (2006) 68–76

. Results and discussion

.1. XRD patterns analysis

XRD is used to investigate the phase structures of the samples.
he XRD pattern of the as-prepared InVO4 sample is shown in
ig. 1. The X-ray diffraction peaks in Fig. 1 are correspond-

ng to the orthorhombic phase of InVO4 (JCPDF 48-0898) [40],
nd no other peaks are observed, indicating that the InVO4 sam-
le prepared by the hydrothermal method has absolutely the
rthorhombic phase. The peak at 32.9◦ was used to calculate the
ean crystallite size. The crystal size of the InVO4 sample is

stimated at about 20 nm calculated by Scherer equation, which
emonstrates that the InVO4 sample consists of nanocrystals.

Fig. 2 presents the XRD patterns of the pure and doped TiO2
amples. In Fig. 2, five distinctive TiO2 peaks are found at 25.3◦,
7.9◦, 48.0◦, 54.6◦ and 62.8◦, corresponding to anatase (1 0 1),
1 0 3, 0 0 4 and 1 1 2), (2 0 0), (1 0 5 and 2 1 1), (2 0 4) crystal
ig. 2. XRD patterns of the TiO2 samples: (a) pure TiO2, (b) Ag–TiO2, (c)
nVO4–TiO2 and (d) Ag/InVO4–TiO2.
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Fig. 3. FE-SEM micrographs of as-prepared samples: (a) TiO2 thin film, (b)

bserved in Fig. 2. This may be due to the small amount of Ag
nd InVO4 dopant (only 0.5 wt.%) and their high dispersion in
amples.

.2. FE-SEM micrographs of the films

Fig. 3 shows the FE-SEM micrographs of the as-prepared
lms. From Fig. 3a, the 500 ◦C heated pure TiO2 films are com-
act and uniform, and no cracks and abnormal large particles
re observed. The sphere particles of about 80–100 nm in diam-
ters are found in the films, which can be attributed to the crystal
rowth and densification during the heating process at 500 ◦C.
hen TiO2 films are doped with the noble metal Ag, the sur-

ace morphologies and roughness of the films are changed and
ecome slightly heterogeneous; some large particles with diam-
ters about 170–200 nm appear. The films become nonuniform
fter InVO4 particles are added; some large particles obviously
ppear. The results of elemental analyses (EDX) showed that
he film samples were uniform and homogeneous. It can be
educed that the large particles may be due to the agglomeration
f nanoparticles in the films during the heat treatment When the
lm is co-doped with Ag and InVO4, some extra large parti-
les with diameters about 300–350 nm appear on the surface of
he films, which can be due to the growth and densification of
opants during the treatment at 500 ◦C in air atmosphere.

The adhesion of the as-prepared films was evaluated by ultra-
onic washing for 3 min and weight measurement. The results
ndicate that adhesion of the obtained films are good, no pow-
ers or fragments broke off from the films during ultrasonic

reatment, and the weight of the films do not change after
he ultrasonic process. To further investigate the adhesion, we
cratched the films ten times using abrasive paper; no fragments
roke off from the composite films, which demonstrated that the

p
o
a
c

iO2 thin film, (c) InVO4–TiO2 thin film and (d) Ag/lnVO4–TiO2 thin film.

dhesion of the films was good enough to be used in the actual
pplications. The strong adhesion between the films and glass
ubstrates may be attributed to the formation of the chemical
onds of Ti O Si at the interface of TiO2 and substrates during
he calcinations. Hence, the heat treatment not only enhanced the
rystallization of TiO2 thin films, but also improved the adhesion
etween the TiO2 thin films and the glass substrates.

.3. XPS studies

The X-ray photo-electron spectroscopy (XPS) was carried
ut to determine the chemical composition of the as-prepared
g/InVO4–TiO2 thin films and the valence states of various

pecies present therein. The XPS results show that the thin films
eposited on glass substrates contain Ti, O, C, In, V and Ag
lements. The photo-electron peak for Ti2p appears clearly at
binding energy of 458.8 eV, that for O1s at 530.6 eV, that for
1s at 284.6 eV, that for In at 444.6 eV, that for V at 515.8 eV
nd that for Ag at 367.7 eV. The peak positions are in agree-
ent with the literature values [41,42]. The XPS peak for C1s

s due to the adventitious hydrocarbon from the XPS instrument
tself.

Fig. 4 shows high-resolution XPS spectra of the four ele-
ents of Ag (0.5 wt.%)/InVO4 (0.5 wt.%)–TiO2 thin films. The

pin–orbit components (2p3/2 and 2p1/2) of Ti2p peak are well
econvoluted by two curves at approximate 458.8 and 465.2 eV,
orresponding to Ti4+ in a tetragonal structure (Fig. 4a). Sim-
larly, the O1s XPS spectrum (Fig. 4b) shows a narrow peak
ith a binding energy of 530.6 eV and slightly asymmetry. This

eak was attributed to the Ti O in TiO2 and H2O or OH groups
n the surface of the sample. Although some H2O is easily
dsorbed on the surface of TiO2 films during deposition pro-
ess, the physically absorbed H2O on TiO2 is easily desorbed
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The thin films deposited on glass slides and calcined at 500 C
are transparent. The corresponding UV–vis absorption spectra
for the as-prepared films are provided in Fig. 5. The UV–vis
spectra of the pure TiO2 films show strong absorption in UV
Fig. 4. High-resolution XPS spectra of the InVO4–TiO2 thin fil

nder the ultrahigh vacuum condition of the XPS system. There-
ore, the hydroxyl on the surface can be attributed to the Ti OH
n the thin films. After heated at 500 ◦C, the TiO2 thin films
till contain a small amount of hydroxyl. This is probably due
o the fact that the films easily adsorb water vapor in air, leading
o the formation of hydroxyl on the films. The In3d5 peak is
entered at 444.6 eV (Fig. 4c), which is different from the peaks
t 444.08 and 445.24 eV assigned to crystalline indium oxide
In2O3) and amorphous indium oxide. Thus the In3d peak can
e assigned to In3+ in InVO4 [42]. The V2p peak is observed
t 516.9 eV (Fig. 4d), corresponding to V5+ [42]. According
o Ref. [29,30], the InVO4 phase is stable when calcined at
emperatures exceeding 800 ◦C. The heating temperature in our
xperiments is only 500 ◦C; therefore, the InVO4 phase is not
estroyed at low temperature of 500 ◦C. The XPS signals in
44.6 and 515.3 eV can be assigned to In3+ and V5+ in InVO4
nstead of In2O3 and V2O5. Fig. 4e shows the characteristic
g3d peak that has a 6.0 eV splitting of the 3d doublet [34].
PS peaks corresponding to Ag+ ion are not found. This result

onfirms the presence of metallic silver doped in the TiO2 films,

hich demonstrated that the Ag species does not react with

nVO4 in the Ag/InVO4–TiO2 thin films, the Ag species and
nVO4 relatively independently in enhance the photo-activity of
iO2 films.

F
t
fi

) titanium, (b) oxygen, (c) indium, (d) vanadium and (e) silver.

.4. UV–vis absorption spectra

◦

ig. 5. UV–vis absorption of the film samples: (a) TiO2 thin films, (b) Ag/TiO2

hin films, (c) InVO4–TiO2 composite thin films and (d) Ag/InVO4–TiO2 thin
lms.
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ight region and little adsorption in visible-light region, while
he other three film samples exhibit red-shift and absorption
eaks in the visible-light region because of the existence of Ag
nd InVO4 dopants in the films. The origin of the absorption of
iO2 thin films in the visible-light region can be attributed to

he glass substrates and surface defects in the pure TiO2 thin
lms. The difference in absorption edge wavelength for the

hin films clearly indicates the band gap of the various sam-
les. To have a quantitative estimate of the band gap energies,
he absorption onsets of the samples were determined by lin-
ar extrapolation from the infection point of the curve to the
aseline. The absorption edge of the Ag/TiO2 films is about
70 nm and the band gap is estimated to be 2.64 eV, while the
dge of the absorption of the InVO4–TiO2 samples is shifted
o approximately 560 nm, corresponding to a band gap energy
f 2.21 eV. The co-doped Ag/InVO4–TiO2 thin films exhibit the
argest visible-light absorption in the four samples, the absorp-
ion edge of the Ag/InVO4–TiO2 thin films has shifted to about
00 nm, corresponding to a band gap energy of 2.07 eV. The
bsorption onset for anatase TiO2 thin films is 385 nm, with
and gap energy of 3.22 eV. The results indicate that visible-
ight absorption of the TiO2 films is enhanced by introducing
g and InVO4, and that the co-doped thin films show the
est visible-light absorption and can be excited by visible light
λ > 400 nm).

.5. ESR spectra

The ESR spectra of Ag and InVO4 co-doped TiO2 sam-
les are shown in Fig. 6. Two signals A and B appeared under
isible-light irradiation on the Ag/InVO4–TiO2 sample in the
resence of oxygen. Signal A consists of a relatively sharp sig-
al at = 2.003 − 2.007. The signal with g1 = 2.024, g2 = 2.009
nd g3 = 2.003 were unambiguously assigned to Ti4+–O2

•−
dsorbed on the surface of anatase TiO2 by some researchers
43,44]. Therefore, we assume that signal A is produced by O2

•−

adical signals on the Ag/InVO4–TiO2 samples. The signal B
ith g value of 1.991 can be assigned to the presence of Ti3+ on

rradiated TiO2 [45]. This strongly suggests an effective transfer
f photo-generated electrons between Ag/InVO4 and TiO2.

ig. 6. ESR spectra of the Ag/InVO4–TiO2 sample after visible-light irradiating
or l h.
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ethyl orange using InVO4–TiO2 composite thin films under visible-light irra-
iation.

.6. Photo-catalytic activity of the films

The photo-catalytic activities of the film samples were eval-
ated by measuring the decoloration of methyl orange (MO)
n aqueous solution under visible irradiation. Temporal changes
n the concentration of MO were monitored by examining the
ariations in maximal absorption in UV–vis spectra at 500 nm.
ig. 7 shows the results of degradation of MO in the presence
f the InVO4 film samples. For comparison, the decoloration of
ure TiO2 thin films is given as well. When the lamp was turned
n, the photo-degradation reaction of MO was initiated. The
ecoloration of MO solution increased with extending irradia-
ion time. As shown in Fig. 4, decoloration of MO is not observed
n the presence of pure TiO2 thin films. However, in the presence
f InVO4–TiO2 thin films, the decoloration of MO obviously
ncreases. The difference in photo-catalytic activity for the sam-
les deposited on glass slide substrates could be ascribed to
he influence of InVO4 dopant on the photo-catalytic activity of
he TiO2 thin films. Among the seven InVO4–TiO2 thin films
ith different InVO4 doping, the 0.5 wt.% InVO4–TiO2 thin
lms exhibit the highest visible-light photo-catalytic activity,

he decoloration rate of methyl orange solution reaching 32.5%
fter irradiated for 15 h. With increasing InVO4 doping amount,
he photo-activity of the samples obviously decreases, which

ay due to the reason that the InVO4 nanoparticles agglomerate
nd do not well disperse when more InVO4 was introduced into
he films. The pure InVO4 does not have photo-activity without
iOx additive [29,30], and these factors have negative influence
n the photo-activity of the films.

To further improve the visible-light photo-activity and inves-
igate the influences of Ag doping on the InVO4–TiO2 thin films,
g was doped into the InVO4–TiO2 thin films with the opti-
al InVO4 dosage of 0.5 wt.%. The decoloration of the aqueous
O with Ag/InVO4–TiO2 thin films under visible-light irradi-

tion is shown in Fig. 8. According to the XPS results, the Ag
pecies exists in the form of metallic silver (Ag0). Therefore,

he role of Ag doping in the Ag/InVO4–TiO2 thin films is sim-
lar to the Ag/TiO2 samples. Compared with the InVO4–TiO2
hin films, most of the Ag/InVO4–TiO2 thin films exhibit signif-
cant increase in the MO photo-decoloration rate. It is found that
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ig. 8. Photo-catalytic degradation of methyl orange using Ag/InVO4–TiO2 thin
lms with different Ag doping amount under visible-light irradiation.

he 1 wt.% Ag content is optimum to achieve the highest effi-
iency, and the composite thin films show a 12.5% increase in the
O photo-decoloration. More contents could be detrimental to

he photo-decoloration efficiency; when the doped Ag content
xceeds 1.5 wt.%, the decoloration efficiency of the co-doped
lm samples is below the InVO4–TiO2 thin films. It may be
xplained by assuming that at the Ag content below its optimum,
he Ag particles doped in the films can act as electron–hole sep-
ration centers. The electron transfer from the TiO2 conduction
and to metallic silver particles at the interface is thermodynam-
cally possible because the Femi level of TiO2 is higher than that
f silver metals [32]. This results in the formation of Schottky
arrier at metal–semiconductor contact region, which enhances
he photo-catalytic activity of the InVO4–TiO2 films. In con-
rast, at the Ag contents above its optimum, the Ag particles can
lso act as recombination centers. Thereby the probability for
he holes capture is increased by the large number of negatively
harged Ag particles on the films at high Ag contents, which
educes the efficiency of charge separation [32,36].

The anion of SO4
2− is one of the main products of the MO

egradation. Table 1 shows SO4
2− concentration in the solution

fter photo-catalytic reaction. After the photo-catalytic reaction
ver pure TiO2 thin films under visible-light irradiation, SO4

2−
on concentration in the solution was null. It was obvious that

O was not decomposed but only somewhat adsorbed on the
lms. A SO4

2− ion concentration of 4.9 �mol/l was detected in
he solution after the photo-catalytic reaction over the 0.5 wt.%
nVO4–TiO2 thin films under visible-light irradiation, which
ndicated that 16% of sulphur from MO was converted to sul-
hate. When the Ag was added into the InVO4–TiO2 samples,

he concentration of SO4

2− ion reached 8.3 �mol/l, indicating
hat 27.2% of the sulphur in MO was degraded. We could deduce
hat MO should have been decomposed to many fragments from

able 1
he Value of SO4

2− and CO2 concentration in the solution after methyl orange
nd formaldehyde degradation under visible-light irradiation

ilm samples TiO2 0.5 wt.%
InVO4–TiO2

1.0 wt.%
Ag/InVO4–TiO2

O4
2− concentration (�mol/l) 0 4.9 8.3

O2 concentration (�l/l) 0 55.1 76.3

e
b
p
t
t
i
c
T
U
a
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ig. 9. Photo-catalytic degradation of formaldehyde on the surface of different
lm samples under visible-light irradiation.

he increase in SO4
2− concentration after the photo-catalytic

eaction.
It is well known that MO dye can absorb the visible light in

he range of 400–600 nm, which is attributed to the ground state
nd excited state of the dye. Thus, the degradation of MO under
isible-light irradiation should be the common effect of the MO
nd film samples, and therefore the observed visible response
ay not reflect the catalytic activity of the films. To resolve this

roblem, we performed another experiment on photo-catalytic
egradation of gaseous formaldehyde under visible-light irra-
iation. Fig. 9 shows the result of the photo-degradation of
aseous formaldehyde on the film samples. The concentration
f produced CO2 is shown in Table 1. The photo-catalytic activ-
ties of doped thin films were much higher than those of the
ure TiO2 thin films. No CO2 was detected in the phtotocat-
lytic products on TiO2 thin films, indicating that the gaseous
ormaldehyde was only adsorbed on the surface of the TiO2 films
nstead of photo-degradation. The degradation rate of formalde-
yde on InVO4–TiO2 and Ag/InVO4–TiO2 thin films reached
9.6 and 50.3%, respectively, and the produced CO2 was also
bserved as shown in Table 1. Therefore, the visible-light photo-
atalytic activity of the InVO4–TiO2 and Ag/InVO4–TiO2 thin
lms was confirmed in this study, the photo-catalytic activity of

he InVO4–TiO2 sample was enhanced after doped with noble
etal Ag.

.7. Photo-catalytic mechanism of the Ag/InVO4–TiO2 thin
lms

Using two semiconductors in contact having different redox
nergy levels of their corresponding conduction and valence
ands can actually be considered as one of the most important
romising methods for improving charge separations, increasing
he lifetime of charge carriers, and enhancing the efficiency of
he interfacial charge transfer to adsorbed substrate. For efficient
nterparticle electron transfer between the semiconductor that is
onsidered as a sensitizer and TiO2, the conduction band of

iO2 must be anodic than the corresponding band of sensitizer.
nder visible-light irradiation, only the sensitizer is excited,

nd electrons generated to their conduction band are injected
nto the inactivated TiO2 conduction band. In our experiments,
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been confirmed that Ag/InVO –TiO thin films could be excited
Fig. 10. Energetic diagrams of InVO4 and TiO2.

he methyl orange and formaldehyde can be photo-degraded by
ntroducing InVO4 nanoparticles into the TiO2 thin films under
isible-light irradiation. The ESR result indicates that the elec-
rons from excited InVO4 are injected into the conduction band
f TiO2 and then scavenged by molecular O2 to yield the super-
xide radical anion O2

−. Based on the facts mentioned above,
he interparticle electron transfer between InVO4 and TiO2 semi-
onductor system is deduced in this paper.

Fig. 10 depicts the valence and conduction bands for InVO4
29] and TiO2 with their band gap energy. The conduction band
f InVO4 is more cathodic than that of TiO2. In general, the
ifference in conduction bands between two semiconductors
s the driving forces of electron injection. In the system of
g/InVO4–TiO2, the InVO4 can be excited and the excited elec-

rons generate in the conduction band of InVO4 and are quickly
ransferred to a TiO2 particle from the InVO4 particle under
isible-light irradiation since the conduction band of InVO4 is
ore negative than that of TiO2 as shown in Fig. 10. The anatase
iO2 is coupled by interparticle electron transfer from irradiated
nVO4 nanocrystals to its conduction band. The electrons are
hen scavenged by molecular oxygen O2 to yield the superoxide
adical anion O2

−. Thus formed intermediates can interreact to
roduce hydroxyl radical ·OH. In addition, the holes remaining
n the InVO4 valence band after migration of excited electrons
an also react with the hydroxyl groups (OH−) to form •OH. It
s well known that the •OH radical is a powerful oxidizing agent
apable of degrading most pollutants. The transfer of charge
hould therefore enhance the photo-oxidiation of the adsorbed
rganic pollutants.

When the metallic Ag is doped into the films, the Ag particles
an act as electron traps facilitating the electron–hole separation
nd subsequent transfer the trapped electron to the adsorbed O2
cting as an electron acceptor [34] on the surface of the TiO2
nd InVO4 as illustrated in Fig. 11. At the same time, more MO
olecules are adsorbed on the surface of the composite thin films

han on the TiO2 samples, enhancing the photo-excited electron
ransfer from the visible-light sensitized MO to the conduction
and of and subsequently increasing the electron transfer to the
dsorbed O2.

It has been reported that the surface plasmon resonance of

ome noble metals and complexes on TiO2 is excited by visi-
le light [43–46], enhancing the surface electron excitation and
lectron–hole separation, such as the Au–TiO2 [36] and Pt–TiO2

b
I
A

ig. 11. Redox process of the valence and conduction bands of Ag/InVO4–TiO2

hin films samples under visible-light irradiation.

35], the excitation of plasmon resonance may contribute to the
nhancement in the photo-catalytic under visible-light irradia-
ion, In this experiment, we deduced that the Ag dopant may
lay another role in enhancing the visible-light photo-activity of
he Ag/InVO4–TiO2 composite thin films as shown in the left of
ig. 9. The acceptor surface state forms in the forbidden band
f TiO2 because of the Ag doping. The electron in the valence
and of TiO2 can be excited by visible light and migrate into
he Ag particles, and then the doped Ag reach surface excitation
tate. The electrons on the surface of the excited Ag particles
an react with molecular oxygen O2 to produce the superoxide
adical anion O2

−. Thus formed intermediates can interact to
roduce hydroxyl radical •OH. Similarly, the holes remaining
n the TiO2 valence band after migration of excited electrons can
lso react with the hydroxyl groups (OH−) in aqueous system
nd form the •OH with powerful oxidizing ability.

Based on the above explanation, Ag and InVO4 in the com-
osite thin films have a beneficial role in improving charge
eparation and extend TiO2 in response to visible light. More
tudies may be carried out to obtain high visible-light active
hoto-catalyst in the near future based on this experiment.

. Summary

Novel Ag/InVO4–TiO2 thin films with visible-light photo-
ctivity were synthesized via a sol–gel method from the Ag
nd InVO4 co-doped TiO2 sol. The Ag/InVO4–TiO2 thin films
xtend the light absorption spectrum toward the visible region.
PS results reveal that doped Ag exists in the form of metallic

ilver. The ESR spectra have shown the evidence for the forma-
ion of superoxide radical anion (O2

•−) on the Ag/InVO4–TiO2
hin films under visible-light irradiation. The photo-catalytic
xperiments demonstrate that Ag doping can effectively enhance
he photo-activities of InVO4–TiO2 thin films in the decom-
osition of aqueous methyl orange and gaseous formaldehyde
nder visible-light irradiation. CO2 and SO4

2− were detected in
he products of formaldehyde and methyl orange, respectively,
ndicating that formaldehyde and methyl orange were mineral-
zed over the Ag/InVO –TiO films under visible light. It has
4 2
y visible light (E < 3.2 eV) due to the existence of the Ag and
nVO4 doped in the films. The photo-catalytic mechanism of
g/InVO4–TiO2 thin films is also discussed in this paper.
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