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a b s t r a c t

Ag/TiO2 photocatalytic films were produced by hybrid sol–gel method. The photocatalytic degradation of
methyl orange (MO) in aqueous solution under both UV and visible light irradiation on TiO2 and Ag/TiO2
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thin films was investigated. The state and amount of Ag species within the film and the enhancement
mechanism of photocatalytic activity of Ag/TiO2 were discussed. The maximum catalytic efficiency was
observed under both UV and visible light irradiation. The molar ratio of Ag/Ti corresponding to the best
catalytic activity depends on the wavelength of the radiation employed.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

TiO2 photocatalyst has been investigated for decades [1,2]. How-
ver, the basic research [3–9] and industrial development [10,11] of
igh-efficiency TiO2 photocatalyst are still hot topics due to their
rospective importance, and existing problems are still hard to
olve. There are two main obstacles for the practical application
f TiO2 photocatalyst: low quantum efficiency and restriction to
hort wavelength excitation. A common way to enhance the quan-
um efficiency is to load noble metal on the surface of TiO2 powder
r thin film [12–23]. Especially, the deposition of silver has attracted
uch attention [17–23] because of its potential applications. Most

f those studies focused on the improvement of photocatalytic
ctivity of TiO2 under UV irradiation. However, there are some
esults also reported showing the extension of Ag/TiO2 wavelength
esponse towards the visible region [24–27]. Up to now, most of the
ethods used for loading silver have been photoreduction. How-

ver, the photoreduction needs a quite long time of exposure (more

han 1 h in general) and the metal particles are likely to fall off
uring their repeated utilization. Moreover, photoreduced Ag can-
ot be highly dispersed on the surface of TiO2, so that the amount
f active sites on the Ag/TiO2 surface cannot markedly increase,
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nd the electronic structure of TiO2 photocatalyst cannot change
reatly. To overcome these difficulties and disadvantages, we intro-
uce the hybrid sol–gel method to prepare the Ag-modified TiO2
lms. Ag/TiO2 catalysts with different Ag/Ti molar ratios have been
repared by a hybrid sol–gel method in the absence of light, which
ould avoid Ag+ being photoreduced during the gel formation. A
art of AgNO3 was then thermal decomposed or reduced to metallic
g, which can be deposited onto the surface of TiO2; meanwhile,
small amount of Ag ions diffused into the lattice of TiO2. This

reparation method can dope and deposit Ag simultaneously. In
his study, photocatalytic efficiency of the Ag/TiO2 thin films was
eported. SEM, XRD, RBS, XPS, UV–vis spectra and photo-oxidation
f methyl orange (MO) were used to characterize and evaluate
he photocatalytic activity of Ag/TiO2 films, and the mechanism
f silver-loaded TiO2 for enhanced photocatalytic activity was dis-
ussed.

. Experimental

.1. Preparation of Ag/TiO2 photocatalytic films

Ag/TiO2 films were prepared by a hybrid sol–gel method. The sol
as a mixture of tetrabutylorthotitanate (Ti(OBu)4), ethanol, acety-
acetone (AcAc), H2O and HNO3 in a molar ratio of 1:18:0.5:2:0.2
5]. Different amounts of AgNO3 were added into prepared sols to
djust the molar ratio of Ag/Ti in the sols from 0 to 0.48. The mixed
ols were allowed to stand for gelation, and three layers of mixed
el were dip-coated on each glass substrate for all samples. Each

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:hou226@163.com
mailto:andongliu@bnu.edu.cn
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ayer was annealed to 450 ◦C at a speed of 1.5 ◦C/min and then the
lm was calcined at 450 ◦C for 30 min.

.2. Characterization of the photocatalytic films

An X-ray diffractometer (XRD, PANalytical, Holland) with Cu K�
adiation operated at 40 kV was used to study the crystal structure
f Ag/TiO2 films. X-ray photoelectron spectroscopy (XPS) spectra
ere measured using an Escalab MK II (VG Company, UK). All bind-

ng energies (BE) were calibrated by C 1s. The surface structure of
g/TiO2 films was investigated by a scanning electron microscope

SEM, Sirion, USA). In order to measure the amount of silver within
g/TiO2 thin films, a Rutherford backscattering spectrometry (RBS,
eneral Ionex, Corp. USA) and an energy dispersive X-ray analyzer

EDX, EDAX, USA) attached to the SEM were used.

.3. Measurement of photocatalytic activity

A 1000-W mercury lamp (BELSRI, Beijing) was used as UV
adiation source. The lamp was hosted by an irradiation house
ith cooling water and circulation fan. A 365-nm band pass filter
as used to select the 365 nm peak of the lamp in the exper-

ment. 100 mL aqueous solution of MO with a concentration of
× 10−5 mol/L was placed in a shallow round glass vessel with a
iameter of 10 cm. The solution was irradiated above the TiO2 films
nder continuous stirring. A metal cover with an open slit was
laced on top of the vessel to limit the illumination area. An UV irra-
iance meter (UV-A, BNU, China) with a 365 nm sensor was used
o measure the UV power. For all experiments, an average inten-
ity of around 4.63 mW/cm2 was used at a distance 20 cm away
rom the lamp. To measure the degradation of MO under the visible
ight illumination, a 150-W high-pressure sodium lamp with emis-
ion peak above 420 nm (BELSRI, Beijing) was used and 72,000 lx
t the sample position was obtained (measured by an illumination
hotometer ST-85, BNU). 60 mL aqueous solution of MO with con-
entration of 3.5 × 10−5 mol/L was placed in a shallow round glass
essel with a diameter of 7.5 cm. A UV-cut filter was used to cut off
he light under 420 nm of the lamp in the experiment. The extent
f photo-degradation of MO was determined by the optical den-
ity (OD) at 465 nm measured by a UV–vis spectrometer (UV-160,
himadzu, Japan).

. Results and discussion

.1. Characterization of Ag/TiO2 films

.1.1. XRD patterns
Fig. 1 shows XRD patterns of Ag/TiO2 films. The strongest peak

t 2� = 25.3◦ clearly demonstrates the (1 0 1) anatase phase of TiO2
rystal. No observable rutile phase is observed in all samples. The
ata from Fig. 1a–e suggest that silver particles are not crystallized
n the TiO2 surface. However, with increasing molar ratio of Ag/Ti
0.48) in prepared gel, a weak peak (2� = 44.3, Fig. 1f) of silver (3 3 1)
s found, which implies the presence of crystal state of Ag0 when
he concentration of silver nitrate is high in prepared gel, indicating
hat Ag species are dispersed uniformly within the surface at low
oncentration and could be reduced and aggregated at high concen-
ration. Except for the Ag0 weak peak, no obvious differences of XRD
ubstantial influence on the size of TiO2 particles. TiO2 crystallite
ize can be estimated as 30 nm by the Scherrer equation.
.1.2. FESEM observation
The surface structure of Ag/TiO2 films with different molar ratios

f Ag/Ti was studied by SEM. The SEM pictures with the equal mag-
ification reveal that the surface structure (the porosity, thickness)

a
X
(
s
s

ig. 1. XRD spectra of Ag/TiO2 films. Ag/Ti in prepared gel: (a) 0; (b) 0.032; (c) 0.064;
d) 0.128; (e) 0.192; (f) 0.48.

f the Ag/TiO2 films is identical with original TiO2 film, which is
avorable to the enhancement of the photocatalytic activity. Fig. 2c
s the magnified image of Fig. 2a, which shows a uniform distribu-
ion of TiO2 nano-particles compared with Fig. 2b. The size of these
articles can be estimated to be around 10–40 nm. Fig. 2 proves
hat the films made by hybrid sol–gel method are satisfactory. The
imilar particle size (Fig. 2b and c) of Ag/TiO2 films with different
olar ratios of Ag/Ti implies that the presence of Ag has no sub-

tantial influence on the size of the TiO2 particles. Only a few Ag
lusters are observed on the surface of Ag/TiO2 film made from the
repared gels with molar ratio of Ag/Ti = 0.48 (Fig. 2a), so surface
ensity (number per surface unit) and average diameter of Ag clus-
er in Ag/TiO2 films increase with the amount of Ag species in the
repared gel. Fig. 2a also shows that the size of Ag cluster is smaller
han that of Ag cluster produced by photoreduction method [21]. It
s known that the Ag species dispersed in prepared gel will aggre-
ate during the annealing process. However, the aggregating speed
n prepared gel is slower than in aqueous solution. Therefore, when
he molar ratio of Ag/Ti is small, most of Ag species in the films made
y sol–gel method is unable to form an Ag cluster. Even though a few
g species have the opportunity to form a cluster, its size is smaller

han the photoreduction method, and most of the Ag clusters are
oo small to be distinguished by SEM pictures. On the other hand,
he distribution of Ag clusters formed in the hybrid sol–gel method

ust be more uniform than that in the photoreduction method for
he same reason. Therefore an Ag cluster was only observed on the
urface of Ag/TiO2 film with molar ratio of Ag/Ti = 0.48 in prepared
el.

.1.3. XPS analysis
XPS measurement was carried out to elucidate both the titanium

tructure and the chemical state of silver particles. The existence
f Ti4+ as the major titanium species is not doubted because the
inding energy of the Ti 2p electron is 458.1 eV, but the Ti 2p bind-

ng energy (Fig. 3a) of the sample with an Ag/Ti ratio of 0.48 is
lightly shifted from 458.1 eV to 458.25 eV as compared to that of
aw TiO2. This is because the Fermi level of Ag is lower than that
f TiO2, so that the conduction band electron of TiO2 may trans-
er to the Ag species deposited on the surface of TiO2, resulting in

decrease in the outer electron cloud density of Ti ions [20]. The
PS spectra of Ag3d5/2 of samples with molar ratio of Ag/Ti = 0.192

Fig. 3b) and Ag/Ti = 0.48 (Fig. 3c) were fitted with a nonlinear least-
quares fit program using Gauss-Lorentzian peak shapes. The XPS
pectra of Ag3d5/2 indicate that there are three components after
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ig. 2. (a) SEM image of Ag/TiO2 film with molar ratio of Ag/Ti = 0.48 in prepared ge
atio of Ag/Ti = 0.48 in prepared gel.

econvolution, attributed to AgO (367.0 eV), Ag2O (367.7 eV), and
g0 (368.2 eV) [20], respectively. Fig. 3b shows that at low con-
entration, Ag species exist as the three components with similar
mounts. While at high concentration, a part of AgO is turned
nto Ag2O and Ag0, but the amount of Ag0 species on the surface
ncreases more. The result is corresponding to the weak peak of Ag0

ith molar ratio of Ag/Ti = 0.48 sample in XRD pattern (Fig. 1f).

.1.4. UV–vis spectra
The optical absorbance spectra of the Ag/TiO2 films were mea-

ured in the region of 300–800 nm and are shown in Fig. 4. It
xhibits clearly the red shift of the absorption edge with increas-
ng Ag doping concentration. It indicates the decrease of energy of
xcited photon owing to the presence of Ag and the absorption of
isible light. The changing can be attributed to the local structures
f TiO2 were altered by Ag doping, which made acceptor level in
he forbidden band of TiO2.

.2. Silver loadings within Ag/TiO2 films

At first, the amount of silver on the surface of Ag/TiO2 films was
etected by EDX analysis. However, silver was only found on the
lms made from the gels with molar ratios of Ag/Ti = 0.192 and
g/Ti = 0.48 samples, and the corresponding values of the films are
.0625 and 0.18. Then the amount of silver was measured by RBS

gain. Fig. 5 shows RBS spectra of Ag/TiO2 films made from gels
ith different molar ratios of Ag/Ti. According to Fig. 5, the molar

atio of Ag/Ti within Ag/TiO2 films can be calculated. The relation-
hip of molar ratio of Ag/Ti in both Ag/TiO2 films and prepared gels
s shown in Fig. 6, which confirms the presence of silver within all

3

fi
l

The TiO2 thin film without AgNO3 in prepared gel. (c) The Ag/TiO2 film with molar

g/TiO2 samples. Corresponding to the molar ratios of Ag/Ti in pre-
ared gels 0.032, 0.064, 0.128, 0.192 and 0.48, the molar ratios of
g/Ti within Ag/TiO2 films are 0.021, 0.135, 0.1823, 0.225, and 0.44,
espectively. A reasonable good linear relationship of Ag/Ti ratios
etween gel and Ag/TiO2 films can be found in Fig. 6. However,
hen silver was measured by EDX analysis, silver was only found

n Ag/TiO2 films made from gels with Ag/Ti molar ratios of 0.192
nd 0.48, and the corresponding Ag/Ti molar ratios 0.0625 and 0.18
easured by EDX are considerably smaller than 0.225 and 0.44 by

BS. The possible reason for the smaller molar ratio of Ag/Ti value by
DX analysis is attributed to following: Ag species within Ag/TiO2
lms produced by hybrid sol–gel method is enclosed in body by
el and some of it may aggregate during the calcining procedure.
hen Ag concentration is low, most of Ag species locate at a depth

xceeding the escape length of the K�-radiation within the films.
eanwhile the amount of aggregated Ag on the surface of Ag/TiO2

lms is too small to be detected by the EDX instrument, therefore
o silver was observed by EDX analysis. When Ag concentration

s high, though more amount of Ag can aggregate on the surface
f Ag/TiO2 films, Ag located within Ag/TiO2 films still cannot be
etected by EDX analysis, leading to the smaller value detected by
DX analysis than RBS. From the above discussion, it can be con-
lude that the molar ratio of Ag/Ti within Ag/TiO2 films only can be
etermined by RBS exactly.
.3. The photocatalytic efficiency of Ag/TiO2 films

The MO solutions contained original TiO2 and Ag-modified TiO2
lms were allowed to equilibrate in the dark for 1 h before the UV

ights were switched on, and the concentration of MO was mea-
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ig. 3. (a) XPS spectra of Ti 2p of TiO2 and Ag/TiO2 (molar ratio of Ag/Ti = 0.48). (b) X
f Ag/TiO2 (molar ratio of Ag/Ti = 0.48).

ured. The difference of the amount of MO adsorbed on original
iO2 and Ag-modified TiO2 surfaces was negligible. The results

ndicated that the presence of silver on the surface of TiO2 films
repared by this method did not affect the adsorption properties of
he organics on TiO2 films before and after surface modification.

ig. 4. Optical absorption spectra of Ag/TiO2 films. Molar ratio of Ag/Ti in prepared
el: (a) 0; (b) 0.064; (c) 0.128; (d) 0.192.
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ectra of Ag3d5/2 of Ag/TiO2 (molar ratio of Ag/Ti = 0.192). (c) XPS spectra of Ag3d5/2

The catalytic efficiency of Ag/TiO2 films was evaluated by the
egradation of MO in aqueous solution. Firstly, the direct degrada-
ion of MO under 365 nm irradiation was checked in the absence

f TiO2 films. The result showed that MO is not decomposed under
65 nm UV irradiation. Secondly, the photocatalytic degradation of
O on Ag/TiO2 films with different molar ratios of Ag/Ti was mea-

ured. Fig. 7 shows the typical time profiles of this degradation. The

ig. 5. RBS spectra of Ag/TiO2 films. Molar ratio of Ag/Ti in prepared gel: (a) 0; (b)
.032; (c) 0.064; (d) 0.128; (e) 0.192; (f) 0.48.
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Fig. 6. Relationship of molar ratio of Ag/Ti between Ag/TiO2 films and gel.

olid lines are exponential fits to the experimental data that gives
he pseudo-first-order rate constants k (min−1). It is obvious that
ate constant k varies upon the amounts of silver in Ag/TiO2 films.
or films with lower molar ratio of Ag/Ti, the decomposition rate
k) increases with the increasing molar ratio Ag/Ti. A maximum
f k (0.0014 min−1) is observed when molar ratio of Ag/Ti = 0.064
n prepared gel (0.135 in Ag/TiO2 film). Comparing with original
iO2 film, an increase of 73% of k at this maximum is obtained. Fur-
her increasing of molar ratio of Ag/Ti will result in a considerable
ecrease of k. However, the rate constant k of film with molar ratios
f Ag/Ti = 0.192 in gels is similar to the film with molar ratios of
g/Ti = 0.48 in gels. In other works [17,18,20,21,23], a similar trend
as reported that the amounts of loaded silver had an optimal

alue that varies upon different reactants and reaction environ-
ents. With the increase in the time of irradiation, the activity of
he catalyst decreases weakly.
Ag/TiO2 films were also tested by the visible light excitation

nd the results are shown in Fig. 8. Apart from the very weak
egradation of MO by original TiO2 films under visible excitation,
g/TiO2 films exhibit a dramatic increase of the efficiencies with the

ig. 7. A typical time profile of MO photodegradation under 365 nm irradiation with
g/TiO2 photocatalyst. Molar ratio of Ag/Ti in prepared gel: (�) 0; (�) 0.032; (�)
.064; (�) 0.128; (�) 0.192.

r
o

3

A
t
(
i
[
t
f
h
a
t
T
t
e
a
f
n
b
s
o
a
h

ig. 8. MO photodegradation under visible light irradiation with Ag/TiO2 photocat-
lyst. Molar ratio of Ag/Ti in prepared gel: (�) 0; (�) 0.032; (�) 0.064; (�) 0.128; (�)
.192.

ame condition. The photocatalytic ability does not decrease with
ncreasing Ag content when molar ratio of Ag/Ti is below 0.128 in
repared gel in our visible light excitation experiment. When molar
atio of Ag/Ti = 0.128 in prepared gel, the Ag/TiO2 film has the best
hotocatalytic ability. This value is higher than that of UV excitation
xperiment. Comparing with original TiO2 film, an increase of more
han 3.8 times greater of photocatalytic ability at this maximum is
btained. Further increasing of molar ratio of Ag/Ti will result in
considerable decrease of photocatalytic ability, but which is still
igher than that of original TiO2. According to our study, it is clear
hat the catalyst activity depend on the wavelength of the radiation
mployed. Furthermore, value of OD cannot do the exponential fits
ike UV irradiation experiment. In the first 30 min, all the Ag/TiO2
lms almost have the same activity except for the film with molar
atio of Ag/Ti = 0.032 in prepared gel. With the increase in the time
f irradiation, the activity of the catalyst decreases gradually.

.4. Photocatalysis mechanism

The mechanism of variation of photocatalytic activity for
g/TiO2 films can be explained as below. The size of TiO2 par-

icles in Ag/TiO2 film is similar to that in TiO2 film without Ag
Fig. 1, Fig. 2b and c); thus the variation of photocatalytic activ-
ty cannot be attributed to size effect as mentioned in the literature
19]. When two materials of different work functions get in con-
act, the Schottky barrier will be formed and electrons will transfer
rom the material with low work function to the material with
igh work function. Silver and TiO2 have different work functions
nd the work function of silver is higher than TiO2 (work func-
ion ˚TiO2

= 4.2 eV, ˚Ag = 4.6 eV) [23]. So when silver contacts with
iO2, electrons will transfer from TiO2 to silver. Those electrons
ransferred to silver and loaded on the surface of silver will be scav-
nged by the electron acceptor, commonly the oxygen molecules
bsorbed on the surface of silver. Meanwhile, some electrons trans-
erred to silver are contained in the body of TiO2. Though there was
o electron scavenger, the transfer decreases the recombination

etween electron and hole. Whether in body or on the surface of
ilver, silver atoms act as electron traps that capture certain amount
f photoelectrons produced by UV excitation and increase the sep-
ration between photoelectron and hole. Thus more holes will
ave the opportunity to escape from the geminate hole–electron
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ecombination. It is well known that the geminate recombination
s the main reason for low efficiency of TiO2 photocatalysis. There-
ore, the existence of silver atom in Ag/TiO2 film can help more
oles to transport to the surface and enhance the photocatalytic
fficiency. However, too much silver loadings will result in a nega-
ive effect. By increasing the amount of silver deposited on the TiO2,
he chance of the photoelectron meeting the hole is also increased.
urthermore, not all the photoelectron on the silver can be scav-
nged in time, so the transferred photoelectron will accumulate
n silver, and the electric field produced by the accumulated pho-
oelectron will attract the hole [18,23]. The silver then becomes
he recombination centre of electrons and holes induced by light.
hough, in the hybrid sol–gel method, only a small amount of Ag
luster is found on the surface of the Ag/TiO2 sample with a molar
atio of Ag/Ti = 0.44 in the film, the molar ratios of Ag/Ti within
g/TiO2 films are still excessive on the surface, which means that
ilver species highly dispersed in the surface of TiO2. So, with the
mounts of silver increasing, the main reason for the low efficiency
f degradation of MO must be that: (i) more catalyst surface area is
overed by silver, which acts as a barrier preventing light absorption
y TiO2, (ii) it prevents the organic substrate from contacting the
iO2 surface and (iii) the excessive Ag becomes the recombination
enter for electron–hole pairs.

The results of photo degradation by visible light excitation show
hat the Ag/TiO2 films made by the hybrid sol–gel method can
bsorb visible light. The mechanism of visible light photo sensi-
ization can be explained in the following two ways—(i) that the

O absorbs visible light and injects electrons into the conduction
and of TiO2, and (ii) that Ag/TiO2 itself absorbs visible light, proba-
ly facilitated sub-energy-levels between the band gaps of TiO2 by
he dispersion of Ag in the TiO2 matrix. It is probable that the two

echanisms are happening in parallel. So the original TiO2 exhib-
ted slight photocatalytic ability because of (i) Since separating
lectron–hole pairs and absorbing visible light occurred simulta-
eously, the Ag/TiO2 films showed higher enhanced photocatalytic
bility when it was irradiated under UV light than visible light.

In this work, when Ag/Ti molar ratio is low, the silver cluster
ould not be observed by SEM and detected by EDX, which implies
hat most of the silver located in the body of TiO2 film. Even with
he increase of the molar ratio of Ag/Ti in the prepared gel, though
ome large silver cluster was formed on the surface, more silver still
xist as small cluster. For the photoreduction case, the size of Ag
luster is thought to be a vital factor to influence the photocatalytic
fficiency of Ag/TiO2 films [17]. But in this work, the amount of
ilver is more important than the size of the cluster. The Ag/TiO2
lm with a molar ratio of Ag/Ti = 0.44 is the only one in which the
g cluster can be observed clearly. However, this film has the worst
hotocatalytic efficiency. When the ratio of Ag/Ti is the optimal
alue, though no obvious Ag cluster is formed, Ag/TiO2 film still
as the best photocatalytic efficiency.

In different works, the state of silver was different. Silver existed
s Ag0 valance state in most of the works [17,18,23,24], and there
as also a report that the silver was in Ag+ valance state [21], but

oexistence of Ag2+, Ag+ and Ag0 (Fig. 1, Fig. 3b and c.) was observed
n this work. During calcination, some Ag+ ions would gradually

igrate from the volume of the TiO2 to the surface by enhancing
heir crystallinity, resulting in silver deposited on the surface on
alcination. This results in the formation of Schottky barrier at the
g/TiO2 contact region, which improves the photocatalytic activity.
eanwhile, residual Ag+ ions within TiO2 acted as efficient elec-
ron traps also contribute to the enhanced photocatalytic activity
f these samples. When silver species exist as Ag+ and Ag2+ valance
tates, the electric field produced by Ag+ and Ag2+ enhances the
bility of separation between the photoelectron and hole [21]. So
o matter what state the silver is, when the amount of silver on

[

[

ng Journal 146 (2009) 42–48 47

iO2 is appropriate, it can act as an electron trap to enhance the
hotocatalytic activity of TiO2 film by decreasing recombination
etween electron and hole. In this work, when the concentration
f Ag species is high, more Ag0 appear, and hence the electric field
ffect will weaken, which may be another reason for the low effi-
iency of degradation of MO by Ag/TiO2 photocatalyst at high Ag/Ti
atio.

. Conclusions

Ag/TiO2 thin films produced by hybrid sol–gel method demon-
trate efficient photocatalysis activity. Three Ag species (AgO, AgO2
nd Ag0) coexisting within the Ag/TiO2 films are found to vary with
he Ag/Ti ratio in Ag/TiO2 films. Ag species were dispersed in the
ody of the Ag/TiO2 film uniformly, and when the molar ratio of
g/Ti is high, some of the Ag species can aggregate on the surface
f the Ag/TiO2 photocatalyst. Silver both in body and aggregated
n the surface can act as electron traps to enhance photocatalytic
ctivity of Ag/TiO2 thin films. The absorbance spectra of Ag/TiO2
lms are shifted to the visible region. The photocatalytic efficiency
f Ag/TiO2 films depends strongly on the amount of Ag loaded in
repared gel. With a proper amount of silver loading, a maximum
egradation of MO under both UV365 and visible light irradiation
an be attained. The photocatalytic activity under both UV365 (73%)
nd visible light (3.8 times) can be enhanced dramatically.
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