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a  b  s  t  r  a  c  t

The  Ag/AgCl/TiO2 nanocomposite  thin  films  are  prepared  on  the  pre-coated  SiO2 soda-lime  glass  sub-
strates  by  a  sol–gel  method  for  depositing  TiO2 films,  and  then  loaded  with  Ag/AgCl  nanoparticles  (NPs)
by  an  impregnating  precipitation  photoreduction  method.  The  as-prepared  composite  thin  film  exhibits  a
highly visible-light  photocatalytic  activity  for degradation  of  4-chlorophenol  (4-CP)  in water.  The  photo-
catalytic  mechanism  is  proposed  on  the  basis  of  the  fact that  the  Ag NPs  are  photoexcited  due  to  plasmon
eywords:
iO2 thin films
g
gCl
lasmonic photocatalysis
elf-stability

resonance,  and  then  charge  separation  is  accomplished  by  the  transfer  of  photoexcited  electrons  from  the
Ag NPs  to  the  TiO2 conduction  band  and  the  simultaneous  formation  of OH• radical  and  Cl0,  which  cause
the  photocatalytic  degradation  of  organic  pollutants.  The  proposed  mechanism  is  further  confirmed  by
the detection  of hydroxyl  radicals.  On  the  other  hand,  4-CP  can also  be  oxidized  directly  by plasmon-
induced  h+ (or  Ag+)  on  Ag  NPs,  thereby  accelerating  the  photooxidized  Ag  NPs  back  to  their  initial  state.
Therefore,  the  Ag NPs  can be  rapidly  regenerated  and  the  Ag/AgCl/TiO2 system  remains  self-stability.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

In recent ten years, titanium dioxide as one of the most impor-
ant photocatalytic materials has been extensively investigated due
o its wide applications in environmental purification [1–5], photo-
atalytic water splitting [6–9] and solar energy conversion [10–14],
lso due to its high photocatalytic activity, good stability, and low
ost. However, its limited UV-driven activity largely inhibits its
ractical application and overall efficiency under natural sunlight,
onsisting of about 5% UV, 43% visible, and 52% infrared. One of the
ost potential solutions for enhancing its efficiency is to shift its

bsorption from the UV region into the visible-light region, allow-
ng for more photons to be absorbed and utilized for decomposing
he pollutants. Much progress has been made in the field of visible-
ight-driven TiO2 by doping metal and nonmetal elements into the
iO2 lattice [14–18],  dye photosensitization on the TiO2 surfaces
19], and deposition of noble metals [20–22].

In particular, TiO2 modified by noble metals like Au and Ag
as received more and more attention because of its signifi-
ant increase in the photocatalytic activity of TiO2 [22–24].  Noble

etal NPs (Au, Ag) exhibit unique optical properties, owing to the

xcitation of resonant collective oscillations of the conduction elec-
rons by electromagnetic radiation—the localized surface plasmon

∗ Corresponding author. Tel.: +86 27 87871029; fax: +86 27 87879468.
E-mail address: jiaguoyu@yahoo.com (J. Yu).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.07.016
resonance (SPR) [25–27].  SPR can dramatically amplify the absorp-
tion of visible light and is therefore utilized to develop efficient
visible-light-driven plasmonic photocatalysts. For example, Tian
and Tatsuma reported plasmon-induced visible-light photoelectro-
chemistry of gold–TiO2 composite film [26]. Chen et al. also utilized
SPR to develop Au/ZrO2 and Au/SiO2 plasmonic photocatalysts
with efficient photocatalytic activity under visible-light illumina-
tion [28]. In 2008, Wang et al. reported the fabrication of a highly
efficient and stable plasmonic photocatalyst Ag/AgCl under visible-
light illumination [29]. Very recently, we  also reported microwave
hydrothermal preparation and visible-light photoactivity of plas-
monic photocatalyst Ag–TiO2 nanocomposite hollow spheres [5].
Conventional powdered photocatalysts, however, have an obvi-
ous limitation—the need for post-treatment separation in a slurry
system after photocatalytic reaction. This can be overcome by
immobilizing TiO2 particles as thin films on solid surfaces [30–32].

In this work, new visible-light-driven plasmonic photocatalyst
Ag/AgCl/TiO2 nanocomposite thin film were prepared by AgCl NPs
deposited on the sol–gel-deposited TiO2 films, and then reduc-
ing partial Ag+ ions in the AgCl particles to Ag0 species under
xenon lamp irradiation. The prepared samples show high visible-
light photocatalytic activity for the photocatalytic degradation
of 4-chlorophenol aqueous solution and stability. To the best of

our knowledge, this is the first report on the preparation and
visible-light photocatalytic activity of plasmonic photocatalyst
Ag/AgCl/TiO2 composite thin films prepared by sol–gel and pho-
tochemical reduction methods.

dx.doi.org/10.1016/j.jphotochem.2011.07.016
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:jiaguoyu@yahoo.com
dx.doi.org/10.1016/j.jphotochem.2011.07.016
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. Experimental

.1. Sample preparation

All chemicals used in this study were analytical grade and were
urchased from Shanghai Chemical Regent Factory of China with-
ut further treatment. Distilled water was used in all experiments.
ransparent anatase TiO2 porous nanometer thin films were pre-
ared by the sol–gel dip-coating method [33]. Pre-coated SiO2
oda-lime glass plates (76.2 × 25.4 × 1 mm)  were used as the sub-
trates and were carefully cleaned using ultrasonic treatment with
ase, acid aqueous solution, alcohol, and distilled water, and then
ried in an oven at 100 ◦C. Precursor solutions for TiO2 films were
repared by the following method [33]. Titanium isopropoxide and
riethanolamine were dissolved in ethanol. After stirring vigorously
or 1 h at room temperature, the mixture of water and ethanol was
dded dropwise to the solution with a burette under stirring. The
esultant alkoxide solution was kept standing at room temperature
or hydrolysis reaction for 2 h, resulting in the formation of TiO2
ol. The chemical composition of the starting alkoxide solution was
i(OC3H7)4:C2H5OH:H2O:N(C2H4OH)3 = 1:26.5:1:1 in molar ratio.
he cleaned glass plates were used as the substrates for thin films.
he substrates coated with TiO2 gel films were heat-treated at
00 ◦C for 1 h in air in a furnace. The withdrawal speed also was

 mm/s.
Ag/AgCl NPs were deposited on the as-prepared TiO2 film by

n impregnating-precipitation-photoreduction method [34]. Typ-
cally, the TiO2 film samples were successively immersed in four
ifferent beakers for about 30 min  in each beaker. One beaker con-
ained 0.1 M HCl aqueous solution, another contained 0.1 M AgNO3
queous solution, and the other two contained distilled water to
inse the excess of each precursor solution from the samples. Such
n immersion cycle was repeated several times, typically between

 and 3 cycles. Finally, the prepared samples were irradiated by a
00 W xenon lamp for 10 min  to reduce partial Ag+ ions in the AgCl
articles to Ag0 species by photochemical decomposition of AgCl
r TiO2 photocatalytic reduction [34].

.2. Characterization

The morphology observation was carried out by an S-4800 field
mission scanning electron microscope (SEM, Hitachi, Japan) which
as linked with an Oxford Instruments X-ray analysis system at

n accelerating voltage of 10 kV. X-ray diffraction (XRD) patterns,
btained on a D/MAX-RB X-ray diffractometer (Rigaku, Japan) using
u K� radiation at a scan rate (2�) of 0.05◦ s−1, were used to deter-
ine the identity of any phase present and their crystallite size.

he accelerating voltage and applied current were 40 kV and 80 mA,
espectively. The average crystallite sizes were calculated accord-
ng to the Scherrer equation using the full-width half-maximum
ata after correcting the instrumental broadening. X-ray photo-
lectron spectroscopy (XPS) measurements were performed on a
G ESCALAB 210 XPS system with Mg  K� (1253.6 eV) source. The
pectra were excited by Mg  K� (1253.6 eV) radiation (operated at
00 W)  of a twin anode in the constant analyzer energy mode with

 pass energy of 30 eV. All the binding energies were referenced to
he C1s peak at 284.8 eV of the surface adventitious carbon. UV–vis
bsorption spectra were obtained on an UV–vis spectrophotome-
er (UV-2550, Shimadzu, Japan). BaSO4 was used as a reflectance
tandard.

.3. Photocatalytic activity
The photocatalytic activity of the samples was  evaluated by
he photocatalytic decomposition of 4-chlorophenol (4-CP) in
ater at ambient temperature [34], because 4-CP is a kind of
tobiology A: Chemistry 223 (2011) 82– 87 83

hazardous compound and persistent containing-chlorine pollu-
tant [35]. Experiments were as follows: 2.5 × 2.5 cm2 Ag/AgCl/TiO2
film sample was  placed in a 15 mL  4-chlorophenol aqueous
solution with a concentration of 1 × 10−5 M in a rectangle cell
(50 W × 50 L × 20 H mm).  The solution was  allowed to reach an
adsorption–desorption equilibrium among the photocatalyst, 4-
CP, and water before visible light irradiation. A 300 W xenon lamp
through a UV-cutoff filter (≤400 nm), which was  positioned 10 cm
away from the cell, was  used as a visible light source to trigger
the photocatalytic reaction. The average light intensity striking
on the surface of the reaction solution was about 25 mW cm−2.
The concentration of 4-CP was  determined by an UV–vis spec-
trophotometer (UV-2550) according to its absorbance at 225 nm.
After visible light irradiation for some time (every 10 min), the
reaction solution was taken out to measure the concentration
change of 4-CP. The visible-light photocatalytic activity of other
samples (TiO2 and AgCl/TiO2) was also measured in the same
conditions.

2.4. Analysis of hydroxyl radical (•OH)

The formation of hydroxyl radicals (•OH) at photo-illuminated
samples/water interface was  detected by the photoluminescence
(PL) method using terephthalic acid as a probe molecule [34].
This method relies on the PL signal at 425 nm of the hydroxyla-
tion of terephthalic acid with •OH generated at the water/catalyst
interface. The PL intensity of 2-hydroxyterephtalic acid is pro-
portional to the amount of •OH radicals produced in water. The
method is rapid, sensitive and specific, needs only a simple stan-
dard PL instrumentation. Experimental procedures are similar to
the measurement of photocatalytic activity except that 4-CP aque-
ous solution is replaced by the 5 × 10−4 M terephthalic acid aqueous
solution with a concentration of 2 × 10−3 M NaOH. PL spectra of
generated 2-hydroxyterephthalic acid were measured on a Hitachi
F-7000 fluorescence spectrophotometer. After visible-light irradi-
ation for every 10 min, the reaction solution was  used to measure
the increase of the PL intensity at 425 nm excited by 315 nm
light.

3. Results and discussion

3.1. Catalyst characterization

The surface morphology of Ag/AgCl/TiO2 nanocomposite thin
film was  observed by SEM. Fig. 1a presents a SEM image of the
TiO2 thin films, which shows homogeneous, smooth coating with
regularly arranged granular microstructure and flat texture. A
cross-sectional view (not shown here) of the film indicates that
the film thickness is about 100 nm.  Fig. 1b shows the SEM images
of Ag/AgCl nanoparticles deposited on the TiO2 thin films. It can be
observed some dotted sphere particles with a size range of from 10
to 50 nm are uniformly deposited on the surface of TiO2 films, indi-
cating the increase of the surface roughness of the thin films. This
implies that the specific surface area of Ag/AgCl/TiO2 nanocom-
posite thin films is larger than that of pure TiO2 thin films and
the light absorption of the composite thin films is enhanced due
to the enhanced light scattering. The composition of the compos-
ite film was  determined by energy dispersive X-ray spectroscopy
(EDX) experiments, which were carried out in the SEM. The EDX
result shows that the sample contains Ti, O, Si, Ag and Cl elements
(not shown here). Ti and O peaks result from TiO2 film and Si peak

is from glass substrate. Ag and Cl elements are from the deposited
AgCl and reduced Ag particles.

To get further information about the phase structure of the com-
posite thin film, the samples were investigated by XRD. Fig. 2 shows
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Fig. 1. SEM images of TiO2 (a) and A

RD pattern of the nanocomposite thin film sample. Quantitative
nalysis of this pattern indicates that all peaks in the pattern can be
ndexed using the anatase phase of TiO2 (JCPDS file No: 21-1272),
he cubic phase of AgCl with lattice constant a = 5.5491 Å (JCPDS
le No: 31-1238) and metallic Ag (JCPDS file No: 65-2871), which
re marked with A, C and S in Fig. 2, respectively. The diffraction
eaks of anatase phase are from the TiO2 thin film. The average
rystallite size of the TiO2 films is 12.6 nm,  determined by Scher-
er’s equation using the main (1 0 1) diffraction peak. The sharp
iffraction peaks of AgCl suggest that the deposited the AgCl NPs
re well crystallized. The average crystalline size is calculated to be
0.5 nm,  which is consistent with the corresponding SEM observa-
ions. The metallic Ag is from the photochemical or photocatalytic
eduction decomposition of AgCl under Xenon lamp light irradia-
ion in the presence of TiO2. Therefore, it is not too surprising that
he sample contains a small amount of metallic silver (ca. 3.8 nm)
oexisting with AgCl [34].

Fig. 3 shows a comparison of UV/visible spectra of the TiO2,
gCl/TiO2 and Ag/AgCl/TiO2 samples. For all the samples, the
bsorption peaks at the wavelength shorter than 390 nm is due to
he intrinsic bandgap absorption of anatase TiO2. It is worth men-
ioning that the TiO2 thin films loaded with Ag/AgCl exhibit a strong
dsorption peak in visible light region. This is ascribed to the exis-

ence of Ag NPs produced by photochemical decomposition of AgCl,
nd thus the incident photon frequency is resonant with the col-
ective excitation of conduction electrons of the Ag NPs, called the
ocalized surface plasmon resonance (LSPR) [5,27,34].
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Fig. 2. XRD pattern of Ag/AgCl/TiO2 nanocomposite thin film.
l/TiO2 nanocomposite (b) thin films.

The elemental compositions and chemical status of the thin
films were further analyzed by XPS. The photoelectron peaks for Ti
2p and O 1s appear clearly at binding energy Eb of 458 and 531 eV,
respectively (Fig. 4A). The XPS peak for C 1s at Eb = 284.8 eV is due
to the adventitious hydrocarbon from the XPS instrument itself. Si
2p peak at Eb = 103.0 eV is from glass substrate. Ag (368 eV) and Cl
peaks (199 eV) are from the deposited Ag/AgCl particles on the thin
films. Fig. 4B shows the high resolution XPS spectra of the O 1s for
the thin films. The O 1s region is decomposed into three peaks. The
main contribution is attributed to Ti–O in TiO2, and the other two
kinds of oxygen contributions can be ascribed to the OH in Ti–OH
and the C–O in residual organic compounds, respectively. The thin
films easily adsorb water vapor in air, leading to the formation of
hydroxyl on the films. The high hydroxyl density on the surface
of the thin films would be beneficial in charge transfer and thus
enhance the photocatalytic activity.

3.2. Photocatalytic activity

For pure TiO2 thin films, no visible-light photocatalytic activity
is observed because they are not excited by visible light. Further-
more, AgCl/TiO2 thin films show weak visible-light photocatalytic
(3.2 eV). Under UV light irradiation, Grains of AgCl are photosensi-
tive to UV light due to their point ionic defects and electron traps
[29], which led to a small amount of metallic Ag deposited on the
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urface of AgCl particle. The prepared Ag/AgCl/TiO2 nanocompos-
te thin films exhibit obvious visible-light photocatalytic activity
as shown in Fig. 5A). With increasing irradiation time, the con-
entration of 4-CP decrease steadily, and about half of the target
ompound was decomposed within 120 min. We  found that other
rganic pollutants such as rhodamine B, methylene blue, and phe-
ol can also be decomposed by the prepared composite films under
isible-light irradiation, indicating that the prepared Ag/AgCl/TiO2
lm is an efficient visible-light photocatalyst. As a photocatalyst, its
tability is very important for its practical application. The stability
f plasmonic photocatalyst Ag/AgCl/TiO2 film is further investi-
ated by the recycle experiments of photocatalyst. After 5 recycles
or the photodegradation of 4-CP, the catalyst does not exhibit any
ignificant loss of activity (not shown here), indicating that the cat-
lysts are relative stable during the photocatalytic oxidation of the
ollutant molecules.

.3. Photocatalytic mechanism

The photocatalytic activity and stability of the Ag/AgCl/TiO2
anocomposite thin films can be understood by the following pro-
osed mechanism (as shown in Fig. 6), which is similar to our

ecently proposed mechanism of plasmonic photocatalysis [5,34].
nder visible-light irradiation, photo-generated electron–hole
airs are formed in Ag nanoparticles due to surface plasmon reso-
ance. The photoexcited electrons at the silver nanoparticles are
Fig. 5. (A) Comparison of photocatalytic activity of TiO2 (a), AgCl/TiO2 (b), and
Ag/AgCl/TiO2 (c) thin films, and (B) PL spectral changes with visible-light irradiation
time for the Ag/AgCl/TiO2 nanocomposite thin films.

injected into the conduction band of TiO2. Why  can the pho-
toexcited electrons at the silver nanoparticles inject into the TiO2
conduction band? This is due to the fact that before visible light
irradiation, the Fermi level of TiO2 and Ag NPs is the same. Under
visible light irradiation, TiO2 cannot be excited and its Fermi level
keeps un-change. On the contrary, Ag NPs can absorb visible light
due to its SPR absorption, which results in the up shift of Fermi
level of Ag NPs. Therefore, the photoexcited electrons at the silver
NPs can be easily injected into the conduction band of TiO2. Then,
the injected electrons can be transferred to the adsorbed O2, firstly
producing superoxide radical anions, O2

−•, then on protonation
yields HOO• radicals. The HOO• radicals and the trapped electrons
combine to produce H2O2, finally forming •OH radicals. These •OH
active species can cause the degradation and mineralization of 4-
CP. Nevertheless, the left holes can transfer to the AgCl surface due
to the negative surface charge [34], which could cause the oxidation
of Cl− ions to Cl0 atoms [29,34,36].  Because of the high oxidation
ability of the chlorine atoms, the 4-CP could be oxidized by the
chlorine atoms and hence the Cl0 could be reduced to chloride ions
again. So the Ag/AgCl composite could remain stable without dete-

rioration [29,34,36].  The detailed reactions are described by Eqs.
(1–9) as follows [5,34,37]:

Ag-NPs + hv(visible) → Ag-NPs∗ (1)
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Fig. 6. Sample configurations and schematic diagram for the charge separati

g-NPs∗ + TiO2 → Ag-NPs+•
(h+) + TiO2(e−) (2)

iO2(e−) + O2 → TiO2 + O2
−•

(3)

2
−• + H+ → HOO• (4)

− + HOO• + H+ → H2O2 (5)

2O2 + e− → •OH + OH− (6)

-CP + •OH → CO2 + H2O + Cl− (7)

g-NPs+•(h+) + Cl− → Ag-NPs + Cl0 (8)

-CP + Cl0(or h+) → CO2 + H2O + Cl− (9)

The proposed mechanism was further confirmed by the detec-
ion of •OH. It can be seen from Fig. 5B that a gradual increase
n PL intensity at 425 nm is observed with increasing irradiation
ime. On the contrary, no PL is observed in the absence of visible-
ight irradiation or Ag/AgCl/TiO2 nanocomposite thin film sample.
his implies that the fluorescence is from the chemical reactions
etween terephthalic acid and •OH formed during photocatalytic
eactions [5,34,38]. Further experiments show that no PL signals are
bserved for the TiO2 thin films sample (not shown here) because
ure TiO2 are not activated by visible light, implying no visible-

ight photocatalytic activity for the pure TiO2 sample. Therefore,
he hydroxyl radical experiments further confirmed that hydroxyl
adical is one of active species and indeed participates in photo-
atalytic degradation of the organic pollutants. It should be noted
hat on the one hand, the produced OH• radicals and Cl0 can cause
he degradation and mineralization of 4-CP, on the other hand, 4-
P can also be oxidized directly by plasmon-induced h+ (or Ag+)
n Ag NPs, thereby accelerating the photooxidized Ag NPs back to
heir initial state. This was confirmed by many published results
34,39–42]. Therefore, the Ag NPs can be rapidly regenerated and
he Ag/AgCl/TiO2 system remains self-stability. Added experiments
lso indicated that Ag+ can cause the degradation of 4-chlorophenol
queous solution under visible-light irradiation.

. Conclusions

Visible-light-driven plasmonic photoctalyst Ag/AgCl/TiO2
anocomposite thin films are successfully prepared by AgCl NPs
eposited on TiO2 thin films followed by reducing partial Ag+

ons of the AgCl particles to Ag0 species under UV irradiation. The
esulting plasmonic photoctalyst exhibits an obviously visible-
ight photocatalytic activity for photocatalytic degradation of 4-CP
queous solution. This can be understood by the proposed mecha-
ism. Under visible-light irradiation, the photoexcited electrons at

he silver NPs are injected into the conduction band of TiO2. Then,
he injected electrons can be transferred to the adsorbed O2, firstly
roducing superoxide radical anions, O2

−•, then HOO• radicals,
2O2, finally forming OH• radicals, which cause the degradation

[

[
[
[

d transfer at visible-light irradiated Ag/AgCl/TiO2 nanocomposite thin films.

and mineralization of 4-CP. On the other hand, 4-CP can also
be oxidized directly by plasmon-induced h+ (or Ag+) on Ag NPs,
thereby accelerating the photooxidized Ag NPs back to their initial
state. Therefore, the Ag NPs can be rapidly regenerated and the
Ag/AgCl/TiO2 system remains self-stability.
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