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Ag/ZnO photocatalysts with different Ag loadings were prepared by photocatalytic reduction of Ag+ on
ZnO with ethanol as hole scavenger. It was found that loading an appropriate amount of Ag on ZnO not
only enhances its photocatalytic activity, but also improves its photostability. The Ag/ZnO photocatalysts
were characterized with XRD, BET, DRUV–vis, Raman, PL, and photoelectrochemical measurement. No
matter what the Ag loading is higher or low, silver exists in the form of metallic species in the Ag/ZnO
photocatalysts. The enhancement of photocatalytic activity is due to the fact that the modification of ZnO
with an appropriate amount of Ag can increase the separation efficiency of photogenerated electrons
2 chemisorption and holes in ZnO, and the improvement of photostability of ZnO is attributed to a considerable decrease
of the surface defect sites of ZnO after the Ag loading. The chemisorption of molecular oxygen and the
chemisorption of atomic oxygen on Ag in the Ag/ZnO photocatalysts were observed. It was found that
the metallic Ag in the Ag/ZnO photocatalysts does play a new role of O2 chemisorption sites except for
electron acceptor, by which chemisorbed molecular oxygen reacts with photogenerated electrons to form
active oxygen species, and thus facilitates the trapping of photogenerated electrons and further improves

y of t
the photocatalytic activit

. Introduction

Heterogeneous photocatalysis based on nanostructured TiO2
as been extensively studied as an important destructive technol-
gy leading to the total mineralization of a wide range of organic
yes, which has been being an international hot topic for decades.
nO is another semiconductor investigated as a potential photo-
atalyst in recent years. Various kinds of nanostructured ZnO, such
s nanoparticle, nanorod, nanobelt, nanoplate, hollow sphere, and
icro/nanostructure, have been used for the photodegradation of

ye pollutants [1–6]. In some cases, ZnO exhibits a better photo-
atalytic efficiency than TiO2 [6,7] due to its higher efficiency of
eneration, mobility, and separation of photoinduced electrons and
oles [8].

One of the major drawbacks of ZnO photocatalyst is its pho-
oinstability in aqueous solution due to its photocorrosion with
V irradiation, which significantly decreases the photocatalytic
ctivity of ZnO and blocks its practical application in environ-

ent purification [9]. It is anticipated that ZnO would become

n excellent photocatalyst if the photocorrosion could be greatly
uppressed. Several methods have been developed to improve its
hotostability, including surface organic coating of ZnO [10], and
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E-mail address: liyuanzhi66@hotmail.com (Y. Li).
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he Ag/ZnO photocatalysts.
© 2010 Elsevier B.V. All rights reserved.

surface hybridization of ZnO with carbon and fullerenes C60 [11,12].
These works provided possibility for the practical application of
ZnO in the photocatalytic removal of dye pollutants. Recently, we
found that microscale ZnO exhibited much better photostability
than nano-ZnO due to its better crystallinity and lower defects. The
photostability of the microscale ZnO is further improved by the sur-
face modification of ZnO with a small amount of TiO2 [8]. However,
the photostability improvement of ZnO with TiO2 modification is
at the cost of the slight decrease of its photocatalytic activity. In
our another recent work, it was found that the formation of the
surface complex between phenolic compounds and ZnO results in
the substantial improvement of the photostability of ZnO as it leads
to a considerable decrease of the surface defect sites of ZnO [13].
However, the photostability improvement of ZnO induced by the
surface complex is only workable in the special cases. Therefore,
it is still of great challenge to improve both photocatalytic activ-
ity and the photostability of ZnO by more general and inexpensive
approaches.

Enlightened by a lot of studies of the beneficial role of metallic
Ag nanoparticles deposited on TiO2 for improving the photocat-
alytic efficiency of nanostructured TiO2 [14–16], many researchers

reported that depositing Ag on various nanostructured ZnO boosts
its photocatalytic activity [17–25]. It is widely accepted that Ag
nanoparticles on ZnO acting as electron sinks can trap the pho-
togenerated electrons from the semiconductor and thus improve
the separation efficiency of photogenerated electrons and holes,

dx.doi.org/10.1016/j.jphotochem.2010.06.032
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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detectable structural change is observed for the ZnO catalyst, which
suggests that the surface modification does not change the bulk
intrinsic property of the ZnO photocatalyst. For the Ag/ZnO pho-
tocatalysts with higher Ag loading (≥1.0 wt%), crystalline metallic
Ag is observed by XRD. However, in the case of lower Ag loading
50 W. Xie et al. / Journal of Photochemistry and

hich results in the improvement of the photocatalytic activity
f ZnO. However, whether the Ag modification could improve the
hotostability of ZnO has not been reported.

In this article, we found that loading an appropriate amount
f Ag on ZnO not only enhances its photocatalytic activity, but
lso improves its photostability. Further, it was found for the first
ime that the metallic Ag in the Ag/ZnO photocatalysts does play
nother role of O2 chemisorption sites except for electron acceptor,
y which chemisorbed molecular oxygen reacts with photogener-
ted electrons to form active oxygen species, and thus facilitates
he trapping of photogenerated electrons and further improves the
hotocatalytic activity of the Ag/ZnO photocatalysts.

. Experimental

.1. Materials

Microscale ZnO was purchased from Wuhan Zhongbei Chem-
cal Reagent Co. AgNO3, poly(ethylene glycol), crystal violet (CV),
thanol, and methanol were purchased from Shanghai Chemical
o. All of these chemicals were used without further purification.

.2. Preparation of photocatalysts and photoelectrode

1.0 g of the microscale ZnO powder was added to 100 mL of dis-
illed water in the beaker. A known amount of 0.2 mol L−1 AgNO3
nd 2 mL of ethanol were added to the obtained suspension. The
uspension was illuminated by a 125 W high pressure Hg lamp
Shanghai Yaming Lighting Appliance Co. Ltd., thereafter denoted as
V lamp) for 2 h under magnetic stirring. The mixture was filtered,
ashed thoroughly with distilled water, and dried at 100 ◦C for 2 h.

A mixture of the photocatalyst powder and poly(ethylene gly-
ol) with a weight ratio of 5% was added to 15 mL of ethanol and
ltrasonicated for 30 min. The obtained mixture was uniformly
pread on an ITO glass substrate. After the evaporation of ethanol,
he sample was heated to 480 ◦C in a muffle furnace at a rate of
◦C min−1 and remained at this temperature for 2 h to completely

emove poly(ethylene glycol).

.3. Characterization

X-ray diffraction (XRD) patterns were obtained on a Rigaku
/Max-IIIA X-ray diffractometer. The Brunauer–Emmett–Teller

BET) surface area was measured on Autosorb-1 using N2 adsorp-
ion at −196 ◦C for the sample predegassed at 200 ◦C in a vacuum
or 2 h. Diffusive reflectance UV–vis (DRUV–vis) absorption spectra
ere recorded on an UV-2550 spectrophotometer. Raman spectra
ere recorded on a Renishaw inVia Raman microscope with an

xcitation of 514.5 nm laser light. Photoluminescence (PL) spectra
ere recorded at room temperature on a Shimadzu RF-5301 PC

pectrometer using 320 nm excitation light.
Photoelectrochemical measurements were carried out by using

homemade three-electrode quartz cell, Pt wire as the counter
lectrode, a saturated Ag/AgCl electrode as the reference electrode,
nd the thin film of the photocatalysts on ITO as the working elec-
rode on an electrochemical analyzer (CHI750). The electrolyte used
as a solution of 0.2 mol L−1 Na2SO4. A 125 W high pressure Hg

amp (maximum wavelength: 385 nm, Shanghai Yaming Lighting
ppliance Co. Ltd., thereafter denoted as UV lamp) was used as

ight source. Before the measurement, the electrolyte was purged
y highly pure N2 to remove the dissolved oxygen.
.4. Photocatalytic activity

The photocatalytic activity of the photocatalysts was evaluated
y the photodegradation of CV. The light source was a UV lamp.
obiology A: Chemistry 216 (2010) 149–155

The reaction was maintained at ambient temperature. In a typical
experiment, aqueous suspensions of dye (50 mL, 1 × 10−4 mol L−1)
and 0.2000 g of the photocatalyst powder were placed in the beaker.
Prior to irradiation, the suspension was magnetically stirred in the
dark to ensure the establishment of an adsorption/desorption equi-
librium. The suspension was kept under constant air-equilibrated
condition. At the intervals of given irradiation time, 1.0 mL of the
suspension was collected and centrifuged to remove the particles.
The dye concentration was determined by measuring the UV–vis
absorbance of the dye aqueous solution.

2.5. Detection of hydroxyl radicals

The experimental procedure for the detection of hydroxyl radi-
cals were as follows: 0.2000 g of Ag/ZnO powder was dispersed in a
50 mL aqueous solution of 1.0 × 10−4 mol L−1 terephthalic acid and
4 × 10−4 mol L−1 NaOH in a beaker at ambient temperature. An UV
lamp was used as a light source. At the intervals of given irradia-
tion time, 1 mL of the suspension was collected and centrifuged to
remove the particles. PL spectra of the 2-hydroxyterephthalic acid
produced by the reaction between terephthalic acid and photogen-
erated hydroxyl radicals were recorded on a Shimadzu RF-5301 PC
spectrometer using 315 nm excitation light.

3. Results and discussion

3.1. XRD

The Ag/ZnO photocatalysts were prepared by photocatalytic
reduction of Ag+ on ZnO with ethanol as hole scavenger. Upon
UV irradiation, electrons in the valence band of ZnO are excited
to its conduction band with simultaneous generation of the same
amount of holes left behind. Ag+ ions in aqueous solution are
reduced by the photogenerated electrons and deposited on the
surface of ZnO while the holes are captured by ethanol. Fig. 1
shows XRD patterns of the pure ZnO and Ag/ZnO photocatalysts
with different Ag loadings. The observed diffraction peaks of the
pure ZnO catalyst can be indexed to those of hexagonal wurtzite
ZnO (JCPDS 89-0511). No impurity phases were detected. Its aver-
age crystal size is determined to be 353 nm according to Scherrer
formula (L = 0.89�/ˇ cos �). Its BET surface area is 3.0 m2 g−1. As
can be seen from Fig. 1, after loading Ag on the ZnO catalyst, no
Fig. 1. XRD patterns of the Ag/ZnO photocatalysts with different Ag loadings:
(a) pure ZnO, (b) 0.04 wt%Ag/ZnO, (c) 0.2 wt%Ag/ZnO, (d) 1.0 wt%Ag/ZnO, (e)
6.7 wt%Ag/ZnO and (f) the 0.2 wt%Ag/ZnO after recycled for eight times for the
photodegradation of CV.
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Fig. 3. Raman spectra of the Ag/ZnO photocatalysts with different Ag load-
ig. 2. DRUV–vis spectra of the Ag/ZnO photocatalysts with different Ag loadings:
a) pure ZnO, (b) 0.04 wt%Ag/ZnO, (c) 0.2 wt%Ag/ZnO, (d) 1.0 wt%Ag/ZnO and (e)
.7 wt%Ag/ZnO.

≤0.2 wt%), crystalline metallic Ag is not detected by XRD in the
g/ZnO photocatalysts, implying small Ag nanoparticles that are
ighly dispersed on the surface of ZnO.

.2. DRUV–vis

Fig. 2 presents DRUV–vis spectra of the pure ZnO and Ag/ZnO
hotocatalysts with different Ag loadings. All of the Ag/ZnO pho-
ocatalysts exhibit absorption band in the region of 400–800 nm,
hich is attributed to the characteristic absorption of surface plas-
on resulting from the metallic Ag clusters and/or nanoparticles in

he Ag/ZnO photocatalysts [17]. This observation reveals that even
n the Ag/ZnO photocatalysts with low Ag loading (0.04%Ag/ZnO
nd 0.2%Ag/ZnO), Ag also exists in the form of metallic species that
re highly dispersed on the surface of the ZnO catalyst. When the Ag
oadings are below 1.0%, although the absorption of the Ag surface
lasmon increases with the evolution of the Ag loading, their max-

mum absorption almost remained unchanged (around 437.5 nm).
n contrast, increasing the Ag loadings to 6.7% leads to a red shift
f 38.5 nm for the maximum absorption of the Ag surface plasmon.
he plasmon absorption of silver is represented by the following
quation [26]:

p =
[

4�2c2meff�0

Ne2

]1/2

here meff is the effective mass of the free electron of the metal
nd N is the electron density of the metal. The position of plasmon
bsorption is related to the electron density of the metal. With the
ecrease of the electron density of the metal, the plasmon absorp-
ion �p of metal was increased, which results in the red shift of the
lasmon absorption band. The red shift of the plasmon peak of sil-
er in the 6.67%Ag/ZnO photocatalyst compared with the Ag/ZnO
hotocatalysts with lower Ag loading suggests that the electron
ensity of Ag was decreased. The decrease of electron density of Ag

s due to the chemisorption of atomic oxygen on the surface of Ag,
hich will be discussed thereinafter.

.3. Raman

Fig. 3 shows the Raman spectra of the Ag/ZnO photocatalysts
ith different Ag loadings. The pure ZnO photocatalyst exhibits

trong bands at 583.1, 537.8, 435.3, 382.0, and 331.6 cm−1, which

re attributed to the E1(LO), A1(LO), E2, A1(TO), and A1 modes of
urtzite ZnO, respectively [27]. In the case of lower Ag loading

≤0.2%), no detectable change for the E1(LO), A1(LO), E2, A1(TO),
nd A1 modes of ZnO is observed after the Ag loading. When the
g loading is above 1.0%, the E2 and E1(LO) modes have an obvious
ings: (a) pure ZnO, (b) 0.04 wt%Ag/ZnO, (c) 0.2 wt%Ag/ZnO, (d) 1.0 wt%Ag/ZnO, (e)
6.7 wt%Ag/ZnO and (f) the 0.2 wt%Ag/ZnO after recycled for eight times for the pho-
todegradation of CV.

blue shift of 3.4 and 25 cm−1, respectively. Actually, it is observed
by carefully checking the Raman spectra of the Ag/ZnO photocata-
lysts with lower Ag loading that the E1(LO) mode exhibits a slight
blue shift with increasing Ag loading. The much larger blue shift of
the E1(LO) mode than the E2 mode suggests that the E1(LO) mode
is more sensitive to the surface modification of ZnO with Ag. More
interestingly, when the Ag loading is above 1.0%, the absorption of
E1(LO) mode is greatly enhanced. This surface enhancement Raman
spectra (SERS) is most probably due to the local field enhancement
induced by the surface plasmons of the metallic Ag on the surface of
the Ag/ZnO photocatalysts [25]. As E1(LO) mode is associated with
oxygen deficiency [28,29], the results reveal that the metallic Ag
deposits around the sites of oxygen vacancy on the surface of the
Ag/ZnO photocatalysts, which is very important for improving the
photostability of ZnO (discussed thereinafter).

It is interestingly observed that there is a broad band around
225 cm−1 after the Ag loading, which is attributed to the �(Ag–O2)
of molecular oxygen species chemisorbed on defects of the metal-
lic Ag [30–32]. With the evolution of the Ag loading from 0.2% to
1.0% to 6.7%, the intensity of the broad band increases, indicating
that more molecular oxygen species are chemisorbed on defects
of the metallic Ag. When the Ag loading is above 1.0%, there is
another weak broadband around 485 cm−1, which is ascribed to
the �(Ag–O) of atomic oxygen surface chemisorbed on defects of
the metallic Ag [30,32]. The enhanced chemisorption of molecu-
lar oxygen species and the chemisorption of atomic oxygen on Ag
lead to the decrease of the electron density of the metallic Ag in the
1.0%Ag/ZnO and 6.7%Ag/ZnO photocatalysts, which results in the
red shift of the plasmon absorption band as observed in the above
DRUV–vis spectra [26].

3.4. Photocatalytic activity

Dye effluents from textile industries are becoming a serious
environmental problem because of their unacceptable color, high
chemical oxygen demand content, and resistance to chemical,
photochemical, and biological degradation. We chose photodegra-
dation of CV as model dye with UV irradiation to evaluate the
photocatalytic activity of the photocatalysts. Fig. 4 shows the time
course of the decrease in the concentration of CV under UV irradi-
ation. As can be seen from Fig. 4, compared with the pure ZnO,

loading a small amount of Ag on ZnO (0.04 wt%) leads to the
enhancement of its photocatalytic activity. When the Ag loading
increases to 0.2%, its photocatalytic activity reaches to maximum.
When the Ag loading is 1.0%, its photocatalytic activity is almost
similar to that of the 0.2%Ag/ZnO photocatalyst. Further increasing
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ig. 4. The time course of the decrease in the concentration for the photodegrada-
ion of CV under UV irradiation.

he Ag loading to 6.7% results in a decrease of its photocatalytic
ctivity.

.5. Photostability

The recycled experiments for the photodegradation of CV under
V irradiation were performed to evaluate the photostability of

he 0.2%Ag/ZnO photocatalysts. As shown in Fig. 5, the pure ZnO
hotocatalyst suffers from a gradual deactivation in the process of
ecycling. After recycled for eight times, its photocatalytic conver-
ion decreases to 46.7%. In contrast, the 0.2%Ag/ZnO photocatalyst
xhibits much better photostability than the pure ZnO photocat-
lyst. Its photocatalytic activity almost remained unchanged after
cycles. The recycled 0.2%Ag/ZnO photocatalyst was gained from

he suspension by a simple filtration, and then was characterized by
RD and Raman. As shown in Figs. 1 and 3, both its XRD pattern and
aman spectra are almost identical to those of the fresh 0.2%Ag/ZnO
hotocatalyst. This observation indicates that the structure of the
.2%Ag/ZnO photocatalyst remains unchanged after recycled for
ight times, which can give an reasonable explanation to the fact
hy the 0.2%Ag/ZnO photocatalyst exhibits very good photostabil-

ty. It has been reported that the photocatalytic activity of ZnO can
e enhanced by the modification of ZnO with Ag [17–25]. In our
ase, it was found for the first time that the modification of ZnO
ith Ag not only enhances the photocatalytic activity of ZnO, but

lso improves the photostability of ZnO.
One of the major drawbacks of nanosized photocatalysts for

heir application in treating wastewater is the special difficulty

n separation from a suspension due to their nanosized particle
imension, which in turn significantly increases the running cost,
nd sometimes even produces a secondary pollution. To solve the
roblem, much effort has been focused on forming a composite
ith magnetite [33], which usually leads to the decrease of their

ig. 5. The durability of the photocatalysts for the photodegradation of CV under
V irradiation.
Fig. 6. The room temperature photoluminescence spectra with excitation at 320 nm
for the photocatalysts.

photocatalytic efficiency. The high photocatalytic activity and very
good photostability of the 0.2%Ag/ZnO photocatalyst together with
their easy separation from a suspension by conventional tech-
nology of filtration will facilitate their application in wastewater
treatment.

3.6. Photoluminescence

In a photocatalytic process, the separation and recombination
of photoinduced electron and hole are competitive pathways, and
photocatalytic activity is effective when the recombination is pre-
vented. The extent of recombination can be probed by the intensity
of photoluminescence. It is well-known that the photoluminescent
property of ZnO is sensitive to its defects [34,35]. A strong UV emis-
sion at 390 nm and several relatively weak visible emissions in the
range of 400–580 nm are observed for the pure ZnO photocatalyst
(Fig. 6). The UV emission is attributed to free excitonic emission
near band edge. The visible emissions are due to transition in var-
ious kinds of defect states [34,35]. Compared with the pure ZnO,
loading Ag on ZnO leads to a decrease of both the UV and visi-
ble emissions. With the evolution of the Ag loading from 0.04% to
6.7%, both the UV and visible emissions of the Ag/ZnO photocatalyst
rapidly decrease. The decrease of the UV emission for the Ag/ZnO
photocatalyst can be ascribed to the electron trapping effect of Ag,
which acts as electron acceptor, thus hindering the recombination
of charge carriers on ZnO [23]. The electron trapping effect of Ag is
favorable for the improvement of the photocatalytic activity of ZnO
due to the enhancement of the separation efficiency of photogen-
erated electrons and holes. The considerable decrease of the visible
emissions indicates that the surface defects in the ZnO photocat-
alyst are greatly reduced after the Ag loading, suggesting that the
metallic Ag is deposited on the defect sites, which is in agreement
to the results obtained by Raman spectra.

The photocorrosion of ZnO consists of two slow steps where
two holes are trapped on the surface of ZnO, followed by the fast
formation of an oxygen molecule and the fast expulsion of Zn2+

from the surface, and the overall reaction may be represented as:
ZnO + 2h+ → Zn2+ + 0.5O2 [12,36]. Very recently, it was found by
Kislov et al. [37] that the photocorrosion mainly occurs in the sur-
face defect sites of ZnO. Zhu et al. achieved a photostable hybrid
photocatalyst of C60/ZnO by anchoring fullerenes C60 molecule on
the surface defect sites of ZnO, which substantially reduced the
activation of surface oxygen atom, and effectively inhibited the

photocorrosion of ZnO [14]. In our case, loading 0.2% of Ag on ZnO
results in a considerable decrease of the surface defect sites of ZnO,
which inhibits the photocorrosion of ZnO and thus improves its
photostability.
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methanol and the 0.2%Ag/ZnO photocatalyst under UV irradiation
within 2 h. This observation reveals that CV can be photodegraded
by the active oxygen species formed by the reaction between O2
and the photogenerated electrons.
ig. 7. The photoelectrochemical response of the pure ZnO and Ag/ZnO composite
lectrodes vs bias potential under UV irradiation.

The lowest UV PL emission for the 6.7%Ag/ZnO photocatalyst
uggests that the recombination of photogenerated electrons and
oles through radiative pathway is greatly inhibited. It seems that
he 6.7%Ag/ZnO photocatalyst should exhibit best photocatalytic
ctivity. However, the photocatalysts shows lowest photocatalytic
ctivity among the Ag/ZnO photocatalysts. Therefore, more exper-
mental data is needed to study the contradiction against the
xpectation.

.7. Photoelectrochemical property

Compared with the PL results, the photocurrent measurement
an give more direct evidence for the separation efficiency of pho-
ogenerated electrons and holes in the photocatalysts. Under UV
rradiation, the electron in the valence band of ZnO can be excited
o their corresponding conduction band, thus, the efficient separa-
ion of photoinduced electrons and holes leads to the generation
f photocurrent. As can be seen from Fig. 7, compared with the
ure ZnO photocatalyst, loading a small amount of Ag on ZnO leads
o an enhancement of its photocurrent. With the evolution of the
oading amount of Ag from 0.04% to 0.2% to 1.0%, the photocurrent
f the Ag/ZnO photocatalyst gradually increases. This result indi-
ates that the modification of ZnO with an appropriate amount of
g can increase the separation efficiency of photogenerated elec-

rons and holes in ZnO, which results in the enhancement of its
hotocatalytic activity. However, further increasing the Ag loading
o 6.7% results in a considerable decrease of its photocurrent. This
bservation reveals that the existence of the excess Ag decreases
he separation efficiency of photogenerated electrons and holes in
he 6.7%Ag/ZnO photocatalyst because the possibility of hole cap-
ure increases by large number of negatively charged Ag particles
n ZnO when the Ag loading is above its optimum [38]. This process
f hole capture probably proceeds in nonradiative pathway, which
ould not be detected by conventional PL measurement. Therefore,
he lowest photocatalytic activity of the 6.7%Ag/ZnO photocatalyst
s attributed to its lowest separation efficiency of photogenerated
lectrons and holes.

.8. Mechanism and role of Ag

To reveal the active species involved in the photodegradation
rocess of the Ag/ZnO photocatalyst, the formation of hydroxyl
adicals (•OH) on the surface of the Ag/ZnO photocatalyst under
V irradiation was detected by the PL technique using terephthalic

•
cid as a probe molecule, which readily reacts with OH to pro-
uce highly fluorescent product, 2-hydroxyterephthalic acid. The
L intensity of 2-hydroxyterephtalic acid at 425 nm is proportional
o the amount of •OH produced on the surface of the Ag/ZnO pho-
ocatalyst [39–41]. Fig. 8 presents the time course of fluorescence
Fig. 8. The time course of fluorescence spectral changes with excitation at 315 nm
under UV irradiation in the suspension of 0.2000 g of 0.2%Ag/ZnO photocatalyst and
50 mL of 1.0 × 10−4 mol L−1 aqueous basic solution of terephthalic acid.

spectral changes with excitation at 315 nm under UV irradiation in
the suspension of the 0.2%Ag/ZnO photocatalyst and aqueous basic
solution of terephthalic acid. As shown in Fig. 8, in the initial 40 min,
the PL intensity around 425 nm increases with the evolution of UV
irradiation time, which demonstrates the production of hydroxyl
radicals on the surface of the Ag/ZnO photocatalyst with UV irradia-
tion [39–41]. After that, further increasing UV irradiation time leads
to a quick decrease of the PL intensity around 425 nm, which indi-
cates that the concentration of the produced 2-hydroxyterephthalic
acid quickly decreases. These observations reveal that the pho-
todegradation of terephthalic acid proceeds in two continuous
steps as following: terephthalic acid first reacts with the photogen-
erated hydroxyl radicals to form 2-hydroxyterephthalic acid, and
then the produced 2-hydroxyterephthalic acid is further oxidized
by the hydroxyl radicals.

To reveal whether the active oxygen species formed by the
reaction between O2 (e.g. chemisorbed O2, physisorbed O2, and
O2 dissolved in the dye solution) and the photogenerated elec-
trons make a contribution to the photodegradation of CV, methanol
was used as hole scavenger [42,43] in the photodegradation of
CV (50 mL, 1 × 10−4 mol L−1). Fig. 9 shows the time course of the
decrease in the concentration of CV in the presence of excess
methanol (0.99 mol L−1) and the 0.2%Ag/ZnO photocatalyst under
UV irradiation. As can be seen from Fig. 9, in the absence of the
0.2%Ag/ZnO photocatalyst, only 9.0% of CV is photodegraded in the
presence of excess methanol under UV irradiation within 2 h. In
contrast, 46.7% of CV is photodegraded in the presence of excess
Fig. 9. The time course of the decrease in the concentration of CV in the pres-
ence of excess methanol (0.99 mol L−1) and the 0.2%Ag/ZnO photocatalyst under
UV irradiation.
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ig. 10. The time course of the decrease in the concentration of CV using the
.2%Ag/ZnO sample as photocatalyst in the flow of high pure Ar under UV irradiation.

The above obtained results suggest that the mechanism for the
hotodegradation of CV on the Ag/ZnO photocatalyst is as follows:
pon UV irradiation, electrons are excited from the valence band of
nO to its conduction band, leaving the corresponding holes in the
alence band. The electrons further transfer to Ag in the Ag/ZnO
hotocatalyst, and thus the separation efficiency of the photoin-
uced electrons and holes is enhanced. The photogenerated holes

n the valence band of ZnO react with hydroxyl groups to form
ydroxyl radicals, which lead to the photocatalytic oxidation of the
ye. At the same time, the photogenerated electrons react with
2 to form active oxygen species, which also participate in the
hotocatalytic oxidation of the dye. This mechanism proposed on
he basis of the experimental evidences is in agreement with that
roposed in the literatures [17,23,24].

As observed by Raman, O2 is chemisorbed on Ag in the Ag/ZnO
hotocatalysts. Under UV irradiation, the photogenerated electrons
rapped by the metallic Ag in the Ag/ZnO photocatalysts either
eacts with the chemisorbed O2 or reacts with O2 physisorbed on
g and O2 dissolved in the dye solution to form active oxygen
pecies. Obviously, the former reaction is more favorable than the
atter reaction because of its lower activation energy. To confirm

hether the active oxygen formed by the reaction between the
hemisorbed O2 and the photogenerated electrons takes part in the
hotodegradation of CV, the photodegradation of CV in the absence
f O2 physisorbed on Ag and O2 dissolved in the dye solution was
ested. In order to do this experiment, the aqueous suspension of
ye (50 mL, 1 × 10−4 mol L−1) and 0.2000 g of the 0.2%Ag/ZnO pho-
ocatalyst in a beaker was placed on the bottom of a closed stainless
eactor (7.2 L) with quartz window on the upper cover that was
onnected to a high pure Ar cylinder through a valve and stainless
ipeline, of which the another end was immersed in the suspension.
his setup can guarantee a complete separation of the suspension in
he beaker from air. The suspension was purged with Ar in the flow
f highly pure Ar in dark for 1 h to remove O2 physisorbed on Ag and
2 dissolved in the dye solution and ensure the establishment of an
dsorption/desorption equilibrium of CV on the photocatalyst, and
hen the photodegradation of CV was started by turning on the UV
amp. Fig. 10 presents the time course of the decrease in the con-
entration of CV using the 0.2%Ag/ZnO sample as photocatalyst in
he flow of high pure Ar under UV irradiation. As can be seen from
ig. 10, in the absence of the 0.2%Ag/ZnO photocatalyst, CV cannot
e photodegraded in the flow of high pure Ar under UV irradiation.
owever, the concentration of CV slowly decreases in the presence
f the 0.2%Ag/ZnO photocatalyst in the flow of high pure Ar with
he evolution of UV irradiation time. After 2 h, 21.6% of CV is pho-
odegraded. The photodegradation of CV in the absence of dissolved

2 in the dye solution and physisorbed O2 indicates that CV can be
hotodegraded by the active oxygen species formed by the reaction
etween the photogenerated electrons and O2 chemisorbed on the
etallic Ag in the 0.2%Ag/ZnO photocatalyst. This result reveals

[

[

obiology A: Chemistry 216 (2010) 149–155

that the metallic Ag in the Ag/ZnO photocatalyst does play another
role of O2 adsorption sites except for electron acceptor, by which
chemisorbed molecular oxygen reacts with photogenerated elec-
trons to form active oxygen species, and thus facilitates the trapping
of photogenerated electrons by reducing the back electron transfer
from Ag to ZnO and further improves the photocatalytic activity of
the Ag/ZnO photocatalysts.

4. Conclusions

In summary, Ag/ZnO photocatalysts with different Ag loadings
were prepared by photocatalytic reduction of Ag+ on ZnO with
ethanol as hole scavenger. We found that loading an appropriate
amount of Ag on ZnO not only enhances its photocatalytic activity,
but also improves its photostability. The enhancement of photocat-
alytic activity is due to the fact that the modification of ZnO with an
appropriate amount of Ag can increase the separation efficiency of
photogenerated electrons and holes in ZnO, and the improvement
of photostability of ZnO is attributed to a considerable decrease of
the surface defect sites of ZnO after the Ag loading. It was found
that the metallic Ag in the Ag/ZnO photocatalysts does play two
new roles of O2 chemisorption sites except for electron acceptor,
by which chemisorbed molecular oxygen reacts with photogener-
ated electrons to form active oxygen species, and thus facilitates
the trapping of photogenerated electrons and further improves the
photocatalytic activity of the Ag/ZnO photocatalysts.
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