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a b s t r a c t

A new composite photocatalyst Ag/AgCl/ZnO was fabricated by a two-step synthesis method under the
hydrothermal condition. The sample was characterized by XRD, TG-DSC, SEM, TEM, DRS and XPS. The
results showed that the samples were composed of Ag, AgCl and ZnO, and the particle size was in the
range of 100 nm–1 �m. Methyl orange (MO) was used as a representative dye pollutant to evaluate the
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photocatalytic activity of Ag/AgCl/ZnO. The photocatalytic activity of Ag/AgCl/ZnO catalyst was higher
than that of the pure ZnO catalyst. It was found that the Ag/AgCl/ZnO structure changed to Ag/ZnO
gradually after several repeated experiments. However, the photocatalytic ability of the sample was not
reduced. Finally, a possible photocatalytic mechanism was proposed.

© 2010 Elsevier B.V. All rights reserved.
oble metal

. Introduction

In the past decades, environmental problems have been increas-
ngly serious with the development of the industry and economy
f human society. It has provided the impetus to sustained fun-
amental and applied research in the aspect of environmental
emediation. Various photocatalysts have been synthesized and
tudied, such as TiO2 [1], ZnO [2], BiVO4 [3], AgNbO3 [4], ZnWO4
5], etc. ZnO, as a wide direct band gap (3.2 eV) semiconductor, has
een attracting much attention in the past decades, and it has been
sed in different areas, such as solar cell [6], sensor [7,8], magnetic
aterial [9], photoluminescence material [10] and photodegrada-

ion [11], etc. ZnO is a good photocatalyst, which presents higher
hotocatalytic activity than TiO2 in the photodegradation of some
rganic compounds [12], so it is a suitable alternative of TiO2. How-
ver, the photocatalytic ability of the sample is still not high enough,
ecause the low separating efficiency of the photoelectron–hole
airs for the single semiconductors seriously impedes the pho-
ocatalytic degradation efficiency of the pollutants. Besides, the
tructure of the ZnO crystal would be destroyed after consecu-
ive use due to the photocorrosion effect [13]. In order to solve

hese drawbacks, a lot of efforts have been made to improve the
hotocatalytic activity of the pure ZnO semiconductor, such as the
ynthesis of different morphologies of ZnO [14], which has been
roved to be more efficient in photocatalysis; semiconductor com-

∗ Corresponding author. Tel.: +86 511 88791800; fax: +86 511 88791708.
E-mail address: lihm@ujs.edu.cn (H. Li).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.193
bination (such as ZnO/In2O3 [15], ZnO/TiO2 [16], ZnO/SnO2[17],
etc.); transition metals doping [18]; rare-earth metals loading [19]
and noble metal deposition [20–22]. It has been proved that among
these methods, the modification with noble metal is an effective
way to improve the separation of photo-generated electron–hole
pairs.

And recently, Ag/AgX [23] (X = Cl, Br) structure has been
reported as an efficient photocatalyst, which was named as plas-
monic photocatalyst [24]. Ag/AgX is a stable structure, and it
has the property to act as the co-catalyst. A few of correlative
photocatalysts have been synthesized, such as Ag/AgCl/TiO2 [25],
Ag/AgBr/WO3·H2O [26], and they are stable and efficient in degra-
dation of the organic dye. The addition of Ag/AgX does enhance
the photocatalytic ability of the catalysts. The results indicate that
Ag/AgX is not only a good photocatalyst, but also a good co-catalyst.

Based on the above analysis, Ag/AgX as a cocatalyst could
enhance the separation of electron–hole, thus the photocatalytic
activity of the semiconductor increased. It can be inferred that
Ag/AgCl/ZnO can be a potential candidate for photocatalysis, and
Ag/AgCl/ZnO has not been reported ever before. This expectation
led us to prepare a new photocatalyst Ag/AgCl/ZnO by a two-step
hydrothermal method. And methyl orange (MO) aqueous solution
was chosen as the model compound to estimate the photoactivity
of the samples. The experimental result showed that the loading of

a small amount of Ag/AgCl could enhance the phtocatalytic abil-
ity of ZnO. The relationship between the photocatalytic activity
and the structural features of the prepared catalysts was investi-
gated through a systematic characterization analysis, and a possible
mechanism of the reaction was proposed.

dx.doi.org/10.1016/j.jallcom.2010.11.193
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:lihm@ujs.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.11.193
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Fig. 1. XRD of the samples (a)ZnO (b)AgCl/ZnO (5 at%) (c)Ag/AgCl/ZnO (5 at%)
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. Experimental

.1. Material and sample preparation

All chemicals were analytical grade and used as received without purification.
he ionic liquid [Bmim]Cl (1-butyl-3-methylimidazolium chloride) (99%) was pur-
hased from Shanghai Chengjie Chemical Co. LTD.

.2. Synthesis of ZnO

ZnO was prepared by a simple hydrothermal reaction. 12 mmol Zn(CH3COO)2

as dissolved into 30 ml distilled H2O, and the aqueous solution was dripped into
nother solution which contained 30 ml distilled H2O and 48 mmol NaOH. After
eing stirred at room temperature for 20 min, the reaction mixtures were trans-
erred into a 100 ml Teflon-lined stainless steel autoclave, and then the autoclave
as sealed and heated in an oven up to 140 ◦C. The temperature was maintained

or 24 h. When the reaction was completed, the autoclave was cooled to room tem-
erature naturally. The obtained white precipitate was collected by centrifugation.
inally, it was dried in the air at 50 ◦C for 8 h after being washed by water and alcohol.

.3. Synthesis of the photocatalyst Ag/AgCl/ZnO

0.244 g (3 mmol) of the as-prepared ZnO was put into 5 ml distilled H2O, and
he mixture was stirred through the reaction. After 10 min, 5 ml EG was poured into
he mixture. And then, AgNO3 was dissolved into 5 ml H2O and dripped to the above
olution (Ag:ZnO = 0.05:1, in molar ratio). Different molar ratios of Ag:ZnO (5, 20 and
0) were prepared and named as 5 at%, 20 at%, 40 at%. After 1 h, 0.985 g 1-butyl-3-
ethylimidazolium chloride ([Bmim]Cl) was added to the mixture, and stirred for

0 min. Finally, the solution was transferred into a 25 ml Teflon-lined stainless steel
utoclave, and the autoclave was sealed and heated in an oven up to 140◦C.

.4. Characterization

X-ray diffraction (XRD) patterns of the samples were measured by X-ray diffrac-
ometer (Bruker D8) with Cu K� radiation (� = 1.54 Å) in the range of 2� = 20–80◦ , and
he scan rate of XRD was 6◦/min. Scanning electron microscopy (SEM) micrographs
ere observed by a FE-SEM (JEOL JSM-7001F). The diffuse reflectance spectra (DRS)
ere measured by UV–vis spectrometer (Shimadzu UV-2450). The X-ray photoelec-

ron spectroscopy (XPS) was observed by VG MultiLab 2000. Thermogravimetry,
ifferential scanning calorimetry, (TG-DSC) was done on STA-449C Jupiter (NET-
SCH Corporation, Germany). Transmission electron microscopy (TEM) micrographs
ere taken with a JEOL-JEM-2010 (JEOL, Japan) operating at 200 kV.

.5. Photocatalytic activity

The photocatalytic activity of ZnO and Ag/AgCl/ZnO was measured by the degra-
ation of MO solution under the UV illumination (250 W). The reaction was carried
ut with 0.05 g photocatalyst suspended in 100 ml MO solution. The initial concen-
ration of the MO solution was 10 mg/L. Before the UV lamps were turned on to
tart illumination, the solution was stirred for 0.5 h in dark to establish the adsorp-
ion/desorption equilibrium between the photocatalysts and the dyes. The solution
as sampled at 10 min intervals and centrifuged to discard any sediment, and then
onitored by UV–vis spectroscopy.

. Results and discussion

.1. XRD and SEM

Fig. 1 shows the XRD patterns of the photocatalysts ZnO,
gCl/ZnO and Ag/AgCl/ZnO with different molar ratios of Ag con-

ent. The inset displays the diffraction peak (at 2� = 38.1◦) assigned
o metal Ag. In Fig. 1a, all patterns match very well with the JCPDS
tandard data of wurtzite ZnO (JCPDS cards nos. 36–1451). The
eaks at 2� = 31.8◦, 34.4◦, 36.3◦, 47.5◦, 56.6◦, 62.9◦, 66.4◦, 68.0◦,
9.1◦, 72.6◦ and 77.0◦, which are marked with “#”, are assigned
o the (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2),
2 0 1), (0 0 4) and (2 0 2) planes of ZnO, respectively. In Fig. 1c, it
s found that the XRD patterns of Ag/AgCl/ZnO are composed of
nO, Ag and AgCl phases, and match their standard JCPDS cards
os. 36–1451, 04–0783 and 31–1238, respectively. The peaks at

� = 27.82◦, 32.24◦, 46.25◦, 54.81◦, 57.56◦, 67.4◦, 74.5◦ and 76.6◦,
hich are marked with “�”, are assigned to the (1 1 1), (2 0 0),

2 2 0), (3 1 1), (2 2 2), (4 0 0), (3 3 1) and (4 2 0) planes of cubic phase
f AgCl crystal. The peaks at 38.1◦ and 44.3◦, which are marked
ith “�”, are assigned to the (1 1 1), and (2 0 0) planes of metallic
(d)Ag/AgCl/ZnO (20 at%) (e)Ag/AgCl/ZnO (40 at%), The insert shows peaks of Ag
in the AgCl/ZnO and Ag/AgCl/ZnO system.

Ag. The lattice parameters of ZnO are a = 3.25359 Å, b = 3.25359 Å,
c = 5.21168 Å. The lattice parameters of the ZnO in the Ag/AgCl/ZnO
material are a = 3.25561 Å, b = 3.25561 Å, c = 5.21545 Å. Negligible
changes of all diffraction peak positions and lattice parameters of
ZnO in the Ag/AgCl/ZnO samples were observed. It indicates that
Ag/AgCl loading should be merely placed on the surface of the crys-
tals without covalently anchored into the crystal lattice [27]. The
diffraction peak (at 2� = 38.1◦) assigned to metal Ag is also displayed
in the nanojunction system (the inset of Fig. 1). It indicates that the
Ag/AgCl/ZnO has a peak at 38.1◦, while the AgCl/ZnO does not have
(Fig. 1b). It confirms that Ag0 existing in the Ag/AgCl/ZnO sample,
and there is no Ag0 exists in the AgCl/ZnO sample. Because the
deposit amount of Ag is very small, the peak of the Ag0 is weak.
When the deposit amount of Ag is raised (Fig. 1 d and e), it can be
clearly seen that the Ag peaks become obvious (2� = 38.1◦).

Fig. 2 shows the SEM images of the (A) ZnO (B) Ag/AgCl/ZnO (5
at%) (C) Ag/AgCl/ZnO (40 at%) and (D) The EDS of the selected area
of (C). The images clearly reveal that the samples are composed of
small particles and nano-rod, and the lengths of the samples are
in the range of 100 nm–1 �m. It can be seen that the morphology
and the size of the photocatalysts do not show significant changes
after deposition of Ag/AgCl. The EDS analysis reveals that Ag and
Cl elements were detected in the samples. According to the XRD
results, it could be deduced that Ag/AgCl was deposited on the walls
of ZnO.

3.2. TG-DSC

The thermal decomposition of Ag/AgCl/ZnO product was deter-
mined by thermogravimetric analysis (TG) under a N2 atmosphere.
The TG curve (weight loss of samples in relation to the temperature
of thermal degradation) is presented in Fig. 3. When the tempera-
ture is raised to 800 ◦C, the weight decreased probably due to the
evaporation of the gas, which had been adsorbed to the surface
of ZnO powder. The loss of the weight is less than 0.5%. It could
be concluded that the sample is of thermal stability under this

temperature. No obvious peaks appear in the DSC curves of the
Ag/AgCl/ZnO sample. It indicates that there is no obvious phase
transition when the sample is treated at a high temperature.
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Fig. 2. SEM of the samples (A) ZnO (B) Ag/AgCl/ZnO (5 at%) and

.3. XPS analysis

The surface components and chemical states of Ag/AgCl/ZnO
ave been investigated by XPS analysis, and the corresponding
xperimental results are shown in Fig. 4. As shown in Fig. 4a, all
f the peaks can be ascribed to Ag, Cl, Zn, O, and C elements and
o peaks of other elements are observed. The appearance of C
eak is mainly due to the adventitious hydrocarbon from the XPS
nstrument itself. Hence, it could be concluded that the samples are
omposed of Zn, O, Ag, and Cl, which are well consistent with the
RD results. Fig. 4 b–d show the high-resolution XPS spectra of Zn
p, Ag 3d and Cl 2p in the Ag/AgCl/ZnO composite, respectively. The
osition of Zn 2p peak for the sample is at the value of 1021.8 eV,
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Fig. 3. TG-DSC of the Ag/AgCl/ZnO photocatalysts.
/AgCl/ZnO (40 at%) and (D) The EDS of the selected area of (C).

which confirms that in the sample Zn element exists in the form of
Zn2+. Fig. 4c shows that Ag 3d peak appears at a binding energy of
366.8 eV. It shows that the peak shifts obviously to lower binding
energy in comparison with the standard value of bulk Ag (368.2 eV)
and the Ag 3d in Ag/ZnO catalyst (367.2 eV). It indicates that the
shift of the binding energy of Ag 3d is primarily attributed to the
interaction among the Ag, AgCl and ZnO [28–30]. Fig. 4d shows the
spectra of Cl 2p. The binding energy of Cl 2p is at 198.4 eV, which
confirms the Cl element exists mainly in the form of Cl−.

3.4. DRS

Fig. 5 shows the DRS of ZnO and Ag/AgCl/ZnO. The Ag/AgCl/ZnO
sample has much stronger absorption than the ZnO sample in the
visible region, because Ag particles strongly absorb the light. It sug-
gested that the photocatalytic property of Ag/AgCl/ZnO should be
better than ZnO. The estimated value of the band gap (Eg) of the
samples could be calculated by the following formula [31]:

A = C(hv − Eg)n/2

hv

Where A, �, Eg, and C are absorption coefficient, the light fre-
quency, the band gap, and proportionality constant, respectively.

According to the reference, the value of n for ZnO and Ag/AgCl/ZnO
is 1. The Eg of ZnO and Ag/AgCl/ZnO are 3.224 eV and 3.225 eV (see
the inset in Fig. 5), respectively. The little change of the Eg of the
samples also explains why the catalysts do not show high activity
under the visible light.
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3.5. Photocatalytic Activity

The photocatalytic activity of the samples is shown in Fig. 6. It
is found that the degradation efficiency of MO without photocata-
lysts is low, as shown in Fig. 6a. It suggests that the photoinduced
self-sensitized photolysis of MO could be neglected. However, the
concentration of the MO decreases rapidly with the addition of any
catalysts. The pure ZnO shows activity in photocatalytic of MO, and
the degradation efficiency of MO solution is 63% in 40 min. After
loading Ag/AgCl, the degradation efficiency of the sample increases
to 100% in 40 min. As a noble metal deposit catalyst, it has some
improved characteristic when compared to the oxide deposit cata-
lyst [32]. In the Ag/AgCl/TiO2 [30] system, it is considered that the
photocatalysts are of high activity for the Ag/AgCl nanoparticles
absorb the photon, which is beneficial to the separation of elec-
tron and hole, and thus increases the photocatalytic activity of the

semiconductor. There are articles on the metal doped ZnO [29,33]
with the same conclusion that the improved activity is mainly due
to the better charge separation ability. In the Ag/AgCl/ZnO catalyst,
Ag/AgCl can be used as effective electron scavengers to trap the
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Fig. 6. Photocatalytic degradation of MO (a) without photocatalyst (b) with ZnO (c)
with Ag/AgCl/ZnO.
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ponents, so the photocatalytic activity of the sample keeps high.
It is very interesting that the photocatalyst changes in this

system, but does not change in other systems. Besides, the pho-
tocatalyst changes, but the photocatalytic activity does not change.
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lectron, and then the photocatalytic activity can be enhanced. The
emporal evolution of the absorption spectral changes during the
hotocatalytic degradation of MO by the pure ZnO and Ag/AgCl/ZnO
re shown in Fig. 7. It is found that the absorption peak of the
olution decreases slowly in the case of ZnO sample (Fig. 7A). By
ontrast, in the presence of Ag/AgCl/ZnO catalyst (Fig. 7B), it shows
faster decrease in the absorbance of MO solution. The color of

he suspension changed to colorless after 40 min, which indicates
hat the MO molecular was indeed decomposed in the reaction
rocess.

.6. The repeated experiment and the photocatalytic mechanism

The repeated experiment of the sample is conducted through
he degradation of MO, as shown in Fig. 8. It is found that after five
ecycles, the degradation rate is not significantly decreased, which
ndicates that the catalytic activity of the catalysts keep stable dur-
ng the process. It can be seen that the activity slightly decreases
fter the first cycle, which is probably due to the drop of a small
mount of Ag/AgCl particles from the walls of ZnO. Then the activ-
ty nearly keeps the same value. However, the XRD of the samples
sed for different consecutive photooxidation experiments with
O solution (shown in Fig. 9) show that the intensity of metal
g becomes stronger during the reaction, while the AgCl phase
isappears in the sample after 28-time recycled experiments. It
uggests that the AgCl gradually changes into Ag0 during the reac-
ion. Although the constitution of the samples has been changed,
Time/min

Fig. 8. Photocatalytic degradation curve of Ag/AgCl/ZnO composite under UV-light
irradiation for five consecutive cycles.

the activity of the samples does not change evidently after the
recycled experiment.

In order to confirm the junction structure of the sample after 28-
time recycling, the catalyst was investigated by HRTEM, as shown in
Fig. 10. The HRTEM image in Fig. 10a shows that the cocatalyst metal
Ag with nice particle deposits on the ZnO surface. The magnified
HRTEM image in Fig. 10b exhibits fringes with lattice spacing of ca.
0.1179 nm and 0.1477 nm, which correspond to the (2 2 2) plane of
metal Ag and the (1 0 3) plane of ZnO, respectively. The result indi-
cates that the Ag/AgCl/ZnO structure has changed to Ag/ZnO after
28 times recycled experiments. The intimate contact between Ag
and ZnO favors the formation of junctions between the two com-
20 30 40 50 60 70 80

2θ/(° )

Fig. 9. The XRD of (a) The as-prepared Ag/AgCl/ZnO, (b) 1-time recycled sample, (c)
5-time recycled sample, (d) 9-time recycled sample, (e) 28-time recycled sample.
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Fig. 10. (a) TEM image of the 28-time rec

herefore, it is necessary to investigate the photocatalytic mech-
nism of the sample. The possible mechanistic pathway of the
atalysts for photocatalytic degradation of MO is proposed as
ollows, as shown in Fig. 11: Firstly, under UV light irradiation, pho-
ogenerated electron–hole pairs (ecb

−–hvb
+) were formed in ZnO

Ps (Eq. (1), Fig. 11 I). Secondly, Ag nanoparticles on the surface
f the ZnO absorbed UV light, and generated Ag+ and e− (Eq. (2),
ig. 11 II). The ecb

− reacted with Ag+ to form Ag (Eq. (3)), and the
− from Eq. (2) and the other ecb

− were expected to be trapped
y O2 molecules in solution. Then it could form superoxide ions
•O2

−) and other oxygen species (Eqs. (4)–(6), Fig. 11 II and III)
34,35]. The generated radicals reacted with organic pollutant (Eq.
7)). Thirdly, the hvb

+ could react with AgCl [24] to form Ag+ and
l0 (Eq. (8), Fig. 11 IV), and a part of hvb

+ generated by ZnO reacted
ith OH− to form •OH (Eq. (9)) [30]. The Cl0 and •OH could react
ith the MO organic pollutant (Eqs. (10) and (11), Fig. 11 V). Lastly,
g+ was combined with Cl− to form AgCl back (Eq. (12), Fig. 11
I). As some of Ag+ was reduced to Ag by ecb

−, a few of Cl− could
ot be combined with Ag+ to form AgCl. So the Cl− generated in
he decolouring reaction was poured during the repeated exper-
ment. Compared with Ag/AgCl/TiO2 [36], Ag/AgBr/WO3·H2O [26]
ystems, the Ag/AgCl/ZnO structure was unstable, because ZnO was
xcitated by the light and hence generated chain reactions to com-
lete the conversion of Ag/AgCl/ZnO → Ag/ZnO. The emphasis of

his study is to investigate the change of the catalyst, which is
ifferent from other catalysts.

The reaction mechanism of the ZnO-based catalyst was also dif-
erent from the pure Ag/AgCl [24] structure. The pure Ag/AgCl could

Fig. 11. The proposed reaction mechanism of the system.
sample, (b) HRTEM images of the sample.

be stable after several cycle reactions, because all the Cl− could be
combined with Ag+. But in the case of Ag/AgCl/ZnO system, part
of the Ag+ could be combined with ecb

− generated from ZnO. In
this case, some Cl− could not be combined with Ag+ to form AgCl
because of the insufficient amount of Ag+. Therefore, it led to the
change of the catalyst in the reaction process.

In order to support the opinion that ecb
− also reacted with

Ag+ from Eq. (3), AgCl/ZnO has been synthesized. The XRD of the
AgCl/ZnO and AgCl/ZnO used after 8-time recycling have been ana-
lyzed. It is clear that after 8 recycling times, the AgCl/ZnO also
changes into Ag/AgCl/ZnO (The XRD is not shown here). The con-
version of AgCl/ZnO → Ag/AgCl/ZnO indicates that ecb

− also reacted
with Ag+ from Eq. (3).

ZnO + h� → ecb
− + hvb

+ (1)

Ag → Ag+ + e− (2)

ecb
− + Ag+ → Ag (3)

ecb
−/e− + O2 → •O2

− (4)

•O2
− + H+ → HOO• (5)

2HOO• → H2O2 + O2 (6)

•O2
− + organicpollutant → CO2 + H2O (7)

hvb
+ + AgCl → Ag+ + Cl0 (8)

hvb
+ + OH− → •OH (9)

Cl0 + organicpollutant → CO2 + H2O + Cl− (10)

•OH + organicpollutant → CO2 + H2O (11)

Ag+ + Cl− → AgCl (12)

4. Conclusions

The new composite Ag/AgCl/ZnO was synthesized through a
two-step hydrothermal synthesis route. It was clearly demon-
strated that Ag/AgCl/ZnO exhibited much better catalytic activity
than the pure ZnO in the MO solution. Interestingly, it was found
that the construction of the catalyst changed during the reaction,
but the catalytic activity of the sample almost kept the same under
the repeated experiments. The degradation efficiency of the sam-
ple could still keep at 98% in 40 min after 5-time recycles. Ag/AgCl
enhanced the charge separation ability of the photocatalyst, and
inhibited the photocorrosion of ZnO. So the photocatalytic ability

of ZnO could keep stable, and its crystal could keep stable after
several recycled experiments. In the reaction process, the ZnO was
excitated by the UV light, and the ecb

− generated from ZnO was
combined with part of the Ag+. Therefore, some Cl− could not be
combined with Ag+ to form AgCl, which led to the conversion of
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g/AgCl/ZnO → Ag/ZnO in the reaction process. And the results of
he XRD, XPS are in accordance with the proposed mechanism.
g/AgCl/ZnO also shows activity in degradation of other organic
yes, such as Methylene Blue (MB), Rhodamine B (RhB). Besides
nvironmental application, it is expected that the synthesized
g/AgCl/ZnO may have potential application in the other fields.
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