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a b s t r a c t

Ag nanoparticles (NPs) modified ZnO microspheres (Ag/ZnO microspheres) were prepared by a facile

one pot strategy in ethylene glycol (EG) medium. The EG played two important roles in the synthesis: it

could act as a reaction media for the formation of ZnO and reduce Ag+ to Ag0. A series of the

characterizations indicated the successful combination of Ag NPs with ZnO microspheres. It was shown

that Ag modification could greatly enhance the photocatalytic efficiency of ZnO microspheres by taking

the photodegradation of Rhodamine B as a model reaction. With appropriate ratio of Ag and ZnO,

Ag/ZnO microspheres showed the better photocatalytic performance than commercial Degussa P-25

TiO2. Photoluminescence and surface photovoltage spectra demonstrated that Ag modification could

effectively inhibit the recombination of the photoinduced electron and holes of ZnO. This is responsible

for the higher photocatalytic activity of Ag/ZnO composites.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Photocatalysis is one of the most dynamic areas in modern
science as its potential in solving many current environmental and
energy issues [1–3]. Semiconductor materials have received
intensive interest in this area because their proper band gaps can
effectively utilize light energy. Over the past few decades, most
studies have been devoted into TiO2 as their high photosensitivity
and nontoxic nature [4,5]. Zinc oxides (ZnO), a direct wide band-
gap (3.2 eV) semiconductor, have been considered as a suitable
alternative to TiO2 due to its similar band-gap energy with TiO2

and lower cost [6,7]. When irradiation has energy greater than the
band-gap energy of ZnO, the electrons in the valence band (VB) will
be excited to the conduction band (CB), and thus form electron–
hole pairs. The photo-induced electrons and holes are able to
activate the surrounding chemical species and then promote the
chemical reactions. It was shown that the photocatalytic perfor-
mance of ZnO is affected by its crystallite size, specific surface area,
morphologies and textures [8–17]. For example, Ghosh’s group
research showed that the photocatalytic activity of ZnO decreases
as the particle size increases [13]. The dependence of the
photocatalytic activity on the type and concentration of oxygen
defects were studied by Zheng et al. [14]. Also, the face-dependent
photocatalytic performance was explored by Jang et al.’s [15],
Mclaren et al.’s [16] and Zheng’s groups [17], respectively, and it
was shown that (0001) and (0001̄) facets of the hexagonal ZnO
ll rights reserved.
crystals have specific catalytic activity for photodegradation of
organic contaminations. However, the rapid recombination of
photo-induced hole–electron pairs is major obstacles for increasing
photocatalytic efficiency of ZnO photocatalysts [18].

Nanoscience development provided great opportunity on the
control over the chemical composition and surface modification of
the materials [19–21]. Noble metal nanoparticles (NPs), such as
Au, Ag, Pd and Pt, represent one of the most important areas in
nanotechnology as their high stability and excellent properties
[22]. The electronic structure of semiconductor is characterized
by a VB filled with electrons and an empty CB, while those of
metal NPs can be described as a sink for photoinduced charge
[23]. Upon irradiation by an appropriate energy, the electrons
promoted from VB to CB will be captured by the metal NPs
contacting with the semiconductor particles, benefiting the
separation of photo-generated carriers and improvement of the
photoelectrochemical performances of the semiconductor parti-
cles [24]. The Pt–ZnO [25,26], Au–ZnO [27] and Ag–ZnO [28–33]
composites were fabricated and their photocatalytic performance
was also explored. The metal Ag is cheapest among all the noble
metals. This should be favorable for its use in industrial scale.
Several methods were developed to prepare the Ag–ZnO compo-
sites. For example, Ag NPs were deposited on the surface of
pre-prepared semiconductor particles upon UV-light irradiation
[28,29]. Gu et al. prepared ZnO/Ag heterostructures by a two-step
chemical method, in which the ZnO were deposited on the surface
of pre-synthesized Ag nanowires [30]. The co-precipitation,
solvothermal, electrospun and templated methods are also
effective in constructing the composites [31–33]. These works
demonstrated that the combination of Ag with ZnO is effective for
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designing the photocatalysts with improved performance. Never-
theless, multi-step procedure needed in some synthesis make the
preparation complex. On the other hand, the challenge in one-pot
synthesis is how to control the growth of Ag NPs on the surface of
ZnO. As known, the photocatalysis is a surface reaction process
[1,15]. It therefore is rational to deposit metal NPs on the surface
of ZnO for effectively improving the surface properties of ZnO
photocatalysts. Thus, an effective route to forming ZnO particles
with Ag nanoparticles on the surface would be an important
development to extend the use of zinc oxide as a photocatalyst.

Taking advantage of the multifunctional characteristics of the
reagents can simplify the synthesis of nanostructured materials
[34–36]. The use of the ethylene glycol (EG) as reducing reagent is
well demonstrated in the synthesis of the metal NPs [37]. On the
other hand, the EG can also act as a media in the preparation of
the metal oxides via forced hydrolysis of metal salts [38,39]. In the
present study, we proposed a straightforward ‘‘one-pot’’ strategy
for preparing Ag/ZnO composites by taking multifunctional
characteristics of the EG. Experimental results indicated that the
Ag/ZnO microspheres (Ag NPs modified ZnO microspheres) could
be obtained through a ‘‘one-pot’’ reaction, in which the
Zn(Ac)2 �2H2O and AgNO3 were added into the EG in succession.
X-ray powder diffraction (XRD), UV–vis, scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
analyses indicated the successful growth of Ag NPs on the surface
of the ZnO spheres. Furthermore, the photocatalytic test indicated
that the Ag/ZnO composites exhibited better photocatalytic
performance than the commercial TiO2 catalyst (P25) for photo-
degradation of Rhodamine B (RhB) dye. After reused for 5 times,
there are no obvious decrease in the photocatalytic activity of
Ag/ZnO microspheres. The enhancement reasons of photocatalytic
performance also were investigated primary by combination of
the photoluminescence with surface photovoltage techniques.
Scheme 1. Schematic procedure for preparation of the Ag/ZnO microspheres.
2. Experimental section

2.1. Chemicals

Zinc acetate dihydrate (Zn(CH3COOH)2 �2H2O, Zn(Ac)2 �2H2O),
ethylene glycol (EG) and silver nitrate (AgNO3) were purchased
from Tianjin Kermel Chemical Reagent Co., Ltd. All reagents were
used as received without further purification.

2.2. The preparation of Ag/ZnO microspheres

The Ag/ZnO microspheres were fabricated via a ‘‘one-pot’’
process in EG medium. In a typical synthesis, 10 mmol Zn(Ac)2 �2
H2O were added into 50 EG in a 100 mL round-bottomed flask. The
solution was heated to 160 1C at the rate of 5 oC/min. After reaction
was performed at 160 1C for 8 h, 0.25 mmol AgNO3 was added into
the suspension, and the reaction was further preceded for 0.5 h.
After naturally cooling to room temperature, the products were
collected by centrifugation and washed with deionized water for
three times. The sample was denoted as X%Ag/ZnO (2.5%Ag/ZnO
for this sample), where the X is the molar ratio of Ag to
ZnO calculated on the basic of the initial amount of AgNO3 and
Zn(Ac)2 � 2H2O. The 0.0625%Ag/ZnO, 1.25%Ag/ZnO and 5%Ag/ZnO
composites also were prepared by tuning the initial ratio of AgNO3

to Zn(Ac)2 �2H2O.

2.3. Characterizations

Scanning electron microscopy (SEM, Hitachi S-4800) operated
with an acceleration voltage of 5 kV, and transmission electron
microscopy (TEM, JEOL-2100) with an acceleration voltage of
200 kV was used to characterize the size and morphology of the
products. X-ray powder diffraction (XRD) were performed with a
Rigaku (Japan) D/MAX-rA X-ray diffractionmeter equipped with
graphite monochromatized CuKa radiation (g¼1.541874 Å).
UV–vis diffuse-reflectance spectra (DRS) were recorded with a
UV–vis 2550 spectrometer. Photoluminescence (PL) spectra were
recorded with a PE LS-55 spectrofluorophotometer. Surface
photovoltage spectra (SPS) measurement of the samples was
carried out with a home-built apparatus [40]. The raw SPS data
were normalized using the illuminometer (Zolix UOM-1S, made in
China).

2.4. The photocatalytic tests

The photocatalytic performance was evaluated by using RhB
as a representative dye pollutant. In detail, 0.04 g catalyst
(X%Ag/ZnO) and 40 mL of 1.0�10�5 mol/L RhB aqueous solution
was mixed in a 100 mL cylinder reaction. After stirring under dark
for 30 min to reach the adsorption equilibrium, the mixture was
irradiated with 15-W UV light-tube (365 nm) for a given time
under stirring continuously. After the reaction is completed, the
solids were separated by centrifugation. A UV-2550 spectrometer
was used to measure the concentration of RhB solution before and
after photocatalytic reaction, by mean of the optical characteristic
adsorption of RhB solution at about 554 nm. As reference, the
photocatalytic activity of P25 was also tested under otherwise
same conditions. The pH value of catalyst solution is about 6.
3. Results and discussion

3.1. Structure characterization

Ag/ZnO microspheres were prepared by a one-pot process in
which the Zn(Ac)2 � 2H2O and AgNO3 were sequentially adding
into the EG. The success of the one-pot strategy should be mainly
contributed into the two important role of the EG: it could act as a
medium for the formation of ZnO microspheres, and reduce the
Ag ions to form Ag NPs at the same time (Scheme 1). The possible
reaction formulas were given as follows (formula 1 for ZnO,
formula 2 and 3 for Ag):

Zn(CH3COO)2+H2O-ZnO+2CH3COOH (1)

HOCH2CH2OH#CH3CHO+H2O (2)

CH3CHO+2AgNO3+H2O-2Ag+2HNO3+CH3COOH (3)

The sequential addition of Zn(Ac)2 �2H2O and AgNO3 is
important for the growth of Ag NPs on ZnO surface. The formation
of ZnO and Ag components could be obviously seen from the
change of system color. The white solids (ZnO) emerged after
adding Zn(Ac)2 �2H2O into EG solvent and reaction for several
hours, while the solution changed into the yellow after adding
AgNO3 into the system, indicating the formation of Ag NPs. The
typical sample, 2.5%Ag/ZnO, was studied by technique of XRD,
UV–vis DRS spectroscopy, SEM and TEM. Fig. 1a shows XRD



Fig. 1. (a) XRD pattern and (b) UV–vis DRS spectrum of 2.5%Ag/ZnO composites.

Fig. 2. (a) SEM and (b) EDS of 2.5%Ag/ZnO microspheres.
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pattern of the sample. The peaks located at 2y¼31.71, 34.41, 36.21,
47.51, 56.61, 62.81 and 67.81 are indexed to the (100), (002), (101),
(102), (110), (103) and (112) diffractions of ZnO crystals with a
hexagonal wurtzite structure, respectively (JCPDS card no. 36-
1451). The peaks located at 2y¼38.21 and 44.41 are characteristic
diffractions of face-centered-cubic (fcc) structured metal Ag
(JCPDS card no. 04-0783). In UV–vis DRS spectra shown in
Fig. 1b, two absorption bands are observed. The former can be
assigned to absorption of ZnO crystals with corresponding
absorption edge at around 375 nm. The peak at about 420 nm is
ascribed to surface plasmon absorption of the silver clusters [33].
The spectra of Ag/ZnO microspheres demonstrate also the
presence of Ag and ZnO component in as-synthesized sample.

The morphology of 2.5%Ag/ZnO composites was studied with
SEM and TEM techniques. Fig. 2a shows an SEM image of 2.5%Ag/ZnO
composites. We can see that the sample mainly consists of
sphere-like particles with diameters about 500 nm. The peaks
corresponding to Ag, Zn and O were observed in the EDX (Energy
dispersive X-ray spectroscopy) patterns (Fig. 2b), revealing the
formation of Ag/ZnO composites. TEM image (Fig. 3a) shows that
the sphere-like particles with diameter about 500 nm are mainly
products. Bright field STEM (BF-STEM) images (Fig. 3b) indicate
the presence of many small Ag particles (blacker dots with size
about 10 nm) on the surface of the microspheres. Corresponding
element mapping images (Fig. 3c–e) indicate the presence of Zn, O
and Ag elements in single microspheres, demonstrating further
the formation of Ag/ZnO microspheres. Also, we rarely observed
free Ag NPs based on analyzing a large number of TEM images,
showing the successful combination of Ag NPs with ZnO particles.
In addition, the amount of Ag in the composites could be easily
tuned by changing the initial molar ratio of AgNO3 and Zn(Ac)2

2H2O. Fig. 4 shows XRD patterns of Ag/ZnO microspheres with
different ratios of Ag to ZnO. XRD pattern of pure ZnO also is given
(Fig. 4a). The characteristic peaks of ZnO can be obviously seen
from all patterns. However, the diffraction peaks of metal Ag are
not obvious for 0.625%Ag/ZnO due to the low Ag amount in the
composites (Fig. 4b). For 1.25%Ag/ZnO, 2.5%Ag/ZnO and 5%Ag/ZnO
composites, the peaks located at 2y¼38.21 and 44.41 could be
obviously seen as shown in Fig. 4c, a, d, respectively. The size
of Ag particle calculated by the Debye–Scherrer formula is
about 10.2, 11.5 and 12.8 nm for 1.25%Ag/ZnO, 2.5%Ag/ZnO and
5%Ag/ZnO sample, respectively. At the same time, the relative
peak intensity of Ag phase gradually increases with the increase of
Ag amount in the composites.

3.2. Study on the photocatalytic activity

The combination of metal NPs with semiconductor oxides is
particularly interesting for photocatalytic applications. The
photocatalytic activity of Ag/ZnO composites was evaluated by
taking RhB as the target dye pollutant. Fig. 5 shows the
photodegradation curves of RhB in the presence of different
catalysts (Ag/ZnO, ZnO and P25). Under dark conditions,
the concentration of RhB has no obvious change for long time in
the presence of the catalysts. Similar result was obtained when
reaction was performed under UV-light irradiation but without
using any catalysts. The results indicate that both the light and ZnO
are necessary for effective photodegradation of RhB dye. The
photocatalytic process was monitored by chosen the characteristic
absorption peaks of RhB at about l¼554 nm. With the increase of
the photo-irradiation time, the absorption peaks of RhB decrease
gradually and finally disappear in the presence of Ag/ZnO photo-
catalysts. The results indicate that Ag/ZnO composites can work as
effective photocatalysts. The content of Ag in the composites has
obvious influence on the photocatalytic activity. As shown in Fig. 5,
the photodegradation efficiency of RhB is about 55%, 86%, 90%, 100%
and 82% for ZnO, 0.625%Ag/ZnO, 1.25%Ag/ZnO, 2.5%Ag/ZnO and



Fig. 3. (a) A low-magnified TEM image of Ag/ZnO composites (inset is TEM image of single Ag/ZnO particle), (b) BF-STEM image of the 2.5%Ag/ZnO microspheres and the

corresponding EDS maps, (c) Zn, (d) O and (e) Ag.

Fig. 4. XRD patterns of (a) ZnO, (b) 0.625%Ag/ZnO, (c) 1.25%Ag/ZnO and

(d) 5%Ag/ZnO.

Fig. 5. Photodegradation curve of Rhodamine B under UV-light in the presence of

different catalysts.
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5%Ag/ZnO, respectively, when the reaction was performed under
UV-light for 30 min. It can be seen that ZnO exhibits lowest
efficiency among all catalysts. This indicates the importance of Ag
modification for improving photocatalytic performance of ZnO.
On the other hand, the photodegradation efficiency of RhB
increase with the order of ZnOo5%Ag/ZnOo0.625%Ag/ZnO
o1.25%Ag/ZnOo2.5%Ag/ZnO. We can see that the activity of
Ag/ZnO composites firstly increased and then decreased with the
increase of Ag amount in the composites. The deposition of Ag
clusters with appropriate amount on ZnO surface can effectively
capture and transfer the photogenerated electrons, and thus
suppress the recombination of the electron–hole pairs. However,
as more Ag was used, the aggregation and/or size increase of the Ag
particles will happen, which is disadvantageous to inhibit the
recombination of the electron–hole pairs. To evaluate the photo-
catalytic activity of Ag/ZnO microspheres further, control experi-
ments in the presence of P25, a recognized material with superior
photocatalytic performance, is performed. As shown, the degrada-
tion percentage of RhB by P25 catalyst is about 90% after irradiation
for 30 min, which is lower than that by 2.5%Ag/ZnO catalyst. Total
degradation of RhB by 2.5%Ag/ZnO is realized for about 30 min,
while it was reached for 50 min by P25 catalyst. The results indicate
that Ag/ZnO composites are superior to P25 for photodegradation
of RhB dye.

The recycled performance of the catalyst is also studied on the
basic of its importance for practical application. As known, one of
the major drawbacks of ZnO photocatalysts is their photocorrosion
under UV irradiation [41], which result in significant decrease of
the photocatalytic activity in reused process. The modification of
ZnO with other materials, such as polyaniline [42] and C60 [43],
could enhance the photostability that was reflected usually by the
good recycled performance of the photocatalysts. Although many
works concentrated into the metal/semiconductor composites, the
recycled performance of the photocatalysts has been seldom
investigated. In the present work, the photocatalytic activity of
Ag/ZnO microspheres in recycled process was also studied by taking
2.5%Ag/ZnO catalyst as a typical sample. In reused process, the
catalyst was recollected by centrifugation and then re-dispersed in
the same RhB aqueous solution for next cycle. Other experimental
parameters are same as the first testing. The irradiation time for each
test was 30 min. As shown in Fig. 6, the photodegradation efficiency
of RhB is about 100% after five reuses of Ag/ZnO photocatalyst. There
is no obvious change in photocatalytic activity for 2.5%Ag/ZnO



Fig. 6. Recycled performances of 2.5%Ag/ZnO composites and P25 TiO2 for the

photodegradation of RhB dye.
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composites. However, for pure ZnO, the photodegradation efficiency
of dye in second cycle is decreased about 5% compared to that in
first use. The results indicated that the reused activity of ZnO
could be improved after Ag modification. As reference, the reused
performance of P25 was also investigated. As shown, the degradation
efficiency of RhB is about 89% in fifth cycles for P25 catalyst. Slight
decrease in the photocatalytic efficiency should be relative with the
adsorption of organic molecular on the P25 surface. Also, it is difficult
to totally separate the P25 from the system even with assistant of the
high-speed centrifugation as its excellent dispersion in water. This
leads to the losing of P25, and consequently, the decrease of its
photocatalytic activity in recycled process. In contrast, the Ag/ZnO
composites could easily settle from reaction system within 10 min,
even with no need of centrifugation, because the larger particle size
of the composites. This is beneficial for separation and reuse of
catalysts. It is obvious that Ag/ZnO composites are suitable
photocatalysts due to its high activity, good recycled performance
companied by its easy separation from reaction system.
Fig. 7. SPS spectra of (a) 2.5%Ag/ZnO, (b) 1.25%Ag/ZnO, (c) 0.625%Ag/ZnO,

(d) 5%Ag/ZnO and (e) ZnO.

Fig. 8. PL spectra of (a) 2.5%Ag/ZnO, (b) 1.25%Ag/ZnO, (c) 0.625%Ag/ZnO,

(d) 5%Ag/ZnO and (e) ZnO.
3.3. SPS and PL measurements

The photocatalysis is one of the special photochemical processes.
The phtocatalytic activity of materials is closely related with the
recombination rate of the photoinduced electrons and holes. Thus,
the techniques that can provide the information about the
recombination rate of the photoinduced electrons and holes are
useful to evaluate the photocatalytic performance of the materials.
PL and surface photovoltage (SPV) are two kinds of photophysical
phenomena. SPV method relies on analyzing illumination-induced
changes in the surface voltage, and it is a well-established
contactless and nondestructive technique for semiconductor char-
acterization [40,44]. The photovoltage generated mainly from the
creation of electron–hole pairs, followed by separation of them
under a built-in electric field. Thus, the SPV spectra (SPS) can reflect
photogenerated charge separation and transfer behavior. On the
other hand, PL technique has been widely used to investigate the
structure and surface property of the metal oxides [45]. For
nanostructured materials, the PL spectra are related to the transfer
behavior of the photoinduced electrons and holes so that it can
reflect the separation and recombination of the photogenerated
carriers. Therefore, the SPS and PL could be used to primarily
estimate the recombination rate of the photoinduced electron–hole
pairs. In another word, they are useful to evaluate the photocatalytic
performance of the semiconductor materials [14,36].
The SPS responses of pure ZnO and Ag/ZnO composites are
shown in Fig. 7. One obvious SPS response peak can be seen for all
samples at about 370 nm. The strong SPS response can be indexed
to the electron transitions from the valence band to conduction
band (O2p–Zn3d), referred to the energy band structure of ZnO. It
can be seen that the SPS peak of ZnO become weak after Ag
modification. This indicates that Ag NPs on ZnO surface can act as
traps to capture the photoinduced electron, and thus inhibit the
recombination of electron–hole pairs. Therefore, the SPS response
intensity decreases on the basis of the SPS principle. In addition, it
can be found that the amount of Ag has great effect on SPS
intensity. In detail, the SPS response becomes gradually weak as
the Ag amount increases up to 2.5%. However, the SPS response
become strong as the Ag amount is too much (here 5%). This should
be contributed to the aggregation and/or size increase of Ag NPs on
ZnO surface, resulting in the decrease in ability to trap the
photoinduced electrons. Fig. 8 shows PL spectra of pure ZnO and
Ag/ZnO composites excited with light of 300 nm wavelengths.
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The energy of used excitation light is enough to promote electronic
transitions from the VB to the CB of ZnO according to the above
DRS spectrum (Fig. 1b). It can be seen that all the samples exhibit
an obvious PL signal at about 378 nm, corresponding to the
ultraviolet emission of ZnO particles. From PL spectra, we can
found that (1) the PL intensity decrease after the deposition of Ag
on the ZnO surface, indicating that Ag NPs on ZnO surface can
inhibit the recombination of electron–hole pairs, and (2) PL
intensity increase as the more Ag was used (for example 5%),
contributing to the aggregation (or size increase) of Ag NPs in the
composites. This is disadvantageous to trap the photoelectrons.
Based on the above analyses, therefore, it is suggested that Ag
modification can make the intensity of PL and SPS decrease. The
weaker is PL and SPS response, the better is the separation
efficiency of photoinduced electron–hole pairs, and the higher will
be the photocatalytic performance of Ag/ZnO composites.
4. Conclusions

The Ag/ZnO composites were successfully prepared through a
one pot process in EG system. The composites could act as
superior photocatalysts for degradation of organic dye in water
with high activity and good stability. PL and SPS studies indicated
that the deposition of Ag NPs on ZnO surface could effectively
inhibit the recombination of photoinduced electron–hole pairs.
With appropriate ratio of Ag and ZnO, the Ag/ZnO composites
exhibited the superior photocatalytic ability to P25. The present
methods are promising for constructing Ag–ZnO composites in a
simple ’’one-pot’’ route. This synthetic approach may find
application in preparation of other kinds of metal/semiconductor
composites, given the versatility of ethylene glycol in the
preparation of metal NPs and semiconductor oxides.
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