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The catalytic activity of Ag–ZnO heterostructure on the photocatalytic degradation of rhodamine B was
investigated. It demonstrated that Ag–ZnO heterostructure exhibited an enhanced photocatalytic activity
compared to pure ZnO nanoparticles under direct sunlight. The possible factors to the photocatalytic
acitivity of the sample were explored, including Ag content, dispersity and calcination temperature. It
was shown that the sample dispersed by PVP, with 5% mol ratio Ag content, calcined at 400 °C showed
the highest photocatalytic acitivity and this catalyst was reusable.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In the past few years, more and more interests have been at-
tracted to the photocatalyst for organic pollutants degradation [1–
5], because of its advantages over the traditional techniques, in-
cluding rapid oxidation rate and without polycyclic products.
Among the various photocatalysts, nanostructured ZnO has be-
come a promising photocatalyst and has been widely used due to
its strong oxidizing power, non-toxic nature, and low cost [6–10].
Despite its great potential, the photocatalytic efficiency remains
very low because of the fast recombination of the photogenerated
electron–hole pairs. Furthermore, owing to the special properties
of nanomaterials, such as high activity, Van der Waals’ forces and
high surface energy, nanocatalyst usually become unstable and
easily combined together, which may weaken its catalytic activity
[11]. To solve this problem, many researches have been done
[12,13]. It has been found that the photocatalytic activities of ZnO
can be improved by constructing noble metal–ZnO hetero-
structure, which can increase the rate of electron-transfer process
[14–16]. Besides, the heterostructures can fix the metal particles
separately to inhibit the aggregation of metal particles, which in
ng).
turn influences its photocatalytic activity [17–19]. However, to the
best of our knowledge, though the synthesis of noble metal–ZnO
heterostructures have been studied for several times, including
hydrothermal method [20], sol–gel method [21], situ reduction
[22], homogeneous precipitation method [23], photodeposition
method [24], seed-mediated method [14], liquid deposition [25],
glucose-mediated solution-solid route, [26] RF magnetron sput-
tering [27], etc. But they often need complicated and strict process
conditions [28–30]. And little research has focused on investiga-
tion the influence factors to the catalytic activities. It is urgent to
explore simple preparation and high efficiency of noble metal–
ZnO heterostructure and investigate the influence factors to
catalyst.

Accordingly, in this paper, the Ag–ZnO heterostructure was
obtained and it showed enhanced photocatalytic degradation of
rhodamine B (RhB) dye compared to ZnO under direct sunlight.
The effect factors to photo catalysis degradation of RhB were in-
vestigated systematically. Furthermore, the catalyst can be reused
at least four cycles.
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2. Experimental

2.1. Materials

All the chemicals used in the experiments were in analytical
grade(purchased from Shanghai Chemical Industrial Company)
and without further purification, including zinc acetate dihydrate
(Zn(CH3COO)2�2H2O), silver nitrate (AgNO3), PVP(M.w.¼20,000),
ethanol and rhodamine B (RhB). Deionized water was from ana-
lytical laboratory.

2.2. Preparation of Ag–ZnO heterostructure

Ag–ZnO heterostructure was prepared via a simple solvother-
mal process [31]. For a typical process: to begin with, 1.9 mmol
zinc acetate dihydrate and 0.1 mmol silver nitrate were dissolved
in ethanol and stired for 30 min. Afterwards, the mixture was
added into a teflon-lined stainless steel autoclave (25 mL) and
heated at 100 °C for 24 h followed by gradually cooling to room
temperature. After being washed by ethanol several times and
dried at 80 °C under air atmosphere, the uncalcined 5% mol radio
Ag–ZnO heterostructure without PVP was finally obtained. Other
control experiments were conducted using the same procedure.
The sample of different Ag content were prepared with appro-
priate ratio of AgNO3 and Zn(CH3COO)2�2H2O, Ag–ZnO–PVP was
prepared except the adding of PVP.

2.3. Sample characterizations

Transmission electron microscopy (JEM-2100 F, JEOL Inc, Japan)
was used to investigate the structure and composition of the Ag–
ZnO heterostructure. The powder X-ray diffraction (XRD) patterns
of the samples were recorded by a Rigaku DMAX2500 X-ray dif-
fractometer using Cu Kα radiation (λ¼0.154 nm) at a scanning rate
of 5°/min for 2θ ranging from 20° to 80°. UV–vis absorption
spectra were taken with a TU-1901 spectrophotometer.

2.4. Procedure for evaluation of photocatalytic activity

The photocatalytic activity of the prepared samples was eval-
uated by measuring the degradation rate of RhB at ambient tem-
perature in sunny days. The degradation experiments were con-
ducted under direct sunlight. All dye solutions were prepared by
deionized water at pH 7. Firstly, 0.01 g of the as-prepared powder
sample (ZnO) was dispersed in 10 mL RhB solution with a con-
centration of 1�10�5 mol/L, and then the suspensions was stirred
for about 20 min in the dark before irradiation in order to achieve
the maximum adsorption of catalyst to the dye, subsequently, the
suspension was irradiated under sunlight. Finally, 2 mL NaBH4(1 g/L)
Fig. 1. TEM images of as-prepared Ag–ZnO
was added into the solution, and in a fixed time intervals, the
samples were collected in order to track the degradation of RhB until
the dye was completely degraded. The catalytic activity of the cat-
alyst heterostructure was calculated according to the decreasing rate
of the maximum absorption of RhB (550 nm) wavelength, other
control experiments were conducted using the same procedure.
Afterwards, the sample with the highest catalytic activity was
withdrawn and centrifuged (5000 r/min) for 3 min to separate the
catalyst and explore whether it could be reused. In the experiment,
0.04 g of the sample was divided into four equal parts, and added
into RhB solution respectively, recording the average degradation
rate of the samples. Afterwards, the catalyst was centrifugated,
washed and dried at 80 °C, repeating the above experiment four
times, make sure each experiment was conducted with the same
amount of the catalyst (0.01 g) under same conditions.
3. Results and discussion

3.1. Structure characterizations

The typical TEM images of the obtained Ag–ZnO (5% mol ratio)
heterostructure were conducted in order to discuss its micro-
structures and morphologies. Fig. 1(a) presented a low-magnified
TEM image of the sample, whose nanocrystals were of a hexagonal
crystalline structure. All of these Ag–ZnO heterostructures closely
adhere to each other. Meantime, a high-magnified TEM picture of
an individual Ag–ZnO heterostructure was shown in Fig. 1(b),
which displayed that Ag core was coated by ZnO shells. The lattice
fringe with interplanar spacing of 0.221 nm was corresponding to
the (101) plane of ZnO. This close interconnection between Ag
cores and ZnO shells was believed to favor the transfer and se-
paration of photo-generated electrons from ZnO shells to the silver
cores [32–34], which in turn affected its photocatalytic activity.

XRD patterns of the obtained samples were shown in Fig. 2(a–
d). In Fig. 2(a), all the diffraction peaks of wurtzite ZnO were de-
tected without any other impurity peaks, indicating excellent
crystal properties and extremely high purity. Meanwhile, the dif-
fraction patterns of heterostructures with different Ag content
were shown in Fig. 2(b–d). In Fig. 2(b), two new peaks appeared at
38.8° and 44.2° were corresponding to Ag nanoparticles. However,
owing to the fairly low concentration of Ag, its peaks were not
obvious and could not be completely detected [35]. When Ag
content was increased to 10%, another new peak at 63° appeared
in Fig. 2(c–d), and its intensity increased with the increasing of Ag
content. All these pattens demonstrated that Ag was successfully
combined with ZnO nanoparticles, which was in accordance with
the TEM results.
heterostructure with 5% Ag content.



Fig. 2. XRD patterns of as-prepared samples with different Ag content (A for Ag
and Z for ZnO).

Table 1
The adding radio of AgNO3 and Zn(CH3COO)2 in different Ag content catalyst and
their corresponding degradation rate of RhB.

Sample ZnO 1%Ag–
ZnO

3%Ag–
ZnO

5%Ag–
ZnO

7%Ag–
ZnO

10%Ag–
ZnO

AgNO3: Zn(CH3COO)2 0 1:99 3:97 5:95 7:93 10:90
Degradation
rate (30 min)

35% 65% 82% 90% 80% 75%

Fig. 4. Degradation of RhB by the as-prepared Ag–ZnO heterostructure with dif-
ferent Ag content.
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3.2. Photocatalytic activity

3.2.1. Investigation of degradation of RhB
The time-dependent UV–visible spectra of the mixture of RhB

and Ag–ZnO heterostructure were revealed in Fig. 3. The experi-
mental result suggested that the characteristic absorption of RhB
at 550 nm decreased gradually, and finally disappeared within
30 min with Ag–ZnO heterostructure (Fig. 3(a)), which displayed
higher catalytic efficiency compared to the results of previous
studies [11]. While in the control experiment without catalyst
(Fig. 3(b)), the degradation of RhB could not be throughly finished
in two days. The results exhibited excellent photocatalytic effect of
Ag–ZnO heterostructure.

3.2.2. Factors to the photocatalytic activity
In order to explore the optimum value of the photocatalytic

activity, factors of Ag content, dispersity and calcination tem-
perature were selected in the experiment. Firstly, catalysts with
different Ag content were obtained by adjusting the adding ratio of
silver nitrate, the specific data were shown in Table 1, in the ex-
pected product, x mol ratio means the content of Ag, and the
corresponding photocatalytic activities were shown in Fig. 4,
which clearly indicated that the pure ZnO nanocatalyst exhibited
photocatalytic activity to a certain extent, however, Ag–ZnO het-
erostructure showed an enhanced activity compared to pure ZnO.
With a low content of Ag, its photocatalytic activity increased with
Fig. 3. Time-dependent UV–visible spectra of RhB ethanol solution as function of re
the increasing of Ag content from 1–5% mol ratio. However, a
further increase to 10% led to a reduction of the photocatalytic
activity. Thus the optimal Ag content was 5%, and its corre-
sponding apparent rate constant (k) was 3.0�10�2 min�1 based
on C0/C¼kt, a value larger than bare ZnO (1.2�10�2 min�1) by a
factor of 2.5. Meanwhile, as for the results above, possible reasons
had been concluded as follows, the degradation of RhB was con-
ducted by the absorption of sunlight photons with an equal or
higher energy than the band-gap in ZnO, which led to the for-
mation of photogenerated holes in its valence band (VB) as well as
the electrons in its conduction band (CB). Afterwards, CB electrons
of ZnO flowed into Ag nanoparticles through the Schottky barrier
due to the higher CB level of ZnO compared to Ag nanoparticles.
This electron transfer process shared a higher speed than the
electron–hole recombination between VB and CB of ZnO [36].
action time with 5% Ag–ZnO as catalyst (a) and pure RhB ethanol solution (b).



Fig. 5. TEM image of as-prepared Ag–ZnO–PVP heterostructure.

Fig. 7. Degradation rate of RhB by the as-prepared Ag–ZnO heterostructure under
different calcination temperature.

Fig. 8. Degradation rate of RhB for four successive cycles by the as-prepared Ag–
ZnO heterostructure.
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Therefore, lots of CB electrons of ZnO were kept in Ag nano-
particles to decrease the absorption of oxygen effectively [27].
Meanwhile, increasing VB-holes of ZnO with a strong oxidation
power escaped from the pair recombination, which was available
to oxidize RhB. As a result, Ag–ZnO heterostructure revealed en-
hanced photocatalytic activity with appropriate Ag content.
However, once the combining amount of Ag exceeded a thresholds
value, Ag may become the recombination center of photo-gener-
ated electrons and holes, it is not conducive to electron–hole se-
paration, which in turn decreased its catalytic activity.

To further explore the effect of particles dispersion to the cat-
alyst, 10 mL PVP with the concentration of 1 g/L was added to the
solution during the synthesis process and the Ag–ZnO–PVP was
then obtained. The TEM image was shown in Fig. 5, which
presented higher dispersity than Ag–ZnO. Afterwards, in the de-
gradation experiment, same amount (0.01 g) of Ag–ZnO and
Ag–ZnO–PVP with different Ag content were acted as catalyst
Fig. 6. Degradation rate of RhB of Ag–ZnO–PVP with different Ag contents.
respectively to degrade RhB and the corresponding spectra was
shown in Fig. 6. It is found that the sample with PVP shows better
degradation rate compared to the former one. It is related to the
enhancement of dispersion of Ag core particle. Once PVP is added
to Ag–ZnO core–shell structure, the dispersion of Ag core particle
would be enhanced, leading to the further separation and transfer
of photoinduced electrons, which increased its degradation rate.

Meanwhile, the sample with different calcination temperature
were obtained, during the experiment, the uncalcined sample was
equally divided into six portions, and calcined with different
temperatures with the same muffle furnace for 2 h, after generally
cooling to room temperature, the samples were then taken to
explore the catalytic activity and their corresponding degradation
rate were shown in Fig. 7. At the very beginning, the photocatalytic
activity of the samples were increased with the increasing of cal-
cination temperature, and exhibited the highest activity at calci-
nation temperature of 400 °C. However, the further increase of
temperature led to the decrease of degradation efficiency gradu-
ally, because with low temperature, zinc acetate can’t be com-
pletely decomposed, it is not helpful to the formation of ZnO and
can hinder the separation of electrons and holes, thus affecting the
photocatalytic activity. The higher temperature resulted in the
continuous improvement of the crystallinity of ZnO, which



Fig. 9. Mechanism for the fabrication of Ag–ZnO heterostructure and degradation procedure of RhB.
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weakened the ability of catalyst in the separation of holes and
electrons, which in turn reduced the activity of the photocatalyst.

3.2.3. Photostability of Ag–ZnO heterostructure
The stability of catalyst is an important factor of the catalyst

performance, which is tightly related to the cost of the sample, so
Ag–ZnO heterostructure was reused to test its stability. The results
showed that the photocatalytic activity of Ag–ZnO had little
change after each cycle and the corresponding image was shown
in Fig. 8. The degradation efficiency for the four cycling reuse were
98%, 96%, 95% and 95% in 30 min respectively, which in turn cer-
tificated that our catalyst was stable and shared high photo-
stability under sunlight.

3.3. Mechanism

Based on the above investigations, the mechanisms of the
generation and photocatalytic reaction for Ag–ZnO photocatalyst
were brought forward, as was presented in Fig. 9. Ag–ZnO het-
erostructure was prepared by a one-step process in which the
Zn(CH3COO)2�2H2O and AgNO3 were gradually added into etha-
nol. After Zn(CH3COO)2�2H2O was dissolved, the compound was
broken down to generate ZnO nanoparticles at 100 °C (1). Then,
the reduction of Ag should also occur during the process of sol-
vothermal treatment (2)–(3). The catalytic process can be ex-
plained by an electrochemical mechanism, where silver nano-
particles in Ag–ZnO heterostructure served as an electron relay for
an oxidant and a reductant [37,38], and electron transfer occured
via the supported Ag particles (4)–(6). Thus it would inhibit the
combination of electron–hole pairs to enhance its catalysis activ-
ity. The possible reaction formulas for the formation of Ag–ZnO
heterostructure and catalysis process were proposed as:

Zn(CH3COO)2�2H2O-ZnO↓þ2CH3COOHþH2O (1)

2CH2CH3OHþO2-2CH3CHOþ2H2O (2)

CH3CHOþ2AgNO3þH2O-2Ag↓þ2HNO3þCH3COOH (3)

DyeþAg-ZnO-dyeþ� Ag-ZnOþ e� (4)

e�þO2-O2
�� (5)

Dyeþ� þO2/O2
��-degradation products (6)

4. Conclusions

Well-dispersed Ag–ZnO heterostructure has been successfully
prepared by a simple solvothermal process. The photocatalytic
activities of ZnO could be further enhanced by the combination
with silver nanoparticles. When Ag loading was 5% mol ratio with
the adding of PVP and calcination temperature of 400 °C, the
sample revealed the highest photocatalytic acitivity and the cata-
lyst was reusable. The Ag–ZnO heterostructure would show pro-
mising application in the degradation of organic dyes in the
industry owing to its advantage of simplicity, low consumption,
and excellent performance.
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