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Ag–ZnO core–shell structures were gained via one-step solvothermal process. The products were
characterized by means of X-ray diffraction (XRD), transmission electron microscopy (TEM), Raman
spectroscopy, photoluminescence (PL) and UV–vis spectroscopy, respectively. It was shown that the
properties were greatly changed compared to pure ZnO from the PL and Raman spectra, which indicated
the strong interfacial interaction between ZnO and Ag. The work provides a feasible method to synthesize
Ag–ZnO core–shell structure photocatalyst, which is promising in the further practical application of
ZnO-based photocatalytic materials.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction weaken its application in this field. When Ag and ZnO nanoparti-
In recent years, the engineering of materials in nanometer scale
has become an emerging interdisciplinary field, based on physics,
chemistry, biology and materials science [1–4]. Meanwhile, owing
to the possibility of the combination and integration of material
properties, tailored and multifunctional nanostructured materials
are at the research forefront of nanomaterials. They have aroused
special interests in scientific research, owing to their tailored prop-
erties in catalysis, luminescence, magnetics and biology [5–8]. Cur-
rently, efforts have been focused on the composite particles with a
metallic core–shell structure, especially noble metal core–shell
structure, because of their unique optical properties in the visible
spectral range [9]. Among the various materials, ZnO is one of
the most promising oxide semiconductor materials for applications
in the field of optics and optoelectronics [10]. It is a transparent
wide bandgap semiconductor compound (Eg = 3.37 eV) with a
large exciton binding energy (60 meV), showing high luminescence
efficiency, biological imaging, as well as photocatalytic properties
[11–14]. Additionally, recent studies have shown that ZnO exhibits
many novel nanoscale structures, such as nanorods, nanowires,
nanobelts, nanotubes and so forth [15–19], which open up new
prospects for applications in nanoscience. However, the recombi-
nation of photogenerated charge carriers and low surface area
cles formed core–shell structure, the properties of ZnO nanoparti-
cles would be modified, especially the luminescent properties. It is
expected to construct such Ag–ZnO core–shell structures to exert
novel optical properties [3]. However, even though some prepara-
tion methods of Ag–ZnO heterostructure have been reported, such
as deposition–precipitation chemical reduction, photolysis reac-
tion and a facile electrospinning method [20–22], they have not
been widely applied in certain fields, because of the strict reaction
conditions, lower yields, and it is very difficult to form a tight
attachment between the core Ag and the shell of ZnO [20]. In this
paper, we propose a one-step, simple method for the synthesis of
Ag–ZnO core–shell structure, and its photoluminescent properties
will be studied in detail.
2. Experimental

2.1. Materials

All the reagents used in the experiments were in analytical grade (purchased
from Shanghai chemical Industrial Company) and used without further purification.
Deionized water was made in analytical laboratory.

2.2. Preparation of Ag–ZnO core–shell structure

The Ag–ZnO core–shell structures were fabricated by one-step solvothermal
process at relative low temperature. For a typical procedure, firstly, 1.500 g zinc
acetate dihydrate and 0.020 g silver nitrate were dispersed into 15 mL ethanol with
vigorous stirring for about 60 min at room temperature. Secondly, the mixture
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Fig. 2. XRD patterns of as-prepared ZnO and Ag–ZnO (A for Ag and Z for ZnO).
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solution was transferred into a Teflon-lined stainless steel autoclave with a capacity
of 18 mL. Then sealed and heated the Teflon-lined stainless steel autoclave at 100 �C
for 24 h in an ordinary laboratory oven and cooled the autoclave to room temper-
ature. After being thoroughly washed by deionized water several times and dried
at 60 �C under air atmosphere, a white layer of the product was finally deposited,
and kept for further characterization. Ag–ZnO-PVP was prepared the same proce-
dure as the above-mentioned except the addition of polyvinylpyrrolidone (PVP,
M.w. = 20,000) just after the dissolution of silver nitrate and zinc acetate dihydrate,
and pure ZnO was made without the addition of AgNO3.

2.3. Sample characterizations

X-ray diffraction (Hitachi, S-570, Japan Rigaku D/max-ga X-ray diffractometer)
analysis was employed to characterize the crystalline properties of the resultant
Ag–ZnO core–shell structure, the sample was collected on a MAC Science MXP-18
X-ray diffractometer using Cu Ka radiation (k = 0.154 nm), obtained at 40 kV,
100 mA and the scanning speed was 10� min�1 at a step of 0.02�. Transmission elec-
tron microscopy (JEM-2100F, JEOL Inc., Japan) were used to investigate the mor-
phology and composition of the Ag–ZnO core–shell structure. A standard
procedure was followed to prepare the sample for the TEM analysis by dispersing
the nanostructures in alcohol solvent, meanwhile, a drop of the solution was put
on the carbon coated copper grid. Photoluminescence (PL) spectra were performed
at room temperature using 325 nm as the excitation wavelength, He–Cd laser as the
source of excitation. Raman spectra of nanotubes were obtained by a microlaser
Raman spectrometer made in England (LabRam inva) and excited with the
514 nm line of an Ar+ laser at an incident power of 20 mW. UV–vis absorption spec-
tra were measured on an UV-3101PC UV spectrometer with ethanol as reference.

3. Results and discussion

3.1. Structure characterization

The TEM images of as-prepared Ag–ZnO core–shell structures
are shown in Fig. 1(a) and (b). A low-magnified TEM image of this
sample shows a high yield of Ag–ZnO core–shell structures, as pre-
sented in Fig. 1(a), ZnO nanocrystals are of a hexagonal structure.
All these core–shell structures tightly adhere to each other due
to an interdigital connection among these ZnO nanocrystals. It
can be seen that almost all of the Ag nanoparticle are coated by
ZnO nanocrystals. Moreover, Ag aggregates can be hardly found
in the TEM image, indicating that all the Ag nanoparticles are
dispersed in ZnO nanocrystals to form core–shell structures.
Meanwhile, a high-magnified TEM image of an individual
Ag–ZnO core–shell structure is shown in Fig. 1(b), demonstrating
the core–shell structure is constructed by a Ag core with a diame-
ter of about 20 nm in the center and ZnO shell with an typical
length of 80–120 nm around. It can be observed the lattice fringes
with interplanar spacing of 0.288 nm corresponding to the (100)
plane of ZnO [20].

The powder X-ray diffraction patterns of as-prepared pure Ag
nanoparticles and Ag–ZnO core–shell structures are shown in
Fig. 2, from which well Ag–ZnO core–shell structure can be identi-
Fig. 1. TEM images of as-prepared Ag–ZnO core–shell structur
fied. The diffraction peaks can be indexed to hexagonal wurtzite
ZnO, and no diffraction peaks from any other impurities have been
detected. It indicates that Ag–ZnO core–shell structure shows good
crystal quality, which exhibits some typical and sharp peaks of ZnO
at 2-theta values of 32.5, 34.8, 36.7, 47.2, 56.8 and 67.7� corre-
sponding to the crystal planes (100), (002), (101), (102), (110),
(112) and extremely weak peaks of Ag at 2-theta values of 37.8,
44 and 78� corresponding to the crystal planes (111), (220) and
(311) respectively. The peaks of Ag are very weak and show a
small left-shift compared to pure Ag nanoparticles, indicating the
strong interfacial interaction between ZnO and Ag, which is in
accordance with the results of TEM.

The UV–vis absorption spectra of Ag–ZnO core–shell structure
and pure ZnO are shown in Fig. 3, from which two prominent
absorption bands are observed in the region 370–500 nm. The for-
mer can be assigned to the absorption of the ZnO semiconductor
and its corresponding absorption edge is located at around
376 nm [20], while the latter can be attributed to the characteristic
absorption of surface plasmon resulting from the metallic Ag. The
Ag–ZnO core–shell structure shows a lower absorption compared
to pure ZnO, however, its absorption spectrum reveals an expan-
sion from UV to visible area, which indicates potential application
of visible light.

The photoluminescent (PL) spectra of the samples have
been shown in Fig. 4, which reflects the effect of Ag to ZnO
e with low-magnification (a) and high-magnification (b).



Fig. 3. The UV–vis absorption spectra of Ag–ZnO core–shell structure and pure ZnO.

Fig. 4. PL spectra of Ag–ZnO and pure ZnO.

Fig. 5. PL spectra of Ag–ZnO under different calcination temperature.

Table 1
Detail synthesis conditions of the resulted samples at different calcination
temperature.

Sample Calcination
temperature

Intrinsic peak intensity
and corresponding
wavelength (nm)

Defect peak intensity
and corresponding
wavelength (nm)

S1 Uncalcinated 4500 (380) 200 (550)
S2 300 �C 8200 (380) 2000 (550)
S3 400 �C 9300 (380) 4000 (550)
S4 500 �C 11,000 (380) 4200 (550)
S5 600 �C 14,300 (380) 5000 (550)
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nanoparticles. As can be seen, Ag–ZnO core–shell structure shows
obvious increase of UV emission and slight decrease of visible light
emission compared to pure ZnO. Generally, the UV emission band
is originated from the direct recombination of the free excitons
through an exciton–exciton collision process, while the visible
emission is due to the zinc or oxygen vacancies and structure de-
fects in ZnO crystals [23–25]. The high intensity ratio of the UV
peak to the defect emissions indicates fairly good crystallization
of the Ag–ZnO. To account for the increasing intensity of peaks in
PL sepctra of Ag–ZnO core–shell structure, the effect of interfacial
electron transfer is considered [26]. For Ag–ZnO core–shell struc-
ture, O ions saturate the surface states including oxygen vacancies
of ZnO, and then, ZnO links on the surface of Ag forming a thin
layer as seeds. Furthermore, ZnO nanoparticles are formed at the
surface of Ag by crystals growth. When ZnO nanoparticles has con-
nected on Ag nanoparticles under certain percentage, the role of Ag
would be larger than that of ZnO, the electron transfer occurs from
Ag to ZnO nanoparticles [27]. Therefore, the reduction in combina-
tion between electrons and holes for ZnO results in the increase of
the PL intensity in Ag–ZnO system [28]. This could be attributed to
significant decrease in specific surface areas of Ag–ZnO hetero-
structures and the surface defect of oxygen vacancies [29], which
in turn increases the UV light luminescence.

Two factors are chosen in order to further investigate the effect
on the PL spectra of the Ag–ZnO core–shell structure: the calcina-
tion temperature and the dispersity. Fig. 5 shows the PL spectra of
Ag–ZnO products obtained at various calcination temperatures
from 300 to 600 �C calcination and uncalcined samples, which
are named S1 to S5 as listed in Table 1 respectively. It can be ob-
served that the PL spectra consists of a sharp and strong UV emis-
sion band located at 380 nm together with a weak and suppressed
green emission band at 550 nm. Generally, the UV emission band is
originated from the direct recombination of the free excitons
through an exciton–exciton collision process, while the visible
emission is due to the zinc or oxygen vacancies or structure defects
in ZnO crystals. The high intensity ratio of the UV peak to the
defect emissions indicates fairly good crystallization of the ZnO
nanoparticles [30]. It also suggests that the optical properties of
ZnO crystals are sensitive to the calcination temperature, when
the calcination temperature is low, all peaks are broad and weak,
indicating that the particle size of the product is small and its
growth is not complete, however, with the calcination temperature
increasing from 300 to 600 �C , the primary peak located at 380 nm
becomes stronger and sharper, indicating that the increasing
calcination temperature leads to a better crystallization and an
increase of average particles, suggesting a gradual growth of the
nano-particles during the heating process [31–33].

The dispersity of the sample is another factor to the PL spectra
of the Ag–ZnO core–shell structure, so PVP was added to explore
the mechanism of the overgrowth progress of the Ag–ZnO



Fig. 6. PL spectra of Ag–ZnO-PVP and pure Ag–ZnO.
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core–shell structure. As is shown in Fig. 6, Ag–ZnO core–shell
structure with a narrow UV emission band can be assigned to exci-
tonic recombination and the visible emission can be assigned to
surface states [34]. Ag–ZnO core–shell structure with PVP absorp-
tion reveals red-shift and weak peak. For the broadening and
red-shift of surface plasmon absorption, the interfacial coupling
between Ag and ZnO nanoparticles may be the reason. It is gener-
ally believed that a lower excitonic PL intensity means an en-
hanced separation and transfer of photoinduced electrons. Once
PVP is added to Ag–ZnO core–shell structure, the dispersion of
Ag core particle would be enhanced, leading to the separation
and transfer of photoinduced electrons [35,36]. Therefore, it is rea-
sonable that the PL intensities of Ag–ZnO core–shell structure with
PVP sample is a little lower than that of the sample without PVP.

Fig. 7(a) shows the Raman spectra of pure ZnO nanoparticles,
which display three strong and two weak peaks. The peak at
438 cm�1 is attributed to optical phonon E2(high) modes while
the peak at 411 cm�1 corresponds to the E1(TO) mode, but it is
not obvious. As the characteristic peak of hexagonal wurtzite
ZnO, the peak at 438 cm�1 is very intensive. The peak at
578 cm�1 is attributed to the E1(LO) mode, which is caused by
the defects such as oxygen vacancy, zinc interstitial, or their
complexes and free carriers [37]. Meanwhile, the spectrum of the
Ag–ZnO core–shell structure is shown in Fig. 7(b), which consists
of conventional modes mainly centered at 438, 487, 584, and
Fig. 7. Raman spectra of pure ZnO (a) an
663 cm�1. These modes, which mostly reveal the peaks of ZnO, per-
sist in the Ag–ZnO core–shell structure, however, part of their
peaks positions are shifted. As can be seen from the spectrum,
the presence of the dopants shifts the 438 cm�1 and 332 cm�1 line
towards higher frequencies of 385 cm�1 and 487 cm�1 respec-
tively, although there are still peaks at 340 cm�1and 438 cm�1,
they are not obvious, and reveals several additional anomalous
modes in the wavenumber range 500–650 cm�1, especially the
mode present in the sample at 611 cm�1. We believe that these
additional weak modes may be related to the decrease of intrinsic
defects created by the modification of Ag to ZnO nanoparticles.
Because the Roman spectra are from mostly ZnO nanoparticles
but little Ag peaks, perhaps due to the high-density coverage of
ZnO on Ag cores. Furthermore, the shifts and additional peaks of
Ag–ZnO core–shell structure may also contribute to their structure
characteristic [38]. According to the TEM results, the large surface
area and high surface roughness imply the pronounced enhance-
ment of surface activity compared with that of bulk crystals, which
in turn affects its Raman spectra.

3.2. Mechanism

On the basis of further investigations, a possible formation
mechanism is proposed, as is schematically shown in Fig. 8. Ag–
ZnO core–shell structure is prepared by a one-step process in
which the Zn(CH3COO)2�2H2O and AgNO3 are sequentially added
into the ethanol and connected through a Zn–O–Ag bond in the
precursor. After Zn(CH3COO)2�2H2O is dissolved in ethanol solu-
tion, the compound breaks down to generate the ZnO nanoparti-
cles under heating conditions. The success of the strategy should
be mainly contributed to the two important roles of the ethanol:
it could act as a medium for the formation of ZnO nanoparticles,
and reduce the Ag ions to form Ag nanoparticles at the same time.
In addition, it is well-known that ethanol is a weak reducing agent
under high temperature and pressure. When the precursor is trea-
ted solvothermally at 100 �C for 24 h, the oxygen vacancy should
be generated on the surface of ZnO nanocrystals [39,40]. Also,
the reduction of Ag on the surface of ZnO nanocrystals should also
occur during the process of solvothermal treatment because pure
Ag nanoparticles have been obtained in this synthetic system.
The possible reaction formulas for the generation of Ag–ZnO
core–shell structure is proposed as the following:

ZnðCH3COOÞ2�2H2O! ZnO # þ2CH3COOHþH2O ð1Þ

2CH2CH3OHþ O2 ! 2CH3CHOþ 2H2O ð2Þ

CH3CHOþ 2AgNO3 þH2O! 2Ag # þ2HNO3 þ CH3COOH ð3Þ
d Ag–ZnO core–shell structure (b).



Fig. 8. Schematic diagram for the fabrication of Ag–ZnO core–shell structure.
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As it is mentioned above, ZnO is prepared by the decomposition
of Zn(CH3COO)2�2H2O and the Ag precursor is reduced by ethanol
gradually during the solvothermal process, and then a Zn–O–Ag
bond should be formed between metallic Ag and ZnO nanocrystals,
resulting in the formation of Ag–ZnO core–shell structure with a
strong interaction.

4. Conclusions

Ag–ZnO core–shell structure has been successfully prepared by
a simple solvothermal process. Its structure and properties were
studied and a possible formation mechanism was proposed. Well
distributed Ag–ZnO core–shell structure is of a hexagonal crystal-
line, showing obvious increase of UV emission and decrease of
visible light emission compared to that of the pure ZnO. Peaks of
PL spectra of the product increased with increasing calcination
temperature. The Raman spectrum of Ag–ZnO core–shell structure
is similar to that of pure ZnO nanoparticles, but parts of their peaks
positions are shifted. All these facts certified that Ag–ZnO
core–shell structure is successfully obtained, and has made much
difference to the properties of pure ZnO nanoparticles. This method
is facile, low-cost and easy for scale production. It provides theo-
retical basis for the application research of ZnO, and may be the
referential experience for synthesis of other semiconductor mate-
rials, which have great future prospects in optics, photocatalysis,
photovoltaics, and plasmonics.
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