
Introduction

Recently, as a potential solution handling 
environmental pollutants, photo-catalysis using an 
effective semiconductor has been a research focus, 

particularly for the elimination of hazardous materials 
in polluted water [1-2]. Among various semicon- 
ductors, ZnO has been considered as an excellent 
photocatalyst candidate with respect to its high 
photosensitivity, non-toxicity, abundant availability, low 
cost, etc. [3-4]. However, the practical application of  
unitary ZnO materials still confronts two challenges,  
i.e., the limited absorption spectrum range within UV 
light (λ<387 nm) [5] and severe recombination of 
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photogenerated electron-hole pairs resulting in relatively 
low quantum yields [6]. 

So far, diverse strategies have been explored to 
overcome the aforementioned drawbacks, including 
surface alteration [7], formation of heterostructures [8-10] 
or nanocomposites [11-12] modified with polymer [13] or 
metals [14-15], etc. Many researchers have demonstrated 
a significantly extended light-absorption range and 
prolonging the lifetimes of photoexcited charge carriers 
through the decoration of noble metal nanoparticles onto 
ZnO [16-19]. This is mainly due to the respective effects 
of surface plasmon resonance (SPR) and the formation of 
a Schottky barrier at the metal-ZnO interface. Among the 
noble metals investigated, nano Ag plays a crucial role in 
the enhancement of photocatalytic performance for the 
degradation of organic dyes [17, 20]. 

The nanostructured semiconductor has attracted 
increasing attention as one of the promising photocatalysts 
for its large surface area and large number of active 
sites. However, nanosized materials with high surface-
to-volume ratios suffer significantly from aggregation, 
deactivation, and recyclability in aqueous photocatalytic 
reactions. Compared with powder-like nanoparticles, 
photocatalysts with hierarchical microsphere structure 
could present superior performance in the photocatalytic 
reaction because of their low density, high surface area, 
easy settlement, good delivering ability, and surface 
permeability [21-25].

Ag-ZnO composites are usually synthesized using the 
“one-pot” method by co-heat-treatment of mixed Ag and 
Zn precursor at high temperature [26-27] which, however, 
suffers from the restrictions of the time-consuming process 
and uncontrolled Ag particle sizes. It has been reported that 
the silver ion can be reduced to metallic Ag and deposited 
onto the substrate surface by the photogenerated electron 
in the solution – the so-called photoreduction method 
[28-29], which is proved to be simple, efficient, and low-
cost. Furthermore, as mentioned above, the assembled 
hierarchical microsphere structures for modified ZnO 
have an overall dimension in micrometers and are stable 
enough to resist agglomeration. The photocatalytic 
activities of the assembled structures will be maintained 
for the existence of nanosized catalytic active units or even 
higher, since more lights scattered over the hierarchical 
microsphere structure will lead to better light adsorption. 
Therefore, decorated Ag nanoparticles on the surface of 
ZnO microspheres forming a hierarchical photocatalyst 
using the simple photoreduction method is an important 
and interesting area of research. 

Herein, the catalytic active Ag-modified ZnO 
hierarchical microspheres with enhanced stability 
were successfully synthesized. The ZnO substrate self-
assembled of ZnO nanoparticles was prepared via a 
facile and template-free approach. The Ag particles were 
decorated onto the ZnO surfaces by photoreduction of  
Ag ions. The photocatalytic activity and stability were 
tested with and applied to the degradation of methylene 
blue (MB) as a probe reaction. The possible mechanism 
for the desirable photocatalytic activity of Ag/ZnO 

composites under UV or visible light irradiation was also 
proposed. 

Materials and Method

Synthesis of Hierarchical ZnO Microspheres

Typically, 0.48 mmol zinc nitrate hexahydrate 
(Zn(NO3)2·6H2O), 0.26 mmol methenamine ((CH2)6N4), 
and 0.06 mmol trisodium citrate (C6H5Na3O7·2H2O) were 
dissolved in 50 mL distilled water. After being sonicated 
for 5 min, the mixture was then heated at 90°C for 2 h and 
then aged at ambient temperature for 10 h. The resulting 
precipitates were obtained by centrifugation, washed with 
ethanol and deionized water, and then dried at 60ºC for  
10 h. Subsequently, the final hierarchical ZnO microspheres 
were achieved through a heat treatment of the precursors 
at 450ºC in air for 30 min. 

Synthesis of Ag-Modified ZnO Microspheres

For the preparation of Ag-modified ZnO microspheres 
(denoted as Ag/ZnO), 0.2 g of the synthesized ZnO 
microspheres was dispersed into 100 mL distilled water 
by sonication for 20 min, followed by the addition of 
different amounts of AgNO3. The above suspension was 
stirred in the dark for 0.5 h and then irradiated for 0.5 h by 
employing a high-pressure Hg UV lamp. Then the mixture 
was centrifuged and washed with distilled water and 
alcohol several times. The products were dried at 60ºC for 
12 h. The precise Ag contents of the Ag/ZnO composites 
were determined by the AAS analysis and the results 
are listed in Table 1. Therefore, the Ag/ZnO composites 
prepared with different AgNO3 concentrations of 
0.3 mmol, 0.6 mmol, 1.2 mmol, and 2.4 mmol are  
hereafter denoted as 5.41 wt% Ag/ZnO, 7.95 wt%  
Ag/ZnO, 10.03 wt% Ag/ZnO, and 11.37 wt% Ag/ZnO, 
respectively.

Characterization

X-ray diffraction (XRD) measurement was carried 
out by a RigakuUltima IV x-ray diffractometer with  
Cu-Ka radiation (λ = 0.15418 nm) for phase identification. 
The morphologies of the products were investigated 
by a Hitachi S-4800 field-emission scanning electron 
microscope (SEM) and TECNAI F-30 FEG transmission 

Table 1. The Ag contents in various Ag/ZnO samples.

Sample AgNO3 / 
mmol

Irradiation 
time / min Ag / wt%

1 0.3 30 5.41

2 0.6 30 7.95

3 1.2 30 10.03

4 2.4 30 11.37
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electron microscope (TEM). Chemical compositions were 
measured by x-ray energy-dispersive spectroscopy (EDS) 
equipped with TEM. The silver contents in the Ag/ZnO 
composites were quantified by a Shimadzu Model AA-
670 flame atomic absorption spectrometer. N2 adsorption/
desorption isotherms were recorded at 77 K on an 
automated micromeritics Tri-Star 3000 apparatus. Surface 
areas were calculated using the multipoint BET equation. 
Fourier transforms infrared spectrometer (FT-IR) spectra 
were recorded in KBr dispersion in the range of 400 to 
4,000 cm−1. The surface compositions of the samples were 
obtained from x-ray photoelectron spectroscopy (XPS) 
using a VG ESCALAB/Auger. UV/vis absorption spectra 
were recorded with a UV-vis spectrophotometer (Cary 
5000) with an integrating sphere attachment and BaSO4 
as a reflectance standard. The photoluminescence (PL) 
spectra were measured on a Hitachi F-7000 luminescence 
spectrometer at room temperature.

Photocatalytic Activities Test

The photocatalytic performance of the ZnO and 
Ag/ZnO samples were evaluated by examining the 
degradation of methylene blue (MB) chosen as model 
chemical. A high-pressure Hg UV lamp (250 W) with a 
maximum emission at 365 nm served as the UV resource 
for UV light photocatalysis. A 500 W Xenon lamp with 
a filter (420 nm) to cut off the UV light was used as the 
visible light source. Typically, 20 mg of the catalysts 
(Ag/ZnO or ZnO) were ultrasonically dispersed into 
40 mL aqueous suspensions of MB (10 mg/L). Prior to 
irradiation, the mixture was stirred in the dark for 30 min 
to establish an adsorption/desorption equilibrium. After a 
given irradiation time, a certain amount of solutions was 
collected and centrifuged to remove the photocatalysts. 
Subsequently, the residual MB concentration was tested 
by a UV-vis spectrophotometer.

Results and Discussion

XRD patterns of ZnO and Ag/ZnO microspheres 
with different Ag content are shown in Fig. 1. All the 
diffraction peaks in Fig. 1a) can be perfectly assigned 
to wurtzite-structured ZnO (JCPDS NO. 36-1451). As 
shown in Figs. 1b-e), two sets of diffraction peaks existed 
for all the Ag-modified samples, which were attributed to 
the wurtzite-structured ZnO and face-centered cubic sliver 
(JCPDS NO. 04-0783) [30-32]. The diffraction peaks of 
Ag were strengthened gradually when the Ag content in 
the composites increased from 5.41 to 11.37 wt%. No 
additional peaks for impurity were detected, suggesting 
that the Ag/ZnO composites were composed of Ag and 
ZnO.

Fig. 2 shows the SEM and TEM images of as-prepared 
ZnO and Ag/ZnO composites. As shown in Fig. 2a), the 
ZnO samples mainly consist of hierarchical microspheres 
with an average size of approximately 2 µm. The highly 
magnified SEM image of a fragment of the sphere  

(Fig. 2b) exhibits that the architecture of the hierarchical 
ZnO microsphere are built from numerous oriented 
nanoparticles. A large number of pores are engendered in 
the microspheres, which can increase the accessible surface 
area of the materials and is conducive to the transport of 
small molecules. Figs 2 (c, d) exhibit the SEM images of 

Fig. 1. The XRD patterns of a) ZnO, b) 5.41 wt% Ag/ZnO, c) 
7.95 wt% Ag/ZnO, d) 10.03 wt% Ag/ZnO, and e) 11.37 wt% 
Ag/ZnO.

Fig. 2. The SEM images of (a, b) hierarchical ZnO microspheres, 
(c, d) 10.03 wt% Ag/ZnO, e) TEM, and f) HRTEM images of 
10.03 wt% Ag/ZnO samples.
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Ag/ZnO composites. It is clear that the morphology of 
ZnO remains unchanged after Ag modification. The TEM 
image, as shown in Fig. 2e), further confirms the results 
obtained from SEM observations. The original structure is 
well inherited by the Ag/ZnO microspheres, and numerous 
nanopores can also be observed. In addition, many 

spherical Ag nanoparticles appear on the surface of the 
ZnO microsphere. To achieve more convincible evidence, 
the HRTEM image of the Ag/ZnO sample is depicted in 
Fig. 2f). The interplanar spacing of about 0.256 nm can be 
assigned to the (002) plane of ZnO, while the interplanar 
spacing of 0.233 nm corresponds to the (111) plane of Ag. 
Energy-dispersive X-ray spectroscopy (EDS) analysis 
also confirms that the Ag/ZnO composites only contain 
silver, zinc, and oxygen elements, which is consistent with 
the above-mentioned conclusion. 

The nitrogen desorption/adsorption isotherms of the 
samples are shown in Fig. 3. The isotherms correspond 
to the type IV with H3-type hysteresis loop, indicating 
the existence of mesopores (2-50 nm). The inset in Fig. 3 
exhibits the pore diameter distribution. It is clear that all 
the samples present in mesopores have diameters in the 
range of 2-50 nm. All the BET surface areas of ZnO and 
Ag-modified ZnO are around 30 m2·g-1, and the presence 
of Ag NPs does not obviously impact the BET surface area 
of the photocatalysts. 

The chemical component of the as-obtained 10.03 wt% 
Ag/ZnO sample was investigated by X-ray photoelectron 
spectroscopy (XPS) analysis and the corresponding results 
are shown in Fig. 4. It is clear that all of the peaks on 
the curve can be assigned to Zn, O, Ag, and C elements 
and no peaks of other elements can be observed (Fig. 
4a). The existence of the C element could be ascribed 
to the hydrocarbon contaminants. The high-resolution 
Zn 2p spectrum is analyzed in Fig. 4b. The binding 

Fig. 3. N2 adsorption-desorption isotherm and BJH pore diameter 
distribution (inset) of ZnO- and Ag-doped ZnO.

Fig. 4. Complete XPS spectra of a) 10.03 wt% Ag/ZnO sample and high-resolution spectra of sample for the elements of b) Zn, c) Ag, 
and d) O.
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energies of Zn 2p3/2 and Zn 2p1/2 are located at 1021.3 and 
1044.4 eV, which indicates that the Zn element is 
mainly in the form of Zn2+ on the surface [33]. Fig. 
4c displays the high-resolution Ag 3d spectrum. The 
peak at 367.2 eV is assigned to Ag 3d5/2 and the peak at 
373.2 eV corresponds to Ag 3d3/2. And the binding 
energies of Ag 3d5/2 and 3d3/2 peaks for the composites all 
shift to lower values compared with those of bulk silver  
(Ag 3d5/2, 368.2 eV; Ag 3d3/2, 374.2 eV [34,35]). The 
similar phenomenon is also obtained from worm-
like Ag/ZnO heterostructural composites and Ag-ZnO 
heterostructural nanoparticles [20, 36]. Such a shift is 
primarily due to the strong interaction between Ag and 
ZnO. The functional work of Ag metallic (4.26 eV) is 
lower than that of ZnO (5.3 eV), which will steer electrons 
from Ag to ZnO at the interfaces of Ag-ZnO composites, 
leading to the higher valance of Ag when Ag nanoparticles 
are attached to ZnO microspheres. Obviously, the O1s 
peak exhibited in Fig. 4d is asymmetric and thus it can 
be deconvoluted into two symmetrical peaks. The binding 
energy at 531.4 eV is associated with chemisorbed 
oxygen of the surface hydroxyls and the 530.1 eV peak is 
associated with the lattice oxygen of ZnO [37].

Fig. 5 shows the UV-vis reflectance spectra of 
hierarchical ZnO microspheres and the Ag/ZnO 
composites with various Ag contents. In the range of  
200-800 nm, two absorption bands can be observed for 
the Ag/ZnO composites. The absorption band located at 
the UV region can be ascribed to the absorption of ZnO 
and the absorption peak fell in visible range is thought 
to be the characteristic absorption of surface plasmon 
resonance (SPR) caused by silver nanoparticles [38-39]. 
The SPR effect tends to strengthen with the increasing of 
Ag content and can enhance the visible light absorption 
ability of the catalysts. Furthermore, it also means the 
possibility of the Ag/ZnO composites used as a visible 
light-driven photocatalyst.

The PL spectrum is an effective method to characterize 
the optical and photochemical properties of semiconductor 

materials. It can offer important information corresponding 
to the separation and recombination of photoinduced 
charge carriers of photocatalysts. Fig. 6 exhibits the room-
temperature PL spectra of the as-prepared ZnO and the  
Ag/ZnO composites with different Ag contents. It is clear 
that the PL intensity of Ag/ZnO composites decreases 
sharply in emission yield compared to pure ZnO – both in 
the UV and visible light regions. This means that the PL 
quenching effect occurs when Ag particles are introduced 
to the ZnO microspheres. The quenching effect of the  
Ag/ZnO composites is arranged in the following order: 
10.03 wt% Ag/ZnO > 11.37 wt% Ag/ZnO >7.95wt% 
Ag/ZnO > 5.41wt% Ag/ZnO. This result could be 
rationalized by the fact that Ag on the surface of ZnO may 
act as electron trappers to separate the electron-hole pairs 
at low loading. With increasing Ag content (from 5.41 to 
10.03 wt%), more metal sites favored to trap the electrons 
are formed and this leads to the enhancement in separation 
effects for the photoinduced electrons and holes, and thus 
a decrease intensity of PL emission. When the Ag content 
exceeds a certain amount (>10.03 wt%), an abnormal 
change occurs. This can be ascribed to the absorption 
or reflection of emission at the Ag/ZnO interface, which 
is induced by the strong surface plasmon absorption of 
Ag particles [27, 40]. Among all the samples, 10.03wt% 
Ag/ZnO shows the lowest intensity of PL, indicating the 
highest separation efficiency of photogenerated electron-
hole pairs. The photocatalytic activity of the Ag/ZnO 
composites will be improved if the separation efficiency 
of photogenerated electron-hole pairs in the Ag/ZnO 
composites is higher.

Catalytic Performance

The photocatalytic performances of the hierarchical 
ZnO microspheres and Ag/ZnO were evaluated by 
photodegrading MB solution, which is a typical organic 
pollutant from the textile industry. Under UV irradiation, 
the photocatalytic results of MB in the presence of different 

Fig. 5. UV-vis absorption spectra of a) ZnO, b) 5.41wt%  
Ag/ZnO, c) 7.95wt% Ag/ZnO, d) 10.03wt% Ag/ZnO, and e) 
11.37wt% Ag/ZnO.

Fig. 6. PL spectra of a) ZnO, b) 5.41wt% Ag/ZnO, c) 7.95wt% 
Ag/ZnO, d) 10.03wt% Ag/ZnO, and e) 11.37wt% Ag/ZnO.
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catalysts (as-prepared ZnO and Ag/ZnO composites) are 
all exhibited in Fig. 7a. In the absence of the catalyst, the 
degradation rate of MB under UV irradiation is extremely 
slow and thus photolysis can be ignored. Pure ZnO 
microspheres only display a moderate activity. However, 
the addition of Ag effectively enhances the photocatalytic 
performance. After exposure to UV light for 20 min, the 
degradation efficiencies of MB are as follows: 78.8% 
for pure ZnO, 90.2% for 5.41wt% Ag/ZnO, 94.2% for 
7.95wt% Ag/ZnO, 99.2% for 10.03 wt% Ag/ZnO, and 
96.0% for 11.37wt% Ag/ZnO. It is obvious that all Ag/
ZnO composites show superior activity over pure ZnO 
and the activity of Ag/ZnO samples firstly increase and 
then decrease with the increase of Ag content in the 
composites. The 10.03 wt% Ag/ZnO composite possesses 
the best performance, which is in accordance with the PL 
results.  

The photodegradation of MB can be described as a 
pseudo-first-order reaction [41], for which the kinetic 
reaction can be expressed as ln (C0/C) = kt, where C0 
is the initial MB concentration, C is the residual MB 
concentration at different illumination intervals, k is the 
pseudo-first-rate kinetic constant (min-1), and t represents 
the irradiation time. The kinetic constant k under UV 

irradiation conditions and the square of correlation 
coefficient of kinetic linear fitting are listed in Table 2. 
From the results, it is clear that k value for all the Ag/ZnO 
composites is higher than that for pure ZnO microspheres. 
The 10.03 wt% Ag/ZnO sample achieves the optimal 
photocatalytic performance and the k value of 10.03 wt% 
Ag/ZnO sample is two times higher than that of pure ZnO 
microspheres. These results confirm that the catalytic 
performance of ZnO is enhanced by the modification of 
Ag-NPs. 

Fig. 7 (c, d) exhibit the catalytic performance and 
the kinetics of the pure ZnO microspheres and Ag/ZnO 
composites for degradation of MB under visible light 
irradiation. The obtained k values and the square values 
of correlation coefficient for various catalysts are present 
in Table 2. In the entire irradiation process, less than 3% 
of MB is degraded without any photocatalysts. The 10.03 
wt% Ag/ZnO sample shows the most superior activity, 
of which k value is much higher than that of pure ZnO 
microspheres. With the increase of Ag content (from 
5.41 to 10.03 wt%), the photocatalytic performance 
and k value have also been increased. Nevertheless, the 
catalytic efficiency and k value decline when Ag content 
is further increased (11.37 wt%). This result is similar 

Fig. 7. a), c) Photocatalytic activity and b), d) kinetics of the obtained ZnO microspheres and Ag/ZnO composites prepared with various 
Ag contents for degradation of MB under a), b) UV, and c), d) visible light.
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to the activity investigated under UV irradiation. When 
Ag is incorporated into ZnO, two different phenomena 
would occur. For Ag content ≤ 10.03 wt%, Ag particles 
loaded on ZnO might act as an electron accepter and the 
electrons on the surface of ZnO could effectively transfer 
to Ag particles. In contrast, at higher Ag content, some Ag 
particles might reversibly act as the recombination centers 
of electrons and holes and thus reduce the photocatalytic 
efficiency of the catalyst. Similar results are also observed 
in the literature [20, 40]. 

For the purpose of the application, it is crucial for 
the photocatalyst to maintain superior photocatalytic 
activity and stability over a long period of time. As  
Fig. 8 illustrates, the 10.03 wt% Ag/ZnO sample exhibits 
effective photocatalytic performance under UV and 

visible light irradiation. There is insignificant loss of the 
photocatalytic efficiency after four cycles, indicating the 
highly stable and reusable of the 10.03 wt% Ag/ZnO 
sample. The SEM images of the used 10.03 wt% Ag/ZnO 
sample present that this sample still maintains the original 
structure even after several recycles. The possible reason 
for the favorable photocatalyst is that the hierarchical 
microspheres have an overall dimension in micrometers 
with nanosized units that are stabilized to ensure superior 
structural stability [36, 42].

Photocatalytic Mechanism

On the basis of the aforementioned results and the 
theory analysis [16], a proposed mechanism diagram 

Table 2. Reaction rate constant (k) for photocatalytic degradation of MB under UV and visible light irradiation.

Irradiation Constant ZnO 5.41wt% 
Ag/ZnO      

7.95wt%
Ag/ZnO

10.03wt% 
Ag/ZnO

11.37wt% 
Ag/ZnO

UV light
k / min-1 0.0888 0.1257 0.1396 0.2261 0.1607

R2 a 0.9899 0.9921 0.9854 0.9563 0.9992

Visible light
k / min-1 0.0088 0.0607 0.0830 0.1022 0.0950

R2 a 0.9904 0.9836 0.9886 0.9961 0.9934
a R2: the square of correlation coefficient of kinetic linear fitting.

Fig. 8. Recycle degradation of MB performance of 10.03 wt% Ag/ZnO sample under a) UV and b) visible light irradiation and the SEM 
images of the 10.03 wt% Ag/ZnO sample that had been reused after four cycles under c) UV and d) visible light irradiation.
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of the enhanced photocatalytic performance of the  
Ag/ZnO composites under UV and visible light irradiation 
is illustrated schematically in Fig. 9. 

The improved photocatalytic efficiency of the  
Ag/ZnO heterostructure under UV irradiation can be 
mainly ascribed to the formation of the Schottky barriers 
at metal-semiconductor interface between Ag particles 
and hierarchical ZnO microspheres, which are propitious 
to the segregation of charges and inhibited the charge 
recombination. When Ag/ZnO composites are illuminated 
by UV light with photo energy equal to or higher than 
the band gap of ZnO, the ZnO microspheres could be 
simultaneously excited to form electron-hole pairs. As 
shown in Fig. 9a, the photogenerated electron in the CB 
of ZnO could migrate to Ag particles due to the driving 
force produced by the deflexed energy band in the space 
charge region. Ag particles, acting as electron sinks, not 
only reduce the recombination ratio of electron-hole 
pairs but also increase the lifetime of the photogenerated 
pairs. Then the absorbed O2 and H2O on the surface of the 
Ag/ZnO composites would react with the photogene-
rated electrons to form superoxide radical anions such as  
·O2-, ·HO2, and ·OH. The photoinduced holes are inclined 
to interact with OH-or H2O to further generate ·OH species, 
which has a strong oxidizability to decompose most of the 
pollutants [43-44]. 

The photocatalytic process under visible light 
irradiation for the Ag/ZnO composites can be interpreted 
by the proposed mechanism shown in Fig. 9b. When 
the Ag/ZnO composites are exposed to visible light, Ag 
particles would capture the photons due to the strong SPR 
effect, which results in the formation of electron-hole 
pairs in the Ag particles. Subsequently, the photoinduced 
electrons transfer from Ag to the CB of ZnO and then 
these injected electrons are consumed by the O2 dissolved 
in the solution to yield various reactive oxidative  
species [16, 45]. Photodegradation of MB could 
subsequently take place through the attack of reactive 
oxidative species. 

On the basis of the above-mentioned results, it 
is obvious that the optimal Ag content for preparing  
Ag/ZnO composites with a superior catalytic performance 
is about 10.03 wt%, which can effectively hinder the 

recombination of photoinduced electron-hole pairs to 
achieve the best photocatalytic performance. Besides, 
from Figs 6 and 7 it is clear that the order of PL intensities 
of the samples is just opposite that of the photocatalytic 
performance, confirming the occurrence of the separation 
effect between the photogenerated electrons and holes.

Conclusions

Hierarchical Ag/ZnO microspheres with different 
Ag content were successfully synthesized via a facile 
two-step method. The as-prepared Ag/ZnO composites 
exhibited superior photocatalytic activity over pure ZnO 
microspheres on the degradation of MB under UV or visible 
light irradiation. After being used four times, more than 
90% of degradation efficiency could also be maintained. 
The characterization results showed that the enhanced 
photocatalytic performance and high photostability could 
be ascribed to the incorporation of Ag nanoparticles and 
the unique hierarchical structure. The Ag nanoparticles 
located on the surface of the ZnO microspheres acted 
as electron sinks to improve the charge separation and 
extend the light-absorption range through surface plasmon 
resonance effect.
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