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ABSTRACT

KEYWORDS

In this paper, Ag/ZnO photocatalysts with different Ag loadings were
prepared by photo reduction, chemical reduction and polyacrylamide-gel
methods. The Ag/ZnO photocatalysts were characterized by XRD, SEM,
TEM, EDX and DRUV-vis methods. The results of the photocatalytic degradation of 4-NP in aqueous suspensions showed that silver ions doping
greatly improved the photocatalytic efficiency of ZnO nanocrystallites.
The enhancement of photocatalytic activity is due to the fact that the
modification of ZnO with an appropriate amount of Ag can increase the
separation efficiency of photogenerated electrons and holes in ZnO, and
the improvement of photo stability of ZnO is attributed to a considerable
decrease of the surface defect sites of ZnO after the Ag loading. The
chemisorptions of molecular oxygen and the chemisorption of atomic oxygen on Ag in the Ag/ZnO photocatalysts were observed. It was found
that the metallic Ag in the Ag/ZnO photocatalysts does play a new role of
O2 chemisorption sites except for electron acceptor, by which chemisorbed
molecular oxygen reacts with photogenerated electrons to form active
oxygen species, and thus facilitates the trapping of photogenerated electrons and further improves the photocatalytic activity of the Ag/ZnO
photocatalysts. Also the method of preparation is regarded as important
factors for determining photocatalysis. The best photocatalytic performance was exhibited for Ag/ZnO prepared by polyacrylamide gel method
in comparison with chemical reduction and photo reduction method and
the optimum Ag content was approximately 0.5%. With the appearance of
microbial organisms resistant to multiple antibiotics, also, increase nosocomial infection, antibacterial effects of nanocomposites have attended
by the many researchers in recent years. In the present work, the antibacterial properties of Silver incorporated zinc oxide nanoparticles were investigated using Escherichia coli.
 2013 Trade Science Inc. - INDIA

INTRODUCTION
In the past decades, the scientific and engineering

Ag/ ZnO;
Poly acrylamide gel method;
Chemical reduction;
Photo reduction method;
4-nitrophenol;
Photocatalysts.

interest in the application of semiconductor photocatalysis has grown exponentially[1–8]. ZnO can act as a
sensitizer for light-induced redox due to its electronic
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structure, which is characterized by a filled valence band
and an empty conduction band. When a photon with
an energy of hí matches or the bandgap energy, Eg, of
the semiconductor, an electron, ecb-, from the valence
band (VB), is excited and enters into the conduction
band, CB, leaving a hole, hvb+ behind. Excited state
conduction band electrons and valence band holes can
recombine and release energy as heat, get trapped in
metastable surface states, or react with electron donors and electron acceptors adsorbed on the semiconductor surface or within the surrounding electrical double
layer of the charged particles. If a suitable scavenger or
surface defect is available to trap the electron or hole,
recombination is prevented and subsequent redox reactions may occur. Usually, undoped ZnO exhibits ntype conductivity, which can be ascribed to the asymmetric doping limitations[9] and propensity to defects or
impurities[10,11]. P-type doping of ZnO films has been
achieved using P,[12] N,[13] As,[14] Li,[15] Sb,[16-19] and
Ag[20,21] as dopants. These dopants and defect complexes, introduced through synthesis techniques, can
define the type of conductivity[22] and optical[23,24] and
electrical properties[24,25] of ZnO. It has been found that
the photocatalytic performance of ZnO can be greatly
improved by constructing a silver–ZnO composite because of the increase in the rate of electron-transfer
process by metal silver[2–4]. Pure Ag- or Sb-doped ZnO
has been effectively prepared by pulsed laser deposition[17,20,26] radio frequency magnetron sputtering,[27,28]
and molecular beam epitaxy[29]. For preparation of
doped ZnO nanoparticles several methods, such as
microwave heating process[30], co-precipitation[31],
chemical vapor synthesis[32] and others were used. Although the aforementioned methods can be employed
to produce doped ZnO nanoparticles, they have some
drawbacks, such as requirement of a large quantity of
solution and organic materials, long processing time,
and unsuitable for large scale production or ill crystallinity and wide particle size distribution. Thus, it is of
practical importance to seek for a novel method that
does not have those drawbacks for preparation of doped
ZnO nanoparticles as photocatalysts materials.
Very recently, the polymer pyrolysis method has
been developed for preparation of ferrite nanoparticles
such as MnFe2O4, NiFe2O4, and ZnFe2O4[33], ZnO
supported on zeolites and Ln doped ZnO[34,35]. This
Nano Sci enc e and Nano Te chnolo gy
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method is easily operated and versatile for various metals
and thus should also be suitable for preparation of metallic ion doped n-type semiconductors. In the present
work, the polyacrylamide-gel method, photo reduction
and chemical reduction methods were used to synthesize Ag- modified ZnO nanoparticles. At last their photocatalytic activities are compared for degradation of
4-nitro phenol.
Also with the appearance of microbial organisms
resistant to multiple antibiotics, also, increase nosocomial infection, antibacterial effects of nanocomposites
have attended by the many researchers in recent years.
In the present work, the antibacterial properties of Silver incorporated zinc oxide nanoparticles were investigated using Escherichia coli.
EXPERIMENTAL
Materials
Zinc acetate dihydrate, nitric acid, citric acid, acryl
amide, 2, 2´-azoisobutyronitrile (AIBN), AgNO3 were
obtained from Merck.
Measurements
Differential thermal analysis and thermal gravimetric (DTA-TG) was conducted at a heating rate of 5°C
min-1. X-ray diffraction patterns (XRD) were collected
using a Siemens D500 diffractometer with Cu ká radiation (ë=1.5418 A° and è=4-80°) at room temperature. Scanning electron microscope (Philips XL30)
equipped with energy dispersive X-ray (EDX) facility
was used to capture SEM images and to perform elemental analysis. The SEM sample was gold coated
prior to examination and SEM was operated at 5kV
while EDX analysis was performed at 15 kV. UV-Vis
diffuse reflectance spectra (UV-Vis DRS) were recorded in air at room temperature in wavelength range
of 200-800 nm using a Scinco 4100 spectrophotometer. The band gap energy was calculated by the following equation:
ëg= 1240/Eg,

Where ëg is the wavelength of the characteristic absorption peak value; Eg is the band gap energy.
The products have been characterized by transmission electron microscope (TEM) and energy-dispersive X-ray analysis (EDX). TEM studies, combined
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with EDX were carried out on a Zeiss LEO 912 Omega
instrument, operating at 120 kV. TEM specimens were
made by evaporating one drop of solution of sample in
ethanol onto carboncoated copper grids. Grids were
blotted dry on filter paper and investigated without further treatment. The Brunauer-Emett-Teller (BET) surface area of the catalysts was measured by N2 adsorption–desorption isotherm at liquid nitrogen temperature using NOVA2000 (Quantachrome, USA).
Preparation of materials
(a) Polyacrylamide-gel method (AnZ1)
In a typical experiment, 0.17g (0.774 mmol)
Zn(CH3CHOO)2.2H2O was dissolved in 2ml dilute nitric acid (2 mol L-1) and 0.3g citric acid (1.6mmol) was
added in order to accelerate dissolution of
Zn(CH3CHOO)2.2H2O. The mixture were kept stirring for 2h. The final PH was controlled as 6-7 by using
dilute ammonia. Subsequently, the monomers of
acrylamide (0.3g) were added and the resulting solution was stirred for 1h, then the aqueous solution of
AgNO3 was dropped into the transparent solution under stirring for 15 minutes, at last heated in a water bath
and during the whole process, the system was continuously stirred. The solution became gradually transparent with temperature rising. When the temperature
reached about 80 °C, a small amount of compound initiator AIBN (C8H12N4) was added into the solution and
polymerization occurred quickly and transparent polymeric resin was obtained without any precipitation. At
last, the gel was dried at 100 °C for 24 h to yield a
xerogel. The xerogel was heated in a laboratory furnace at 300 °C for 10h to burn out the organic residues
and calcined at higher temperature (550°C) for 5h. The
molar ratio of Ag:Zn was 0:100, 0.1:100, 0.5:100, 1:100
& 2:100. The final products were obtained, which were
designed as AnZ1 (n= 0, 0.1, 0.5, 1 & 2) respectively.
(b) Photo reduction method (AnZ2)
4.288g (0.02 mol) Zn(CH3CHOO)2.2H2O was
dissolved in 15ml of ethanol (96%) at room temperature in an ultrasonic bath for 1h. Then the clear solution
was heated under reflux and stirring for 3h and during
reflux 40ml of distilled water was added drop wise, the
mixture solution became milky. Next, the aqueous solution of AgNO3 was dropped into the milky solution
under vigorous stirring for 20 minutes. The reaction

mixture was stirred for 2h under UV-C (30w) lamp to
reduce adsorbed Ag+ to Ag particles. The precipitate
was separated from solution by centrifugation at 1500
rpm for 5 min and washed with deionized water repeatedly to remove the residual Ag+ and then dried at
70°C for 10h and finally calcined at 550°C for 4h. The
molar ratio of Ag:Zn was 0.1:100, 0.5:100, 1:100 &
2:100. The final products were obtained, which were
designed as AnZ2 (n= 0, 0.1, 0.5, 1 & 2) respectively.
(c) Chemical reduction method (AnZ3)
4.288g (0.02 mol) Zn (CH3CHOO)2.2H2O was
dissolved in 20ml of distilled water at room temperature in an ultrasonic bath for 1h. Then the clear solution
was heated under reflux and stirring for 3h, the mixture
solution became milky. Next, the aqueous solution of
AgNO3 was dropped into the milky solution under vigorous stirring for 20 minutes. Appropriate amount of
NaBH4 solution was added to the milky solution to
reduce adsorbed Ag+ to Ag particles. The molar ratio
of Ag:Zn was 0.1:100, 0.5:100, 1:100 & 2:100. The
final products were obtained, which were designed as
AnZ3 (n= 0, 0.1, 0.5, 1 & 2) respectively.
Catalytic activity
Degradation of 4-nitrophenol (4-NP) was chosen
as the reaction to quantify the photocatalytic reactivity
of each sample. The experiments were carried out with
50 ml 4-NP (10ppm) solution prepared with distilled
water in 150 ml beakers. Prior to illumination, the reaction suspension was first magnetically stirred in the dark
for 15 minute to ensure the establishment of adsorption/desorption equilibrium of the concerned chemical
substances on the surface of the catalysts. Then the
beakers were put under the ultraviolet light in the appropriate stirring. Proper amount (0.1g) of catalysts was
added to the solution. Samples were taken out at given
time intervals and the solution was centrifuged at 1500
rpm for 5 min and then filtered to remove the catalyst
particles completely. The analysis of concentration of
4-NP in filtered solution was performed by means of a
Shimadzu UV-240 spectrophotometer. The absorption
band around 315 nm (for the 4-NP) decreased as a
function of time for each catalyst. This can be attributed
as oxidative degradation of the 4-NP by the catalysts.
Direct band gap excitation of the semiconductor results
in electron-hole separation. Photo generated holes oxiNano Sci enc e and Nano Te chnolo gy
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dize the 4-NP at the catalysts’ surface.
The decrease in the absorbance seen at 315 nm for
the 4-NP as a function of time can be used to estimate
the percentage degradation of the 4-NP. The extent of
equilibrium adsorption was determined from the decrease in 4-NP concentration. From the adsorption experiments, the percentage of 4-NP adsorbed on the
catalyst surface was determined from the following equation:
adsorption(%) 

Co  C t
Co

size other metallic ion doped n-type semiconductor, such
as In, Ga, Al doped ZnO.

(1)

where C0 is the initial concentration of 4-NP and Ct is
the concentration of 4-NP at time ‘t’ (min).
Antimicrobial activities
The agar plate method was taken to evaluate the
antimicrobial activities of Ag/ZnO prepared by different methods compared with the positive control and
pure ZnO. Escherichia coli 745 (E. coli) was used as
the test bacteria. The bacterial culture was diluted by
sterile distilled water to 108 CFU/ml (CFU: Colony
Forming Unit). A loop of the suspension was inoculated on nutrient plates with the sample spread. Then
the plates with bacteria were incubated at 37°C for 48
h. A corresponding plate without any nanoparticles was
used as a positive control. Finally, the antimicrobial activities of the samples were evaluated by the diameter
of the test microorganism. All the experiments were repeated four times. The results were averaged.

Figure 1 : Schematic representation of polymeric chain of
the co-polymeric precursor of Zn-Ag polyacrylates.

To clarify the chemical reactions of the co-polymeric precursors occurring in the pyrolysis process, TG
and DSC curves of the copolymeric A0.5Z1 precursors
were measured and shown in Figure 2. In the TG curve
of A0.5Z1 precursor, there are two mass losing processes present at room temperature to about 160°C
and 160–520°C. The first step of mass loss is corresponding to a small endothermal peak in the DSC curve,
which is associated with the removal of the residual
water, acetate and un-polymerized acrylic acid molecular
in the precursor. The second step of mass decomposition of polymer precursor occurs at the temperature
range of 160–520 °C and at the same time a high exothermic peak in the DSC curve is observed at around
RESULT AND DISCUSSION
400–530 °C, which is likely to be associated with the
decomposition of Ag–Zn polyacrylate into A0.5Z1
Proposed mechanisms for various preparation nanoparticles. It is noted that the mass is almost unmethods of Ag/ZnO nanoparticles
changed above the decomposition temperature of 520
The co-polymeric precursor compound (AnZ1) is °C, indicating that the final decomposed products are
schematically represented in Figure 1. As shown, the A0.5Z1 nanoparticles. Hence, 550 °C was chosen as
Zn (II) and Ag (I) ions are bound by the strong ionic the calcination temperature in preparation of AnZ1
bonds between the polymeric chains. This uniform im- nanoparticles.
The AnZ2 photocatalysts were prepared by phomobilization of metallic ions in the polymer chains favors the formation of uniformly Ag-modified ZnO toreduction of Ag+ on ZnO with ethanol as hole scavnanoparticles in the following pyrolysis process. Also enger. Upon UV irradiation, electrons in the valence
comparison to the other used methods this procedure band of ZnO are excited to its conduction band with
lead to the finest particle size as shown in Figure 4. simultaneous generation of the same amount of holes
Furthermore, this method is simple to operate and very left behind. Therefore, we think that ZnO serves as elecsuitable for industrial production of nanoparticles. In tron source for the reduction of silver cations. It is known
addition, this method can be versatile to facilely synthe- that ZnO easily adsorbs Ag+ cations at its surface. Once
Nano Sci enc e and Nano Te chnolo gy
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cationic silver clusters like Ag2+ are formed, the reduction process is facilitated[36]. The photo-generated holes
in ZnO are captured by ethanol.

Figure 2 : TG-DSC curves of Ao.5Z1 precursor.

Scheme 1a shows the band structures and the Fermi
energy levels of Ag and ZnO junction. Because the Fermi
energy level of Ag (Efm) is higher than that of ZnO (Efs),
part of electrons transferred from Ag to ZnO until the
two systems attained equilibrium and a new Fermi energy level (Ef) was formed[37,38]. Scheme 1b shows the
proposed charge separation process and the photocatalytic mechanism of as-prepared Ag/ZnO samples
under UV irradiation. Due to that the energy level of
CB for ZnO is higher than the Fermi energy level of Ag,
the photoinduced electrons are transferred to the metallic Ag. Then the electrons in the Ag sinks can be
trapped by the chemisorbed O2 and the hole can be
captured by the surface hydroxyl.

Scheme 1 : (a) The band structures of Ag and ZnO junction and the fermi energy level equilibrium without UV irradiation.
(b) The proposed charge separation process and the photocatalytic mechanism of as-prepared Ag/ZnO samples under UV
irradiation. The electrons in the Ag sinks can be trapped by the chemisorbed O2 and the hole can be captured by the surface
hydroxyl.

The AnZ3 photocatalysts were prepared by chemical reduction of Ag+ on ZnO in presence of NaBH4.
NaBH4 is a metal hydride with strong reduction capacity and high hydrogen content. It releases its hydrogen
as a result of hydrolysis. This is a rapid reaction at room
temperature.
Ag+ + e-  Ag, E0 = 0.79V
2+

-

0

Zn + 2e  Zn, E = - 0.76V

(2)
(3)

According to the E0 of the Ag+ and Zn2+, silver ions
were reduced by NaBH4 and after calcined at 550°C,
Ag/ZnO was prepared.
Structural and morphological characterization of
Ag/ZnO nanoparticles
Figure 3 shows XRD patterns of Ag/ZnO
nanoparticles recorded in the range of 20-70° with a
scanning step of 0.02° by various preparation methods

and different Ag loadings. The observed diffraction
peaks of the pure ZnO catalyst can be indexed to those
of hexagonal wurtzite ZnO (PCPDF79-0207). No
characteristic peaks of impurity phases such as Zn or
Zn(OH)2 were observed for all samples. As can be seen
from Figure 3a, b and c, in all cases, after lower Ag
loading (0.5 wt%) on the ZnO, no characteristic diffraction peak corresponding to Ag or Ag compound
impurity phase and no detectable structural change is
observed for the ZnO catalyst, but with higher Ag loading (1.0 wt%), It should be pointed out that a residual
phase of silver is observed by XRD. According to some
previous reports, Ag can be incorporated in ZnO system either as a substituent for zinc ions or as an interstitial atoms[39,40]. If the silver is substituted for Zn2+, a
corresponding peak shift would be expected in the XRD.
In any of our modified samples, no such shift in the
Nano Sci enc e and Nano Te chnolo gy
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peak position was observed. This indicates the segregation of Ag particles in the grain boundaries of ZnO
crystallites rather than going into lattice of ZnO, or only
an insignificant quantity may be going to the substitutional Zn site.

Figure 3 : XRD patterns of the Ag/ZnO photocatalysts with
different Ag loadings:a)polyacrylamide-gel method(AnZ1), b)
Photo reduction method (AnZ2), c) Chemical reduction
method (AnZ3).

The morphologies of the as-prepared products were
investigated using TEM. Figure 4(a) - (c) shows the
TEM images of A0.5Z1, A0.5Z2 and A0.5Z3 respectively.
The SEM image of as-synthesized AnZ1 is also shown
Nano Sci enc e and Nano Te chnolo gy
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in Figure 4(e). Interestingly It is clear that the sample is
composed of lots of fluffy spheres with the diameter in
the range of 1–2 µm. To know more about this strange
structure, the middle part of the sphere is magnified and
presented in the inset in 4(e). It is found that the ZnO
sphere is constructed by lots of crossed nanosheets with
average thickness of ~20nm and a large amount of “hollow lattice” present inside the sphere. Apparently, the
synthesized AnZ1 possesses a 3D hierarchical
micro\nanostructure with a specific crossed arrangement of nanosheets.
Figure 4(b,c) indicates that Ag/ZnO nanocomposites
are almost hexagonal (spherical) in shape. The mean
particle size of them are 50-75 nm.

Figure 4 : TEM images of, a: A0.5Z1, b: A0.5Z2, c: A0.5Z3
nanoparticles and d: EDX spectrum of A0.5Z1, e: SEM image
of A0.5Z1.

Energy dispersive X-ray spectroscopy (EDX)
analysis (Figure 4d), confirms that Ag/ZnO
nanocomposite materials only consists silver, zinc and
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oxygen. The presence of Cu and carbon signals arises
from the TEM gird. Apart from that no other element
peaks could be detected.
The diffuse reflectance spectra (DRS) of Ag–ZnO
prepared by different methods are shown in Figure 5.
The little change of the Eg of the samples also explains
why the catalysts do not show high activity under the
visible light. The top absorption peaks of ZnO, AnZ1,
AnZ2, AnZ3 occur at the wavelength of 365nm
(3.39eV), 373nm (3.32eV), 372nm (3.33eV) and,
374nm (3.31eV), respectively.

fore, the higher the dispersity of Ag clusters and/or
nanoparticles on the surface of ZnO is, the higher the
photocatalytic activity of Ag/ZnO photocatalyst should
be. This can be understood based on the proposed
charged separation of Ag/ZnO under UV irradiation
shown in scheme 1. Because the bottom energy level
of the conduction band (CB) of ZnO is higher than the
new equilibrium Fermi energy level (Ef) of Ag/ZnO, the
photoexcited electrons on the CB under UV irradiations could transfer from ZnO to the Ag particles. It has
been proposed that the charge separation is the outcome of a Schottky barrier formed at the metal–semiconductor interface[41,42]. The possible mechanistic pathway of Ag/ZnO for degradation of 4-NP can be proposed as follows:
ZnO + hí (UV)  ZnO(e-cb + h+vb)

(4)

AgAg+ +e-

(5)
H



O H

2
e   O 2 (ads )  O 2 H 


e
O 2  H 2 O 2  O 2  OH  OH 

Ag+ + e-  Ag

(6)
(7)

_

Figure 5 : DRS spectra of AnZ1, AnZ2, AnZ3 and ZnO.

Catalytic activity
The results of the photocatalytic degradation of 4NP in aqueous suspensions showed that silver modification greatly improved the photocatalytic efficiency of
ZnO nanocrystallites. The enhancement of photocatalytic activity is due to the fact that the modification of
ZnO with an appropriate amount of Ag can increase
the separation efficiency of photogenerated electrons
and holes in ZnO, and the improvement of photo stability of ZnO is attributed to a considerable decrease of
the surface defect sites of ZnO after the Ag loading.
The chemisorptions of molecular oxygen and the chemisorption of atomic oxygen on Ag in the Ag/ZnO
photocatalysts were observed. It was found that the
metallic Ag in the Ag/ZnO photocatalysts does play a
new role of O2 chemisorption sites except for electron
acceptor, by which chemisorbed molecular oxygen reacts with photogenerated electrons to form active oxygen species, and thus facilitates the trapping of
photogenerated electrons and further improves the photocatalytic activity of the Ag/ZnO photocatalysts. There-

h+vb + OH  °OH

(8)

°OH + 4-NP  degradation products

(9)

Also it is observed that with increasing the time up to
3h, the percentage of degradation of 4-NP increases.
This is because of the fact that with increase in the irradiation time the number of photons absorbed increases,
producing more amount of OH° by facilitating the oxidation of 4-NP.
At the end of the course of the phototcatalysis, the
solution became colorless, odorless and transparent.
From the absorption spectra, it can be seen that there
is no peaks observed on the UVA region, probably
because the ring of phenol was broken down into pieces
and there is no alkene compounds formed. It is speculated that some alkanols might be the typical intermediates during the course of photocatalytic degradation.
Since the 4-NP was extensively used as indicator for
the photocatalytic reactions, detailed discussion for the
intermediates and their toxicity were not discussed in
this paper.
The photocatalytic activity of the catalyst depends
upon the crystallinity, surface area and particle morphology[43] and these factors which depend on the
method of preparation are regarded as important facNano Sci enc e and Nano Te chnolo gy
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tors for determining photocatalysis. Figure 6 shows the
effect of preparation methods on photocatalytic degradation of 4-NP.

Figure 7 : Effect of silver content on the photocatalytic
degradation of 4-NP prepared by polyacrylamide gel method.

The degradation percentage increases continuously
as the silver content is increased up to a content level of
Figure 6 : Effect of preparation methods on the photocatalytic
0.5% and then decreases with further increase of the
degradation of 4-NP.
content of Ag in the Ag/ZnO. Thus, the optimum Ag
From the Figure 6, it is observed that the best pho- content is approximately 0.5%. The improved activity
tocatalytic performance towards the oxidation of 4-NP of Ag/ZnO is due to better charge separation of Ag/
was exhibited for Ag/ZnO prepared by polyacrylamide ZnO composites relative to pure ZnO. On the other
gel method (AnZ1) whose TEM and SEM images are hand, the incorporation of noble metal onto the ZnO
shown in Figure 4. It is found that, the morphology of surface increases the rate of electron transfer to disthe AnZ1 is different from AnZ2 and AnZ3. It is well solved oxygen. The photocatalytic activity of Ag/ZnO
known that the surface area of the AnZ1 is also an im- composites decreases when the content of silver reaches
portant factor for its better photodegradation activity. 1-2%. A possible reason is that silver particles also act
The surface area of AnZ1, AnZ2 and AnZ3 are 145, 87 as recombination centers at high silver deposition, which
and 23 m2 g”1 respectively. The AnZ1 with hollow fluffy is caused by the electrostatic attraction of negatively
structure possesses the largest specific surface area, charged silver and positively charged holes[44,45]. Thus,
thus providing the largest number of active sites during the presence of a proper content of silver can reduce
the photocatalytic reaction; meanwhile, such hollow fluffy electron–hole recombination and increase the photostructure is favorable to mass transport and adsorption catalytic activity. In addition, higher surface loadings of
of 4-NP which occurs not only on the outside surface metal deposits may decrease the catalytic efficiency of
of the catalyst but also on the wall of the inside lattices. the semiconductor due to the reductive availability of
On the contrary, low surface area means less available semiconductor surface for light absorption and pollutactive sites, limiting the adsorption activation of reac- ant adsorption[46], and the resultant variation of the surtants on the catalyst.
face hydroxyl content of Ag/ZnO with different Ag conThe content of Ag in the composites has obvious tent. In the process of photocatalysis, after the
influence on the photocatalytic activity. So, by using photogenerated electrons and holes are separated from
polyacrylamide gel method, the effect of silver content recombination, they can be trapped generally by the
on the photodegradation process was also investigated oxygen and surface hydroxyl, respectively, to produce
(Figure 7). The photodegradation efficiency of 4-NP is ultimately the primary oxidizing species of the hydroxyl
about 92%, 100%, 86% and 67% for 0.1%Ag/ZnO, radicals (°OH), which plays a significant role in the pho0.5%Ag/ZnO, 1%Ag/ZnO and 2%Ag/ZnO, respec- tocatalytic oxidation process[47-49]. The more the surtively, when the reaction was performed under UV-light face hydroxyl content is, the more efficient the photofor 3h.
catalyst is[50]. From this point, we can reasonably conNano Sci enc e and Nano Te chnolo gy
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clude that the difference in photocatalytic activity is related to various contents of surface hydroxyl on the hierarchically micro/nano-structured ZnO spheres caused
by different Ag contents. Therefore, the 0.5% Ag/ZnO
sample, which has the highest surface hydroxyl content, exhibits the highest photocatalyst performance in
our work.
TABLE 1 : The diameters of the E.Coli colonies on pure ZnO
and AnZ1, AnZ2, AnZ3

Sample
Positive control
ZnO
A0.1Z1
A0.5Z1
A0.1Z2
A0.5Z2
A0.1Z3
A0.5Z3

D (mm)
E. coli
17.2±0.2
12.5±0.2
0.5±0.1
0
2.0±0.2
1.5±0.2
6.5±0.2
4.5±0.2

Antibacterial activity
For demonstrating the antibacterial activity of asprepared Ag/ZnO powders, E. coli was selected as the
Gram-negative bacteria. TABLE 1 presents the diameters of the bacteria colonies on pure ZnO and Ag/
ZnO nanostructures with different preparation methods. Ag doped ZnO depicted the enhanced antibacterial property due to the photocatalysis and metal release process[51–53]. When ZnO NPs (Eg = 3.39 eV)
were under light irradiation, electron–hole pairs were
generated. The hole (h+) reacted with OH-on the surface of NPs, generating hydroxyl radicals (OH•), superoxide anion (O2-) and perhydroxyl radicals (HO2•).
These highly active free radicals damaged the cells of
microorganism as a result of decomposition and completely destruction[54,55]. As shown in TABLE 1, under
the condition of doping the same contents of Ag and
ZnO, AnZ1 presented much higher antimicrobial properties than AnZ2 and AnZ3. The presence of transition
metals Ag improved the charge transfer, reduced the
chance of electron–hole pairs to recombine and promoted the generations of perhydroxyl radicals and other
strong oxidizing materials[56,57]. Therefore, the presence
of Ag enhanced antimicrobial ability of ZnO significantly.
Among all the samples, the A0.5Z1 sample showed excellent antimicrobial activities. But considering the tox-

icity of silver metal, the A0.5Z1 sample was not perfect
for the further applications. By contrast, the A0.1Z1
sample also exhibited high antimicrobial activities indicating a better potential in medical and food packaging
fields.
CONCLUSIONS
Ag/ZnO photocatalysts with different Ag loadings
were prepared by photo reduction, chemical reduction
and polyacrylamide-gel methods. The best photocatalytic performance was exhibited for Ag/ZnO prepared
by polyacrylamide gel method in comparison with
chemical reduction and photo reduction method. It is
because of the hollow fluffy structure and largest specific surface area of this photocatalyst. An optimum Ag
loading (0.5%) gave the fastest photodegradation of 4NP and the reaction rate decreased at higher Ag loadings. This is consistent with the presence of discrete Ag
clusters leading to retarded recombination of the photoinduced electron–hole pairs. Decreasing activity at
higher loadings is likely to arise from decreasing surface availability on the particles for reactant adsorption
and light absorption.
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