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Abstract
Nanocrystalline Ag/ZnO powders have been successfully prepared by a modified polyol process using triethylene-glycol 
(TEG) as solvent, reducing and stabilizing agent. The synthesis procedure has been conducted without any post-synthesis 
thermal treatment. The structural and optical properties have been characterized by X-ray diffraction, transmission electron 
microscopy, N2 adsorption study, inductively coupled plasma optical emission spectroscopy and UV–Vis diffuse reflectance 
spectroscopy. The photocatalytic activity of Ag/ZnO materials has been studied by analyzing the degradation of an herbi-
cide, diuron, under solar light. Ag/ZnO photocatalysts with optimized x = 0.7% Ag content showed 14 times higher rate of 
degradation than that of unmodified ZnO. We attribute these observations to the addition of silver nanoparticles allowing 
interfacial oxide-to-metal electron transfer within the hybrid Ag/ZnO photocatalyst. The inhibitory and bactericidal activities 
of samples have been tested against Gram-negative bacteria; Escherichia coli, Salmonella typhimurium and gram-positive 
bacteria; Staphylococcus aureus, Enterococcus faecium and Candida albicans. The results showed that the Ag/ZnO can be 
used as photocatalysts and antibacterial agents for potential practical applications in the wastewater treatment.

Graphical Abstract

Schematic of the proposed photocatalytic and bactericidal mechanism of Ag/ZnO nanostructure.
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1  Introduction

Pure-water is known as the source of human life and the 
most important natural-material in the earth. With the 
increase in world population, the demand for pure-water 
was enhanced, indicating a water scarcity problem in 
the near future. In recent years, on the basis of chemi-
cal and physical methodologies, numerous conventional 
procedures have been developed and used to purify waste 
water or desalinated sea water [1–3]. Advanced oxidation 
processes (AOPs) including photocatalysis are one of the 
most promising techniques in wastewater decontamina-
tion areas, they have been utilized to generate the reactive 
oxygen species (ROS) such as hydroxyl (OH.), superox-
ide anion (O2

⋅−) radicals and hydrogen peroxide (H2O2) 
for a wide array of pollutant destruction. These highly 
active radicals participate in oxidation and reduction 
reactions, micro-organisms inactivation as well as min-
eralization of pollutants [4–7]. Semiconductor have been 
broadly studied for this purpose, in particular ZnO have 
received a great deal of attention because of their thermal 
and chemical stability, non-toxicity, antibacterial property, 
and high efficiency for photo-degrading a wide range of 
dyes, detergents, bacteria and pesticides [8–11]. Yet, ZnO 
with an important wide-direct band gap (3.37 eV) and a 
large exciton binding energy (60 meV), is found to be a 
suitable alternative to TiO2 and a promising photocatalyst 
[12, 13]. Furthermore, its higher efficiency than TiO2 has 
been found in the photocatalytic oxidation of pulp mill 
bleaching wastewater, 2-phenylphenol and phenol [14]. 
Even so, its photoactivity is restricted to ultraviolet irra-
diation (≤ 387 nm) and still decreased because of photo-
corrosion effect during light irradiation [15, 16]. In order 
to extend this restriction into the visible light and then 
improve photocatalytic activity, combination of ZnO nano-
structures with noble metals (Pt, Au and Ag) has been 
studied [17, 18]. This modification has several advantages, 
including preventing the recombination of photogenerated 
electron and hole, broadened the absorption spectrum and 
facilitated some specific reactions on the surface of ZnO 
nanostructures [19]. Metallic levels, such as gold, silver 
and palladium were lower than the conduction band of 
zinc oxide, so these metals accumulated photogenerated 
electron upon the ZnO photoexcitation and resulted in 
an improvement of photocatalytic efficiency [20, 21]. Of 
the metals, silver represent one of the extensive scientific 
interest to extend the spectral response of ZnO due to its 
lower cost than the other noble metals as well as its well-
known antibacterial properties that will expand the activi-
ties of ZnO materials to a wider variety of applications 

[22]. Hence, Ag/ZnO structures with various morpholo-
gies and sizes have been prepared by several methods such 
as solvothermal [23], sol–gel [16], seed mediated [24], 
chemical precipitation [25], polyol [26], microwave [18], 
ultrasonic irradiation [27] and photo-reduction [28]. For 
instance, Jin-Chung Sin et al. prepared Ag/ZnO micro/
nanoflowers by coprecipitation and photo-deposition 
routes with enhanced visible light responsive photoactiv-
ity towards the degradation of Fast Green dye and inacti-
vation of Escherichia coli [29]. Gomathisankar et al. also 
reported that the bactericidal and photocatalytic activities 
of microwave synthesized Ag/ZnO, tested, respectively, 
with E. coli and cyanide ion, are larger than those of com-
mercial ZnO nanoparticles [18]. However, it is still a chal-
lenge to explore a facile method to synthesize other novel 
and uniform Ag–ZnO nanostructure with enhanced pho-
tocatalytic and bactericidal performance.

In this present work, we report the synthesis, characteri-
zation, photocatalytic and antibacterial activity of Ag/ZnO 
composites prepared by a facile, fast and effective polyol 
method at low temperature and without any post-synthesis 
thermal treatment by using only silver (I) and zinc (II) 
precursors without the addition of any other reagent, tem-
plate or complex metal ligand. The photocatalytic activity 
of Ag/ZnO materials has been studied by analyzing the 
degradation of diuron, under solar light. Diuron, one of 
the most commonly found herbicide in water ecosystems 
is considered as highly toxic and persistent with a half-life 
in soil over 300 days [30]. Malato et al. have proposed a 
three-step degradation pathway for diuron, together with 
the identification of the main reaction byproduct [30], in 
agreement with previous works [31–36]. They explained 
that the degradation pathway would be first initiated by 
the attack on the aromatic ring by OH⋅ radicals without 
dechlorination or alkyl chains. Further, the next step 
would imply a series of oxidation and decarboxylation 
processes that eliminates alkyl groups and chlorine atoms, 
while the last step would presuppose oxidative opening 
of the aromatic ring, leading to small organic ions and 
inorganic species. Many studies have been interested by 
diuron photodegradation using mainly TiO2-based materi-
als [37–39], but the use of the Ag–ZnO in the photodeg-
radation of diuron has not been reported in the scientific 
literatures. Moreover, the antibacterial activity of the Ag/
ZnO nanostructures has been tested against Gram nega-
tive and Gram-positive bacteria that are mainly found in 
drinking water.
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2 � Experimental

2.1 � Ag/ZnO Nanocomposites Preparation

The synthesis of Ag/ZnO photocatalysts has been carried 
out via a polyol method in which the polyol solvent plays 
the role of both complexing and surfactant agent which 
adsorbs on the nanoparticles surface, thus preventing their 
agglomeration [40]. All used reagents have been purchased 
from Sigma Aldrich without further purification. Depend-
ing on the materials to be prepared, the precursor solution 
contained an Ag+/Zn2+ molar ratio of 0; 0.7 and 2%. For 
instance, for 0.7%Ag/ZnO sample, in a 100 ml three-neck 
round-bottomed flask, 6.8 mmol of zinc acetate dehydrate 
has been dissolved in 50 ml of triethylene glycol (TEG) with 
vigorous stirring. The reaction mixture has been heated to 
160 °C at the rate of 5 °C/min under magnetic stirring and 
was kept at this temperature until a white colloidal solution 
appears indicating the formation of ZnO nanoparticles. At 
that time 48 µmol of AgNO3 silver salt has been injected into 
the ZnO suspension and the reaction was pursued at 160 °C 
up to the change of the solution to a yellow color and then 
cooled at room temperature. Finally, the powder has been 
collected using centrifugation, washed several times with 
ethanol and dried in the stove at 100 °C overnight.

2.2 � Characterization

Ag/ZnO photocatalysts have been characterized by X-ray dif-
fraction (XRD) patterns recorded on a Bruker D8 Advance 
X-ray diffractometer using Cu-Kα radiation (λ = 1.5406 Å). 
The mean crystallite size has been calculated using Scher-
rer’s relation. Transmission electron microscopy (TEM, 
JEOL 2100F) with a point resolution of 0.2 nm has been 
used to characterize the size and morphology of the prod-
ucts. The Ag content in Ag/ZnO has been determined by 
inductively coupled plasma optical emission spectroscopy 
(ICP-OES) carried out on an Optima 7000 DV spectrom-
eter (Perkin Elmer). A UV–Vis spectrophotometer (Varian 
CARY 100) has been used to record the optical absorption 
spectra of the samples in the range of 200–800 nm. The 
Brunauer–Emmett–Teller (BET) surface area measurements 
have been carried out on a Micrometrics (ASAP 2420) 
using N2 as adsorbent at − 196 °C with a prior outgassing 
at 120 °C overnight.

2.3 � Photocatalytic Degradation

Photocatalytic measurements have been carried out in an 
ATLAS SUNTEST XLS + testing chamber simulating 
outdoor solar light. This system equipped with a 1700 W, 

air-cooled Xenon lamps with emission irradiance in the 
wave length range of 300–800 nm. In a typical photocata-
lytic experiment, 10 mg of the photocatalyst has been dis-
persed under stirring in 100 ml diuron solution (10 mg/l) 
in a beaker-type reactor. After stirring for 2 h in the dark 
to ensure the adsorption–desorption equilibrium, the sus-
pension has been putting under the solar light irradiation 
(250 W/m2) in the appropriate stirring. At regular time 
intervals, 1 ml of solution has been sampled and then fil-
tered through a 0.20 µm porosity (Chromafil ® PET-20/25) 
filter to remove the photocatalyst powder if any, before 
the remaining herbicide concentration has been deter-
mined using a UV–Vis spectrophotometer (CARY 100, 
λ = 248 nm).

2.4 � Testing for Antibacterial Activity

The antibacterial activity of Ag/ZnO photocatalysts has 
been tested against Gram-negative bacteria; E. coli (ATCC 
8739) and Salmonella typhimurium (ATCC 14028) and 
gram-positive bacteria; Staphylococcus aureus (ATCC 
6538), Enterococcus faecium (ATCC 19434) and Candida 
albicans (ATCC 10231). The minimum inhibitory concen-
tration (MIC) values have been evaluated through the broth 
dilution method (NCCLS 2001). Serial dilutions have been 
performed in 96 well micro plates, 100 µl of each concen-
tration has been pipetted to individual wells and overnight 
bacterial culture (5 × 106 CFU/ml) on Mueller–Hinton broth 
(MHB) has been added to each well and incubated for 37 °C 
for 1 day. After incubation, the progress of inhibition has 
been observed on the well dishes where the minimum con-
centration that did not have any turbidity has been taken 
as MIC. For minimum bactericidal concentrations (MBC), 
100 µl of broth medium have been taken from each well 
which did not show turbidity of the MIC micro plate. These 
have been spread on sterile Mueller–Hinton Agar (MHA) 
plates to incubation at 37 °C for 1 day. The lowest concentra-
tion of Ag–ZnO has been taken for bacteriological progress 
on the agar plates and selected for MBC.

3 � Results and Discussion

3.1 � Powders Characterization

The XRD patterns illustrated in Fig. 1 indicates that the 
synthesized Ag/ZnO nanocomposites have a good crystal-
linity and the diffraction peaks have been consistent with the 
standard hexagonal wurtzite structure of ZnO [space group 
P63mc, (a) 3.25 Å, (c) 5.21 Å, JCPDS card no. 36-1451] 
[41]. Furthermore, three additional small intensity diffrac-
tion peaks have been observed at 2θ = 38.18°, 44.29° and 
64.54° which could be indexed to the (111), (200) and (220) 
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crystal planes of the face-centered cubic structure of silver 
metal (space group Fm-3m, JCPDS card no. 04-0783) [42], 
suggesting that the Ag particles have been modified on the 
ZnO surface. No characteristic peak has been observed for 
other impurities such as Zn (OH)2, Ag2O. The a and c lat-
tice parameters of the hexagonal wurtzite ZnO samples have 
been refined by the Rietveld method [43] from the XRD 
patterns using the FULLPROF program (Fig. 2). As shown 
in Fig. 3, there was a linear increase in the lattice param-
eters of Ag/ZnO nanoparticles when increasing the molar 
Ag content, indicating the incorporation of Ag+ ions into 
the ZnO lattice sites, probably substituting Zn2+ ions. The 
appearance of Ag peaks in the diffraction patterns clearly 

indicates the formation of crystalline silver clusters in the 
nanoparticles. Limited incorporation of Ag + ions into the 
ZnO lattice through substitution of Zn2+ ions was due to 
their higher ionic radius (1.22 Å) compared to the radius of 
Zn2+ ions (0.74 Å) [15, 44, 45].

The average size of the ZnO crystallites, estimated from 
the FWHM using Scherrer’s relation of the diffraction peaks 
of ZnO (102), (103) and (110) planes is given in Table 1. It 
is clear that the addition of silver causes a slight reduction in 
crystallite size. This phenomenon has already been observed 
in the case of the cationic substitution of oxide nanomateri-
als and has been attributed to lower nucleation rates and thus 
to slower crystallite growth conditions [46, 47].

The molar content of Ag in Ag/ZnO has been measured 
by ICP-OES at the value of 0%, 0.2% and 0.7% as reported 
in Table 1. ICP-OES measurements have evidenced that the 
loading yield of Ag from the precursor salt mixture into the 
solid remained within the 30% range, in agreement with the 
chemical analysis of residual Ag in the TEG solvent after 
synthesis.

Figure 4 shows the absorption spectra Ag/ZnO nano-
composites. The presence of an absorption band in the 
UV region at about 360 nm which could be attributed to 
the intrinsic band gap absorption of ZnO clearly exhib-
ited that the materials are photoactive. Furthermore, Ag/
ZnO materials displayed an absorption band in the visible 
region with a maximum absorption wavelength in the range 
of 410–450 nm, characteristic of Ag nanoparticles plasmon 
absorption [48]. The band gap of ZnO and the hybrid Ag/
ZnO materials have been graphically estimated by Tauc plot 
method (Fig. 5). For pure ZnO, it has been around 3.22 eV, 
whilst the band gap of 0.7% and 2% Ag/ZnO samples have 
been significantly lower. This is due to the size difference in 
the particles and the substitution of Ag+ ions into the ZnO 
lattice sites [10, 49].

The morphology and size of as-synthesized ZnO and 
2% Ag/ZnO have been investigated by TEM (Fig. 6). The 
materials have been composed of large quasi-spherical 
aggregates (300–500 nm) of small-size nanoparticles. By 
analyzing the ZnO nanoparticles size histograms (Fig. 6 
a, d), an average distribution within 15–25 nm range has 
been observed, in agreement with the mean crystallite size 
derived from XRD results. Figure 6c indicates the pres-
ence of many small Ag particles (blacker particles with 
size about 50–100 nm) on the surface of the microspheres. 
Also, we rarely observed free Ag nanoparticles based on 
analyzing a large number of TEM images, showing the 
successful combination of Ag NPs with ZnO particles. 
High magnification images of the 2% Ag/ZnO sample 
(Fig.  6f) revealed an inter planar spacing of 0.26  nm 
matched those of the (002) crystallographic plane of ZnO, 
together with the fringe spacing at 0.24 nm corresponds to 
the (111) plane of the face-centered cubic phase of AgNPs 

Fig. 1   X-ray diffraction patterns of pure ZnO and Ag/ZnO nanocom-
posites

Fig. 2   Profile refinement of pure ZnO and Ag/ZnO powder diffracto-
gram
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[50]. The interference fringes or moiré fringes observed 
have proposed the presence of a non-coherent ZnO/Ag 
interface, with a non-epitaxial nucleation and growth of 
the Ag on the surface of ZnO, as a result of the lattice 
mismatch between face-centered cubic and hexagonal lat-
tices [40, 51].

Figure 7 shows the nitrogen adsorption–desorption iso-
therms of Ag/ZnO nanocomposites. The isotherms have 
the characteristic type IV shape indicating that they are 
mesoporous materials, with a mainly H2-type hysteresis 
behavior characteristic of the presence of interconnected 
mesopores with non-uniform shape or size. The BET specific 
surface areas of materials have been summarized in Table 1. 
It can be seen that the specific surface areas decrease with 
the Ag addition of 20 m2/g for pure ZnO to 14 m2/g for 
0.7% Ag/ZnO. These results were in good agreement with 

the decrease in the ZnO mean crystallite size derived from 
XRD.

3.2 � Photocatalytic Activity

The photocatalytic performance has been evaluated by the 
degradation of the most commonly used organic herbicide 
diuron, in aqueous solution, under simulated solar light 
irradiation at room temperature with a photocatalyst con-
centration of 10 mg/100 ml. The photocatalytic degradation 
kinetics of the organic pollutant has been modeled using a 

Fig. 3   Influence of the Ag 
content in Ag/ZnO photo-
catalysts on both a and c lattice 
parameters of ZnO

Table 1   Lattice parameters and some properties of Ag/ZnO photo-
catalysts

Ag content in the synthesis 
mixture

0.00% 0.7% 2%

Ag content in Ag/ZnO 0.00% 0.2% 0.7%
a (Å) 3.2488 (6) 3.2500 (4) 3.2509 (3)
c (Å) 5.2044 (9) 5.2058 (7) 5.2076 (5)
Cell volume (Å3) 47.57 (1) 47.62 (1) 47.663 (8)
Average size (nm) 19 ± 1 18 ± 1 16 ± 1
BET surface area (m2/g) 20.6 (6) 15.0 (1) 14.03 (9)
Band gap (eV) 3.22 3.02 3.11
k (10−3 min−1) 2.65 37.47 19.03

Fig. 4   UV–Vis diffuse reflectance spectra of pure ZnO and Ag/ZnO 
photocatalysts
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pseudo-first order equation with ln(C0/Ct) = kapp(t) for highly 
diluted solutions, C0 and Ct being the initial and instantane-
ous diuron concentrations, respectively, and kapp being the 
apparent rate constant. The rate constant of bare ZnO has 
been calculated as a reference to compare with that of the 
Ag/ZnO catalysts.

At first, the concentration of diuron has no obvious 
change in the presence of the bare and hybrids ZnO photo-
catalysts under dark conditions. Also, no detectable degra-
dation of diuron has been observed after 10 h under simu-
lated solar light and without using any catalysts, revealing 
that the direct photolysis of the herbicide can be ignored 

in the experiment, as reported by El Madani et al. [52] and 
Quinones et al. [53]. However, the results evidenced that 
the photodegradation of diuron has been greatly improved 
by the modification of zinc oxide nanoparticles with low 
amount of silver. 0.7% Ag/ZnO exhibited the best photo-
catalytic activity for the degradation of diuron under solar 
light with which the maximum absorbance peak of the diu-
ron (at about 248 nm) decreased gradually and disappeared 
after 90 min, indicating that the herbicide has been degraded 
entirely (Fig. 8). The surface modification of ZnO with Ag 
nanoparticles was strongly favorable to the kinetic rate con-
stant, that increased 14 times from 2.65 × 10−3 min−1 for the 
pure ZnO to 37.47 × 10−3 min−1 for 0.7% Ag/ZnO (Fig. 9).

The loading of Ag nanoparticles with the appropriate 
amount on ZnO surface can effectively capture and transfer 
the photogenerated electrons, and thus inhibit their combina-
tion of the electron–hole pairs. However, more Ag salt has 
been used, the aggregation and/or size increase of the Ag 
particles will happen, so that photogenerated charge carriers 
recombine more easily. On the other hand, the decrease in 
photocatalytic activity at higher Ag contents is considered 
to be related to the increased absorbing and scattering of 
photons by Ag in the photoreaction system. These results 
agree well with those obtained previously using Ag/ZnO 
for the photodegradation of methylene blue [54] and Rho-
damine B [23].

In general, the efficiency and operating mechanism 
of photodegradation are different depending on whether 
excitation wavelength (UV or visible light) occurs on the 
semiconductor (metallic nanoparticles acting as elec-
tron buffer and site for gas generation) or on the surface 

Fig. 5   Tauc plot for the absorption spectra of pure ZnO and Ag/ZnO 
photocatalysts

Fig. 6   a, b TEM and HRTEM images of pure ZnO. c–f TEM and HRTEM images of 2% Ag/ZnO



716	 Journal of Inorganic and Organometallic Polymers and Materials (2019) 29:710–720

1 3

plasmon band of metal (photo-injection of electrons from 
metal onto the semiconductor conduction band) [21, 55, 
56]. In our conditions, and in agreement with the previous 
studies for the degradation of organic species under solar 
light using metal–semiconductor photocatalysts, the sig-
nificant enhancement of the degradation rate results from 
strongly increased performances towards the UV-A part of 
the whole solar light spectra [20, 57–59]. When the solar 
light was irradiated on the Ag/ZnO surface, the e− in the 
valence band of ZnO can be photogenerated, leaving h+. 
The newly formed Fermi level of Ag/ZnO photocatalysts 
being lower than the energy of the bottom of the con-
duction band (Fermi level of Ag 0.99 eV vs. NHE) [60], 
the direct photoexcitation of the ZnO makes possible the 

transfer of photogenerated e− from the conduction band 
into Ag nanoparticles, where it is trapped by electron 
acceptors such as adsorbed O2 to produce superoxide radi-
cal anions (O2

⋅−). Then, the O2
⋅− radicals can further react 

with H2O to produce H2O2 in aqueous solution. Further, 
H2O2 reacts with electrons to form OH⋅ radicals. At the 
same time, photogenerated holes (h+) react with water 
molecules to generate OH⋅ radicals. Therefore, OH⋅ radi-
cals are responsible for degradation of diuron herbicide 
(Scheme 1).

The photo-stability of 0.7% Ag/ZnO nanocomposite 
as photocatalyst under solar light has also been studied 
(Fig. 10). It can be seen that the photocatalytic activity of 
the composite did not decrease conspicuously after five 
successive cycles of degradation tests. Moreover, we also 
examined the 0.7% Ag/ZnO sample after the fifth cycle 
using UV–Vis spectroscopy. The UV–Vis spectrum was 
similar to the initial spectrum. These results highlight the 
stability and reusability of the Ag/ZnO nanocomposites.

The photodegradation of diuron in aqueous solution has 
been the subject of further investigation, for instance, TiO2 
doped with Samarium [61] and tungsten [38] have been 
synthesized via sol gel method followed by calcination for 
successfully diuron sunlight degradation. Both this pho-
tocatalysts showed low photocatalytic performance than 
the us prepared Ag/ZnO especially when compared to its 
height concentration in the photocatalytic degradation pro-
cedure. Therefore, based on their excellent photocatalytic 
performance and its simple synthesis method without any 
post-synthesis thermal treatment the Ag/ZnO photocata-
lyst are possibly favorable for potential application in the 
purification of polluted water.

Fig. 7   N2 adsorption–desorption isotherms of pure ZnO and Ag/ZnO 
photocatalysts

Fig. 8   The absorbance spectra of diuron aqueous solution in the pres-
ence of 0.7% Ag/ZnO nanocomposit after different irradiation time

Fig. 9   Ln(C0/C) versus irradiation time for the degradation of diuron 
under simulated solar light on Ag/ZnO photocatalysts
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3.3 � Antibacterial Activity

The MIC, MCB and MBC/MIC ratios values of the Ag/
ZnO photocatalysts against both Gram-negative (G−) E. 
coli, S. typhimurium and Gram-positive (G+) S. aureus, E. 
faecium, C. albicans bacteria have been shown in Table 2 
and Fig. 11. A lower MIC value indicates a better anti-
microbial agent as less compound is required to inhibit 
growth of the bacteria. Preliminary results showed that 
all the prepared materials have been effective in inhibiting 
the growth of all tested bacteria with MIC values in the 
range of 0.0625–0.500 mg/ml. An antimicrobial agent is 

considered bactericidal if the MBC is not more than four-
fold higher than the MIC [62, 63]. All the prepared mate-
rials have been shown to be bactericidal (MBC/MIC ≤ 4) 
towards both Gram-positive and Gram-negative strains.

The MIC values of the prepared Ag/ZnO at Ag 0.7% 
contents were 0.250 g/ml for E. coli (G−) and 0.125 g/
ml for S. aureus (G+). These values are better than those 
previously reported by Lu et al. (MIC = 0.600 g/ml for E. 
coli and 0.400 g/ml for S. aureus) [64] and Amornpitoksuk 
et al. (MIC = 0.512 mg/ml for E. coli and 0.256 mg/ml 
for S. aureus) [65]. The antibacterial activity of 0.7% Ag/
ZnO is larger than pure ZnO catalyst, especially against 
gram-positive S. aureus and C. albicans known world-
wide as toxigenic bacteria which are considered a dan-
gerous threat to human life [66–69]. However, pure ZnO 
was more potent than Ag/ZnO against Gram-negative E. 
coli and S. typhimurium bacteria at low concentration 
(MIC = 0.125 mg/ml). The 0.7% Ag–ZnO shows a much 
stronger antibacterial activity on Gram-positive than on 
Gram-negative bacteria. The difference in activity against 
these two types of bacteria is commonly reported in the 
literature and it can be explained by the different structures 
and chemical composition of the cell surfaces [65, 70].

The bactericidal activity of Ag/ZnO can be attributed 
to the released Ag+ from Ag nanoparticles and released 
Zn2+ from ZnO nanostructures, that harm the bacterial 
cells [71–73]. In addition, reactive oxygen species (ROS) 
can be further another way for the antibacterial efficiency 
under dark conditions. This fact is attributed to the oxy-
gen defects from the surface of ZnO nanostructures. This 
mechanism was fully consistent with previous works 
[74–76].

Scheme 1   Schematic of the 
proposed photocatalytic and 
bactericidal mechanism of Ag/
ZnO nanostructure

Fig. 10   Cycling runs in the photodegradation of diuron in the pres-
ence of 0.7% Ag/ZnO nanocomposite under solar light irradiation
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4 � Conclusion

Ag/ZnO photocatalysts have been successfully prepared via 
a facile, fast and effective polyol method at low-temperature 
and without any post-synthesis thermal treatment by using 
only silver (I) and zinc (II) precursors without the addition 
of any other reagent, template or complex metal ligand. Pho-
tocatalytic activity was evaluated using diuron herbicide as 
a model contaminant under simulated solar light irradiation. 
The results of photocatalytic experiments indicated that 
the loading of Ag nanoparticles with appropriate amount 
on ZnO surface exhibited superior photocatalytic perfor-
mance than pure ZnO and the herbicide molecule has been 
degraded entirely after 90 min of solar irradiation. However, 
the pseudo first-order rate constant in Ag/ZnO with 0.7% 
Ag molar content photocatalytic process (37.4710− 3 min−1) 
was about 14 times for bare ZnO (2.6510− 3 min−1). Also, 
the Ag/ZnO samples displayed superior antibacterial ability 
against both Gram-negative bacteria; E. coli, S. typhimu-
rium and gram-positive bacteria; S. aureus, E. faecium and 
C. albicans. All the prepared materials have been shown to 
be bactericidal (MBC/MIC ≤ 4) towards both Gram-positive 

and Gram-negative strains. Therefore, these materials can be 
the base for the development of industrial application of the 
photocatalysis on wastewater treatment.
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