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1. Introduction  
 
    Attributed to attractive characteristics including 
low toxicity, low cost and high reactivity, zinc oxide 
(ZnO) is exploited in numerous photocatalytic 
applications such as antimicrobial activity and 
water splitting [1,2]. To achieve extraordinary 
performance in the practical applications, superior 
photocatalytic activity is required. Mechanisms 
related to photocatalysis generally consisting of 
generation of electrons and holes. While the 
electrons interact with oxygen to generate 
superoxide radical (∙O2), hydroxyl radicals (∙OH) 
are created as a result of reactions between holes 
and water. Both superoxide and hydroxyl radicals 
are active species capable of decomposing organic 

materials and dyes, as well as disinfecting 
microorganisms, hence, play an important role in 
performance enhancement of the photocatalysts [3]. 
    Enhancement of electron and hole generation as 
well as inhibition of electron-hole recombination, 
therefore, are primary objectives in improvement of 
electrocatalytic performance of the materials. One 
of the limitations in zinc oxide exploitation as 
photocatalyst is high electron-hole recombination. 
It has been reported that doping zinc oxide with 
silver, platinum, titanium and gold inhibited electron 
and hole recombination [4-7]. 
    By doping zinc oxide with silver with low doping 
content, oxygen vacancy defects are generated. The 
defects can play a role as electron traps, which 
prevents the recombination of electron-hole

 

pairs. 
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In addition, formation of heterostructure occurs as a 
result of doping. The heterostructure are reported to 
promote electron generation and create energy 
barrier which prevents electron-hole recombination 
[8].  
    Numerous studies have reported photocatalytic 
performance of silver-doped zinc oxide. According 
to Abdelsamad et al. Ag-doped zinc oxide film 
prepared by sol-gel technique demonstrated decent 
performance in organic decomposition due to 
reduced bandgap energy and enhanced surface [9]. 
Nevertheless, according to Lam et al. excessive 
silver content could lead to diminished 
photocatalytic efficiency. The study indicated that 
high doping contents result in formation of Ag 
precipitates which coat the surface of particles and 
obstruct reaction sites [10]. The previous studies, 
therefore, infer that in addition to tailoring carrier 
generation and their recombination, control of 
chemical composition of the materials is required to 
achieve superior photocatalytic performance. 
    I t has been widely documented that 
microstructural control is also a common route to 
accommodate photoctalysis. For photocatalytic 
materials in powder form, fine particles enhance 
reactive sites and consequently leads to improved 
photocatalysis and antimicrobial performance [11]. 
Surface enhancement and microstructural control of 
photocatalytic powders can be achieved via 
appropriate powder synthesis techniques. A number 
of techniques including sol gel, co-precipitation, 
hydrothermal, and solution combustion, exhibit the 
capability to produce nanoparticulate oxide 
powders [12-15]. In this study, solution combustion 
technique was employed in powder preparation 
process due to simplicity, rapidity, eco-friendliness, 
cost and energy efficiency [16].  
    The present study aims at synthesizing ZnO and 
ZnO doped with 2.5, 5, and 10 mol% Ag by solution 
combustion technique. Influences of chemical 
composition, microstructure, and bandgap energy 
on photocatalytic and antibacterial activities were 
also examined. 

 

2. Experimental 
 
2.1 Preparation of ZnO and Ag-doped ZnO 

 
    Zinc oxide and Ag-doped zinc oxide powders, 
with 2.5, 5, and 10 mol% Ag, were synthesized by 
solution combustion technique. While zinc nitrate 
hexahydrate (Zn (NO3)2∙6H2O, Daejung®, 98%) 

and silver nitrate (AgNO3) (GEMChem, 99.9%) 
were used as oxidizer, while Glycine (C2H5NO2, 
Deajung) acted as combustion fuel. The oxidizer 
and fuels were prepared into 1.22 M aqueous 
solution, which was subsequently heated at 400C 
to initiate combustion. The powders obtained from 
combustion were calcined at 450C for 4 h. 
 
2.2 Characterization 
 
    An x-ray diffractometer (Philips, X’Pert) was 
employed in phase identification, semi-quantitative 
analysis and determination of crystallite size of the 
powders. Diffraction was performed at 2 theta 
ranging from 20 to 80 at the scan rate and step size 
of 1.33·min-1 and 0.021 degree respectively. The 
content of secondary phase was calculated 
according to Klug’s equation:  
 

f =
( )

( / )( )
                  (1) 

 
where I  and  I  are the phase 1 intensities in 
the mixture and pure material, respectively, and 𝐴  
and 𝐴  are the mass absorption coefficients of 
primary phase and secondary phase, respectively.  
The average crystallite size was determined 
according to Scherrer’s equation: 
 

𝐷 =
.

           (2) 

 
where Dp is the mean diameter of particles (nm), λ 
is wavelength of the x-ray beam (0.154 nm for CuKα 
radiation), β is the line broadening at half the 
maximum intensity (Full width at half maximum, 
FWHM) of the most prominent diffracted peak, and 
θ is the Bragg- angle.  
    The morphologies of the synthesized particles 
were examined by a scanning electron microscope 
(SEM) (FEI, Quanta 450). Sputtering of the powder 
wi th gold was conducted  pr ior to  the 
microstructural examination. The Image J Software 
was employed in analysis of cluster sizes.  
    Optical absorption spectra of the samples were 
measured by UV-vis spectrophotometer (Shimadzu, 
UV-1700 PharmaSpec) in the range 250-800 nm 
was employed in determination of optical bandgap 
of the synthesized powders. Sample preparation for 
the UV-vis examination was achieved by mixing 
the calcined powders, polyethylene glycol (PEG) 
(Chemipan Corporation Co., Ltd) and TritonX1000 
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(Applichem Panreac) together with the ratio of 
powder: PEG: Tritonx1000 = 1:5:0.5. The mixture 
was subsequently painted onto a glass substrate and 
heated at 400oC for 1 h. The bandgap is determined 
according to the Tauc’s relationship:  

 
(𝛼ℎ𝑣)    =     ℎ𝑣 −  𝐸             (3) 

 
where 𝛼 is optical absorption coefficient, ℎ is the 
Planck constant: 6.626 × 10  Js and 𝑣 is the 
wave frequency. 
    Photocatalytic performances of the synthesized 
powders were evaluated by the decomposition of 
methylene blue solution under UVA radiation, 
using QUV apparatus (Q-LAB) at the irradiance of 
0.44 W·m-2 and wavelength of 340 nm. Preparation 
of the solution for the photocatalytic analysis was 
achieved by mixing 5 ppm of solution of methyl 
blue dye and 0.1 grams of the synthesized powders. 
Absorption spectra from UV-VIS spectrophotometer 
were obtained at the wavelength ranging from 200 
to 800 nm.   
    Decomposition of methylene blue was conducted 
at 90 min using absorbance results from the UV-Vis 
spectrophotometer. Percent of methylene blue 
degradation was calculated using the following 
equation: 
 

% Degradation = (
( )

) × 100          (4) 

 
where Ao is the absorbance at time t = 0 min and At 
is the absorbance at t = 90 min after decomposition. 
The antibacterial activity against Staphylococcus 
aureus (S. aureus) strain ATCC6538 was 
determined. Single colonies were prepared by 
streaking bacterial strain on culture medium plate 
(Tryptic Soy Agar, TSA) and incubated at 37C for 
24 h. Saline suspension of single bacterial colony 
was prepared and adjusted to attain 0.5 McFarland 
turbidity standard (approximately 1.5x108 CFU·mL-1) 
and then diluted the bacterial suspension to obtain 
104 CFU·mL-1 for antibacterial testing. The 
synthesized Ag doped ZnO powders with 
concentration of 150 ppm were mixed with the 
culture medium, autoclaved at 121C for 15 min 
and poured into a sterile petri plate. The 0.1 mL 
volume of the diluted cell suspension was spread 
onto the surface of a TSA medium using spread 
plate technique and inbubated at 37C for 24 h. The 
number of bacterial colonies on the TSA plates were 
counted and calculated. 

3. Results and discussion 
 

3.1 Chemical composition 
 
    As shown in Figure 1, undoped powder showed 
single phase corresponding to hexagonal ZnO 
(JCPDF: 079-0207). For the powder doped with Ag, 
silver precipitate (JCPDS: 04-0783) was observed. 
Formation of the silver phase was attributed to ionic 
radii mismatch of the silver ion and zinc ion. In 
general, substitution of ion is accommodated when 
the ionic radii are in close proximity.  
 

 
 

Figure 1. X-ray diffraction patterns of (a) ZnO and Ag 
doped ZnO powder with (b) 2.5 (c) 5 and (d) 10 mol%. 
 
    While ionic radius of the silver ion is 1.22 Å, the 
radius of zinc ion is 0.74 Å [17]. The large 
difference resulted in low solubility limit. 
According to Bechambi et al., Khan and Khan and 
Wang et al. solubility limit of silver in ZnO is 2-4 
mol% [18- 20] 
    A semi-quantitative analysis, according to Klug’s 
equation, was conducted. The quantity of Ag 
secondary phase increased with Ag doping content. 
The results revealed that Ag secondary phase 
contents in the synthesized powders of 2.3, 3.8, and 
5.0 wt%, corresponding to 2.82, 4.57, and 6.25 mol %, 
were evident in the powders with Ag doping content 
of 2.5, 5, and 10 mol%, respectively. 
    Compositional difference generally affects 
catalytic performance of the materials. It has been 
reported that zinc oxide has relatively wide bandgap 
and high charge carrier recombination rate, which 
result in a detrimental effect in photocatalysis. 
Doping of zinc oxide with silver has been reported  
to influence photocatalytic performance. According 
to Georgekutty et al. silver secondary phase was  
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observed as a result of silver doping. At the doping 
content of 3 mol% Ag, methylene blue degradation 
increased 5 folds when compared with the undoped 
zinc oxide [7]. Exceedingly high Ag doping 
content, on the contrary, results in inferior 
photocatalytic performance. This is attributed to the 
assumption that silver phase located at the surface 
of zinc oxide particles functions as charge carrier 
recombination sites, which reduces active electrons 
and consequently photocatalytic efficacy [21].  
    In this study, silver secondary phase also formed 
as result of silver doping. Influence of the doping on 
photocatalytic performance would be discussed in 
the subsequent section. 
 
3.2 Microstructure 

 
    Zinc oxide, with the hexagonal wurtzite 
structure, appears in various morphologies 
including rod-like, dumbbell, plate-like, cuboid and 
flower-like shape [22]. Different morphologies and 
sizes of the particles influence photocatalytic and 
antimicrobial performance of the materials. This is 
attributed to different surface area and reactive sites. 
A relationship among morphology, particle sizes 
and photocatalytic performance of zinc oxide doped 
with silver were previously reported. According to 
Pathak et al., flower-like structure ZnO doped with 
silver with an average particle size of 300 
nanometers exhibited an ability to degrade 45% of 
organic dye in 160 min [21]. In contrast, nanofibers 
with the much smaller size, ranging from 14 to 19 
nm, are capable of degrading more than 90% of 
organic dye in 70 min [23]. 
    In this study, scanning electron micrographs 
revealed particles with platelet morphology, as 
shown in Figure 2. As silver doping content 
 

increased, particle shape was inclined to be more 
platelet-like. The observation was being agreed 
with the study conducted by Turkyilmaz et al., 
which reported that substitution of silver into lattice 
site of zinc ion accommodated coarsening along a 
and b axis [22].  
 

 
 

Figure 2.  SEM micrographs showing particle 
morphology of (a) ZnO, Ag doped ZnO powder with 
(b) 2.5 (c) 5 and (d) 10 mol%.  

 
    Crystallite and cluster sizes were evaluated 
through Scherrer’s equation and image analysis 
technique, respectively. According to Scherrer’s 
equation, the average crystallite size was in the 
range between 21.7 and 81.2 nm, as shown in Table 
1. The scanning electron micrographs revealed that 
the crystallite agglomerated into non-uniformed 
sized clusters with average sizes ranging from 99 to 
255 nm. The finest and the coarsest crystallites and 
clusters were found in ZnO doped with 2.5 mol% 
Ag, and undoped ZnO, respectively.  

 

Table 1. Crystallite sizes of ZnO and Ag doped ZnO powders determined from Scherrer’s equation and image 
analysis and their average cluster sizes. 
 

 

 

 

 

Sample 
Crystallite size (nm) 
Scherer’s equation 

Crystallite size (nm) 
Image J 

Cluster size 
(nm) 

ZnO 81.20 97.84 255.12 

ZnO:Ag 2.5 21.65 25.86 98.92 

ZnO:Ag 5 28.81 38.12 115.83 

ZnO:Ag 10 31.81 75.86 187.35 

(c) 

(b)  

(d) 
mol

(a) 
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    Refinement of crystallites in zinc oxide with low 
silver doping content might be attributed to the 
mechanism similar to Zener Pinning. Creation of 
defects, specifically oxygen vacancy, is commonly 
observed in zinc oxide doped with silver. The 
defects can play a role in grain boundary pinning, 
inhibiting grain growth [24,25]. In addition, Ag 
precipitates which locate along grain boundaries 
might also accommodate pinning effects. A similar 
observation has been reported by Amornpitoksuk et 
al. [3], which indicated that Ag doped with 1 mol% 
Ag, could result in particle refinement. This was 
attributed to inhibition of grain boundary migration 
caused by silver particles. 
    With relatively small sizes, powders obtained 
from this study revealed good potential to perform 
high photocatalytic activity. Influence of the 
microstructure on photocatalytic performance 
would be discussed in the subsequent section. 
 
3.3 Bandgap energy 
 
    Results from bandgap energy determination 
revealed the values ranging from 3.22 to 3.42 eV, 
which is in a comparable range with several reports 
[26]. The results indicated that relatively low 
bandgap energy were observed in the zinc oxide 
powders with 2.5 and 5 mol% Ag  
 

 
 
Figure 3. Bandgap energy of Ag doped ZnO powders. 
 
Table 2. Antibacterial activity of of ZnO and Ag 
doped ZnO powders. 
 

    At the lower silver doping concentration, 
bandgap energy tends to decrease, shown in Figure 
3. Ag doping resulted in an orbital overlap between 
Ag 4d and O 2p, leading to minimization of Fermi 
energy, as reported by Thomas et al. and Yan et al. 
Nevertheless, as the doping content increased, 
bandgap energy increased, as shown in Table 2. The 
observation might be explained by Moss–Burstein 
effect, which involves the creation of electron 
concentrations exceeding the conduction band edge 
density of states. The electrons populate within the 
conduction band and contributes to the shift of 
Fermi level to higher energy. In this case, the 
apparent bandgap is the combination between actual 
bandgap and Moss-Burstein shift [27]. 
 

 
 
Figure 4. Absorbance vs doping concentration of Ag 
doped ZnO. 

 
3.4 Photocatalytic degradation of methylene 
blue 

  
    Results from UV-vis spectrophotometer revealed 
the lowest light absorbance in the suspension 
containing zinc oxide with 2.5 mol% Ag. The 
results also indicated that the powder with 2.5 mol% 
Ag doped demonstrated the most prominent 
photocatalytic performance with 89.76% of 
methylene blue degradation in 90 min. 
    It is accepted that photocatalysis associates with 
microstructure and electron ic properties of the 
materials. Superior photocatalytic performance is 
generally observed in the materials with high 
surface area and narrow bandgap. In this study, as 
shown in the previous sections, the finest cluster 
size was found in the powder with 2.5 mol% Ag, 
while the relatively narrower bandgap was observed 
in the powder with 2.5 and 5 mol% Ag.

 

Sample % Reduction of gram-positive 
S. aureus colonies 

ZnO 85.26 
ZnO:Ag 2.5 mol% 93.88 
ZnO:Ag 5 mol% 78.41 
ZnO:Ag 10 mol% 77.52 
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Figure 5. Antibacterial test of powders with compositions: (a) control (b) ZnO and Ag doped ZnO powder with 
(c) 2.5 (d) 5 and (e) 10 mol%. 
 
    Recombination rate of the electron-hole is also a 
factor affecting photocatalysis. At low silver doping 
content, oxygen vacancy can play a role as electron 
traps, which prevent the recombination of electron-
hole

 

pairs. However, at higher doping content, 
silver can function as recombination center. 
Georgekutty et al. has reported that silver acted as 
recombination center the doping concentration 
closed to 3 mol% [7]. High electron-hole recombination 
in the powders with 5 mol% Ag, thus, might be 
possible in this study. In addition, excessive silver 
content could lead to formation of Ag precipitates 
on surface of particles, which obstruct reaction 
sites. With high carrier recombination and 
diminished reaction sites, lower photocatalytic 
efficacy could be observed in the powders with 5 
and 10 mol% Ag.  
 
3.5 Antibacterial activity assay 
 
    Reduction of gram-positive S. aureus colonies 
was determined. As the synthesized powders with 
concentration of 150 ppm were added, the number 
of bacterial colonies on the plates were distinctively 
diminished, as shown in Figure 5. Experimental 
results revealed percent reduction of bacterial 
colonies in the range between 77.52 and 93.88%, 
with the highest number of colonies reduction in 
zinc oxide with 2.5 mol% Ag, as shown in Table 2. 
The antibacterial results were in agreement with the 
photocatalytic degradation of methylene blue; the 
powders with superior dye degradation tended to 
exhibit better antibacterial performance. Since 

bacterial disinfection is generally attributed to 
destruction of proteins at outer layers of the 
bacterial cell by reactive species such as ·O2

- and 
·OH, the powders with high photocatalytic 
performance generally exhibit superior antibacterial 
activity.  
 
3.6 A relationship among doping content, 
chemical composition, microstructure, bandgap 
energy, dye degradation, and antimicrobial 
activity 
 
    In general, doping contents influence chemical 
composition, microstructure, as well as bandgap 
energy of materials, which consequently affect 
photocatalytic performance of the materials. 
    In this study, zinc oxide powders with 2.5 mol% 
si lver exhib i ted  the best  photocatalytic  
performance. This was attributed to proper content 
of secondary phase, particle sizes and bandgap 
energy. With 2.5 mol% Ag doping, less than 5 
mol% of Ag secondary phase was formed. Presence 
of low quantity of secondary phase might acts as 
charge carrier recombination inhibitor. The 2.5 
mol% Ag doped powder also exhibit particle 
refinement and relatively small cluster sizes, which 
contributed to enhanced reactive sites and 
consequent beneficial photocatalytic effects. In 
addition, relatively narrow bandgap, which was 
observed in the ZnO powder with 2.5 mol% Ag, 
could accommodate charge carrier generation and 
resulted in enhanced photocatalytic activities, 
specifically dye degradation, and antimicrobial 
performance.   

(e) 

(b) (a) (c) 

(d) 
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4. Conclusions  
 

    Powders of ZnO and ZnO doped with 2.5, 5, and 
10 mol% Ag were synthesized by solution 
combustion technique. A single phase of ZnO was 
observed in the undoped powder, while Ag 
secondary phase was present in the Ag-doped 
powders. The semi-quantitative analysis revealed 
the lowest secondary content in the ZnO doped with 
2.5 mol% Ag. Agglomeration of the powders into 
clusters with average sizes ranging from 99 to 255 
nanometers was observed. The finest clusters were 
found in ZnO doped with 2.5 mol% Ag. Values of 
optical bandgap ranged from 3.40 to 3.22 eV, with 
narrower bandgap observed in ZnO doped with 2.5 
and 5 mol% Ag. The greatest photocatalytic 
degradation of methylene blue was evident in ZnO 
with 2.5 mol% Ag. Antimicrobial activity of the 
powders revealed the same trend as that of the 
photocatalytic degradation. Prominent photocatalytic 
and antimicrobial performance of the ZnO with 2.5 
mol% Ag powder might be attributed to fine cluster 
sizes, low quantity of Ag secondary phase, and 
relatively narrow bandgap. 
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