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A B S T R A C T

To broaden the application of antibacterial catalysts, ZnO/Ag2O composite thin films with different Ag2O
contents have been successfully synthesized on non-woven fabric at room temperature by radio
frequency (RF) sputtering with a single ceramic target formed by hot pressing ZnO/Ag2O nanocomposite
powder in Ar atmosphere at 180 �C for 30 min. The composite thin films were also sputtered on glass
substrates for characterizations. The best sputtering condition was found with the Ar/O2 gas flow ratio at
7:1 to obtain pure Ag2O thin film. The deposition of Ag2O nanoparticles on commercially available ZnO
particles was also confirmed by HR-TEM prior to hot pressing for synthesizing ceramic targets. In this
work, an appropriate amount of Ag2O incorporated in the composite film was endeavored by forming p–n
junction to lower the cost without decreasing bactericidal ability of composite film. The amount of 45 wt
% Ag2O in composite thin film to provide bactericidal effect was found to be as good as pure Ag2O. The
feasibility in bactericide is due to the light sensitization of low bandgap Ag2O and the formation of nano
p–n heterojunction between p-type Ag2O and n-type ZnO for efficient photo carrier separation. The
dependence of antibacterial effect of ZnO/Ag2O thin films on the Ag2O content is demonstrated and
elucidated in this work.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, infectious diseases related to the antibiotic-resistant
bacteria have increased. It had been reported that the number of
multidrug-resistant Staphylococcus aureus (MRSA) infections had
significantly increased. In Europe, 17 of 22 countries reported 85–
100% of Escherichia coli isolates were extended-spectrum beta-
lactamase (ESBL) positive which was resistant to antibiotic [1].
Klebsiella pneumoniae with the same EBSL percentage was also
reported. The ESBL cases for Clostridium difficile, Staphylococcus
aureus, Enterobacteriaceae, Neisseria gonorrhoeae, and Streptococ-
cus pneumonia were also reported by many other countries such as
United State, New Zealand, Australia, India, and China [1].
Antibiotic resistance may develop via multiple mechanisms by
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the alteration of antibiotic target site or metabolic pathway to
avoid disruptive effect of antibiotic and to reduce the drug
accumulation from cell [2]. As an example, the antibiotic resistance
may be caused by the bacteria due to the beta-lactamase enzymes
which can neutralize the beta-lactam of antibiotics such as
penicillin. Therefore, the development of antibiotic is required
to keep up with the constantly changing antibiotic resistance of
bacteria [2]. The pathogen resistance against medication has been
emerged as a serious problem, therefore it is essential to develop
new non-toxic, durable, cost-effective, and efficient antibacterial
agents.

Furthermore, nosocomial infection due to the growth of
multidrug resistant bacteria has been a worldwide problem in
hospital nowadays [3,4]. This situation becomes worse when the
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Fig. 1. Experimental setup for RF sputtering with the Ar and O2 gas mass flow
controllers (MFC).
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Fig. 2. XRD patterns of Ag2O thin films deposited on glass substrate at different Ar/
O2 rations.
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medical staff move from one patient to another without regularly
practicing correct hygiene procedures. To remove the infectious
pathogens existing in indoor air environment, many conventional
methods such as UV radiation [5], chlorination [6], ozone [7], and
other advance filtrations are readily to be used. However, they are
expensive, carcinogenic, and not environmentally benign. One of
the compelling alternatives and promising approaches for
removing pathogens and volatile organic compounds is applying
photocatalysis-containing semiconductor materials [8–10].

Due to the fast spread of nosocomial infections, inorganic
materials have been emerged as alternative antimicrobial agents
[11]. The bactericidal properties of inorganic materials such as
metallic nanoparticles [11,12], semiconductor and metal oxide
powders [8–10,13] have been used in different forms, such as
powders and coating on cellulose fibers [11]. Semiconductor
coating for antibacterial application also has been successfully
done in our previous work [14] and other works [15,16]. In many
other works, nanostructure-based materials have shown their
antimicrobial properties for immense applications in water
treatment, synthetic textiles, food processing and packaging,
biomedical and surgical devices [17–19].

The semiconductor nanoparticles which are often used for
antibacterial applications are ZnO, TiO2, Ag, and Ag2O nano-
particles [20–27]. ZnO nanoparticles has been shown to naturally
reduce the activity of mostly Gram positive bacteria strain without
the use of antibiotics [28]. The bactericidal effect of ZnO was
related to the reactive oxygen species (ROS) [29,30] produced in
the photocatalytic process and the release of antibacterial metal
ions which finally caused the disruption of cell membranes [31,32].
However, small particle size of photocatalyst was preferable to
enhance the activity of antibacterial behavior of nanoparticles due
to the increasing surface area to volume ratio [33]. ZnO is n-type
UV-driven material with the bandgap value ranging from 3.1–
3.3 eV [34]. In our previous work, [35] the visible light photo-
activity of ZnO can be improved by the formation of p–n
heterojunction with low bandgap materials such as Ag2O which
serve as visible light sensitizer. Ag2O as one of the best p-type
visible light active materials has the bandgap values varying from
1.2–1.6 eV, depending on the preparation procedure [36–38]. Ag2O
has been identified as a great material for antibacterial applica-
tions, organic dye degradation, and other industrial applications
such as electrode materials, colorant, olefin epoxidation, cleaning
agent, catalyst for alkane activation, and preservation [39,40].
However, the high cost of silver as a raw material caused a
drawback for large scale application. Therefore, introducing Ag2O
with a reduced amount to form visible light-driven ZnO/Ag2O
composite is considerably required to make it economically viable.
Most of the works on ZnO/Ag2O composite particles were done for
organic pollutant degradation [40,41], however to the best of our
knowledge, the ZnO/Ag2O composite thin film has not been
studied for antibacterial application.

To have better understanding on bactericide effects of ZnO and
Ag2O semiconductors, preliminary works have been done to
initially test the capabilities of ZnO, Ag2O, ZnO/Ag2O composite
powders in killing Escherichia coli. The methods and results
(Figs. S1 and S2) were shown in the Supplementary information. It
was found that the as-prepared Ag2O powder has a great bacterial
killing ability with and without visible light illumination, ZnO
powder had bactericide effect under visible light illumination
however only a little bactericide effect was found in dark condition.
The composite powder of ZnO/Ag2O also has a comparable ability
in killing bacteria to Ag2O powder with and without light
illumination. Based on this preliminary results, the idea to reduce
the amount of Ag2O by forming ZnO/Ag2O composite thin film can
be accomplished to make it economically viable for real applica-
tion. The performance of p–n heterojunction between p-type Ag2O
and n-type ZnO has been confirmed and examined toward organic
dye degradation in our previous work [35].

In this work, ZnO/Ag2O composite thin films were deposited on
non-woven fabric substrate by using radio frequency (RF)
magnetron reactive sputtering for bactericidal purpose. The



Fig. 3. SEM images of (a) Ag2O, (b) 15 %wt, (c) 30 wt%, and (d) 45 wt% Ag2O-added ZnO/Ag2O composite thin films on glass substrates with the corresponding inset
photographs of coated non-woven fabrics.
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incorporation of Ag2O to composite film is to form p–n hetero-
junction for efficient photo carrier separation and to lower the cost
for large scale application. To find the best processing condition of
Ag2O thin film formation, the sputtering was initially conducted
under different atmospheres by varying Ar/O2 gas flow ratios.
Then, different compositions of Ag2O in Ag2O/ZnO composite
ceramic targets were used to form composite thin film on non-
woven fabrics with the best processing condition obtained from
the deposition of pure Ag2O films. The as-deposited thin films on
non-woven fabrics were tested for their bactericidal effects under
dark and LED-light illuminated condition for three hours.
Staphylococcus aureus and Escherichia coli were used as pathogen
models for representing Gram-positive and Gram-negative strains,
respectively in this work. The results showed that the Ag2O/ZnO
composite thin film was almost as efficient as pure Ag2O thin film
on killing the bacteria under LED light illumination or dark
condition in three hours. The antibacterial effect of different
compositions of thin films was demonstrated and its mechanism
was proposed in this work.

2. Experimental procedure

2.1. Materials

Materials in this work were commercially available and used
without any further purification treatment. Zinc oxide powder
(purity >97%) was kindly supplied by Sigma-Aldrich, United
Kingdom. Silver nitrate (purity >99.8%) was obtained from
Sigma-Aldrich, United Kingdom. Sodium hydroxide (purity = 97%)
was purchased from Showa chemical Co., Ltd., Japan.

2.2. ZnO/Ag2O ceramic target preparation

ZnO/Ag2O composite powder was initially prepared with
different amounts of 15, 30, 45 wt% Ag2O by a simple solution-
based process at room temperature as mentioned in our previous
work [35]. In our typical preparation for depositing 15 wt% Ag2O on
ZnO, 3.74 g AgNO3 was first dissolved in 1 L deionized (DI) water
and 17 g ZnO was also dispersed in 1 L DI water in separated vessels
by ultrasonication treatment. The precipitation of silver oxide
(Ag2O) on ZnO particles was initiated by adding AgNO3 solution
into ZnO-dispersed solution followed by adding NaOH solution
with an appropriate amount under vigorous stirring at room
temperature. The reaction solution was then stirred for 3 h to
obtain uniform Ag2O precipitation on ZnO particles. The obtained
nano composite was collected by centrifugation and washed for
three times using 95% ethanol followed by drying in a rotary
evaporator. Then, the gray nano composite powder was placed in
an oven for 12 h at 60 �C to remove the residual solvent. After
drying in oven, the powder was ground in a mortar to obtain fine
powder. If necessary, the powder can be dried again in oven for
next 12 h at 60 �C to completely remove the residual solvent on
nano composite powder. After drying process, the as-prepared
nano composite powder was ready for hot pressing process to
obtain ceramic target. The as-prepared ZnO/Ag2O nano composite
powder was poured into graphite mold to form a 2-inch diameter



Fig. 4. HRTEM images of (a) commercially available ZnO particles, (b) as-prepared
Ag2O nanoparticles, and (c) ZnO/Ag2O nano composite powders.
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disk target with the height of 2 mm. To form a sintered ZnO/Ag2O
ceramic target, a pressure of 400 psi was given on the powder in Ar
atmosphere at a constant temperature of 180 �C for 30 min. The
obtained ZnO/Ag2O ceramic target was then carefully taken out
from the molding to prevent cracking on the target. The ceramic
targets with other compositions were also prepared with the same
procedure. The obtained composite thin films were denoted as
ZnO/15% Ag2O, ZnO/30% Ag2O, and ZnO/45% Ag2O.

2.3. Ag2O and ZnO/Ag2O thin film depositions

The Ag2O and ZnO/Ag2O thin film depositions on 5 cm � 5 cm
non-woven fabrics were conducted by using commercially
available Ag and as-prepared ZnO/Ag2O targets, respectively. The
deposition of Ag2O and ZnO/Ag2O thin films on glass substrates
were also done for material characterization. The deposition was
done by using RF magnetron sputtering machine with the gas flow
rate of 40 sccm which contained an appropriate proportion of
argon and oxygen gas. The Ar/O2 gas flow ratios for silver
sputtering were set as 0:1, 1:1, 3:1, and 7:1 to find the best
processing condition for Ag2O thin film deposition. The sputtering
times for depositing Ag2O and ZnO/Ag2O were 5 min and 30 min,
respectively with the sputtering power of 30 W and working
pressure of 2 �10�3 torr at room temperature.

2.4. Characterization

The morphologies and microstructures of deposited thin films
were examined by using field-emission scanning electron micros-
copy (FE-SEM, JSM 6500F, JEOL, Tokyo, Japan) and high-resolution
transmission electron microscope (HRTEM, Tecnai F20 G2, Philips,
Netherlands). Powder X-ray diffraction (XRD) patterns of Ag2O
nanoparticle powder were recorded by Bruker D2-phaser diffrac-
tometer using Cu Ka radiation with a wavelength of 1.5418 Å. The
microscopic surface morphology of thin film roughness was
recorded by atomic force microscopy (AFM, Dimension, Brucker).
The thin film thickness was determined by using ellipsometry
(Woollam M-2000VI). X-ray photoelectron spectroscopy (XPS)
measurements of nanocomposite powder were done on a VG ESCA
Scientific Theta Probe spectrometer system with Al Ka (1486.6 eV)
source and 15–400 mm X-ray spot size by using ion gun operated at
3 kV and 1 mA. The UV�vis diffuse reflectance spectra (DRS) of
Ag2O and ZnO/Ag2O powders were recorded using a Jasco V-670
UV–visible–near IR spectrophotometer.

2.5. Luria-Bertani (LB) broth and agar preparation

To prepare the LB broth and LB agar, 10 g tryptone, 5 g yeast
extract, and 10 g NaCl were added to 1000 mL DI water under
vigorous stirring for 1 h. The pH of solution was controlled to 7–7.4
during the preparation. The LB broth solution was sterilized using
autoclave for 20 min with the pressure and temperature were set to
15 psi and 121 �C, respectively. To prepare LB agar, 1.5 wt% agar
powder is added to LB broth solution before sterilization process.
LB broth solution with agar powder will form solid medium at
room temperature. The as-prepared LB broth and LB agar were kept
at 4 �C for future use.

2.6. Antibacterial experiment

The bactericidal properties of as-prepared thin films were
carefully examined by a simple colony counting method.
Staphylococcus aureus and Escherichia coli were used in this work
to represent Gram-positive and Gram-negative bacteria strains,
respectively. The bacterial solution with the concentration of
108 cfu/ml was diluted to obtain 104 cfu/ml. To test the antibacterial
effect of as-prepared thin film, 1 mL of the diluted bacterial
solution and 2 cm � 1.5 cm as-deposited non-woven fabric were
put into a sterilized tube and illuminated by 20 W LED lamp at a
distance of 30 cm with the light intensity of 12 W/m2 for three
hours under a constant shaking. The emission spectrum of LED



Fig. 5. AFM topographic images of (a) pure Ag2O, (b) 15 wt%, (c) 30 wt%, and (d) 45 wt% Ag2O-added ZnO/Ag2O composite thin films on glass substrates.
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lamp was provided in Fig. S8 (Supplementary information). An
aliquot of 100 mL was taken every hour, diluted 10 fold, and spread
evenly on LB agar medium for cultivating the bacteria. The LB agar
medium was kept with face-down at 37 �C for 12 h. To measure the
antibacterial activity in dark condition, the similar experiment was
also carried out without light illumination. The surviving bacterial
colonies were counted for determining the bactericide ability of as-
prepared thin films. The composite thin film with a great inhibitor
of bacterial growing on LB agar was proposed to be a good
candidate for antibacterial application.

3. Results and discussion

3.1. X-ray diffraction pattern

Fig. 1 shows the XRD diffraction analysis of as-deposited silver
oxide thin film on glass substrate using pure Ag as a sputtering
target with different Ar/O2 gas flow ratios. The different oxygen
Table 1
AFM roughness analysis of as-sputtered thin film.

Thin film Roughness (nm)

Ag2O 6.28
ZnO/15% Ag2O 1.68
ZnO/30% Ag2O 6.37
ZnO/45% Ag2O 10.1
contents for sputtering by using Ag target were designed to find
the best condition for ZnO/Ag2O thin film deposition as a next step
of our work after obtaining the appropriate XRD pattern for Ag2O
phase. The single phase of Ag2O was formed at Ar to oxygen gas
flow ratio of 7:1. At higher oxygen composition, more than one
phase was formed in the silver oxide thin film. The sputtering
condition at 40 sccm flowing rate of 100% oxygen induced the
phase formations of Ag2O, Ag, and AgO with the corresponding
planes of (110), (200), and (020), respectively. The sputtering
condition with 100% oxygen also caused the lattice parameters of
Ag become larger and AgO become smaller as indicated by the peak
shifts of Ag (200) to lower angle and AgO (020) to higher angle
compared to those of JCPDS files #04-0783 and #84-1547,
respectively. The sputtering condition at 50% oxygen also created
the three phases of Ag2O, Ag, and AgO, however the lattice
parameter of Ag was not as large as that with the sputtering
condition at 100% oxygen as indicated by the Ag (200) peak at 50%
oxygen condition shifted to higher angle. This phenomenon
Table 2
Ellipsometry thickness analysis of as-deposited thin films.

Thin film Thickness (nm)

Ag2O 19.8
ZnO/15% Ag2O 21.7
ZnO/30% Ag2O 20.6
ZnO/45% Ag2O 21.6
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indicated the sputtering condition with less oxygen induced the
unit cell of Ag became smaller. Under flowing rate of 25% oxygen,
the major phase of AgO at (200) was formed with secondary phase
of Ag2O. When the oxygen flowing rate was reduced to 12.5%, only
single phase of Ag2O was formed with the corresponding planes of
(111), (220), and (311). Based on the Scherrer equation and (111)
reflection in the Ag2O pattern, the average crystal size of deposited
pure Ag2O on glass substrate was about 33.24 nm. As observed
from XRD patterns, the atmosphere conditions can be categorized
in three conditions: high (75–100%), medium (50%), and low (12.5–
25%) oxygen atmospheric conditions. High oxygen content induced
three kinds of crystal structures: Ag2O, Ag, and AgO. The three-
phase condition obeys the phase rule (F = C–P + 2), therefore its
occurrence is due to the unstable phase decomposition. The reason
for the coexistence of three stable phases can be due to the partial
phase decomposition of AgO into Ag2O and Ag. The high oxygen
condition can lead to the fully oxidation of Ag into AgO, but AgO is
not a stable phase and can decompose under plasma [42] during
the sputtering process. It was observed that some of the crystal
planes were not shown up in the patterns. The major reason is that
only few crystal planes can show from XRD analyses for thin film
materials, as compared with the bulk ones. As the film thickness is
thinner, its preferred orientation becomes stronger. At medium
oxygen content, only AgO phase was formed. It may be related to
thermodynamic favored reaction kinetic at that condition. In the
low oxygen atmospheric condition, the formation of Ag2O is
preferable may due to the low ratio of oxygen compared the Ag
ratio to provide a stoichiometric reaction between Ag and oxygen
(Ag:O = 2:1). Based on the sputtering condition for phase forma-
tion, the ZnO/Ag2O composite thin film was deposited at an Ar/O2

gas flow ratio of 7:1 on non-woven fabric for bactericidal
evaluation (Fig. 2).

3.2. Morphology and microstructure analyses of ZnO/Ag2O nano
composite

To analyze the thin film morphologies, Ag2O and ZnO/Ag2O
composite thin films on glass substrates were prepared. SEM
images of as-deposited thin films were shown in Fig. 3. Some large
crystals of pure Ag2O thin film processed at 12.5% oxygen content
were found on the film surface accompanied with smaller dense
crystals as indicated in Fig. 3a. The increasing content of Ag2O
induced bigger particle size on composite thin films as shown in
Fig. 3b–d. The surfaces of thin films also become rougher with a
higher amount of Ag2O in thin films. The inset photograph in Fig. 3a
shows the pure Ag2O-coated non-woven fabric was dark brown
color. The non-woven fabric colors after deposited with 15, 30,
45 wt% composite films were gradually changed from light brown
to dark brown as indicated by the inset photographs in Fig. 3b–d,
respectively. Based on EDS analysis, the weight percentages of
15 wt%, 30 wt%, and 45 wt% silver oxide on the composite films
deposited on glass were 14.2 wt%, 29.7 wt%, 44.6 wt%, respectively.
To clearly show the deposition of Ag2O on ZnO particles, the
nanocomposite powder was also examined by HRTEM. Fig. 4a and
b show the images of single phase ZnO and Ag2O particles,
respectively. Ag2O deposition on ZnO particle surfaces was clearly
observed in Fig. 4c. The commercial ZnO particles have particle size
of 100–500 nm with an irregular shape while the as-prepared Ag2O
nanoparticles were identified as small particles with the size about
50 nm. Further analysis of the interfaces between Ag2O nano-
particles and ZnO particle and the lattice fringes of each phase
were clearly shown in Fig. S11 (Supplementary information). The
contact between ZnO particles and Ag2O nanoparticles as shown in
Fig. 4c and Fig. S11 formed nano p–n junction which would
enhance the separation of photo generated electron and hole.

3.3. Atomic force microscopy analysis (AFM)

AFM was used to analyze the topographies of thin films. Fig. 5
shows the AFM topographic images of Ag2O and 15, 30, 45% Ag2O-
incorporated ZnO/Ag2O thin film surfaces. AFM image revealed
pure Ag2O thin film was a dense film with spiky surface. The thin
film with 15 wt% of Ag2O showed a fine surface, however 30 wt% of
Ag2O induced larger particle size and 45 wt% Ag2O exhibited a
surface characteristic between those of pure Ag2O and 30 wt% Ag2O
composite thin films. The increasing amounts of Ag2O in ZnO/Ag2O
composite films also increased the film roughness, as shown in
Table 1.

3.4. Ellipsometry analysis

Ellipsometry was used to obtain the thickness of as-deposited
thin film on glass with the wavelength range of 300–1800 nm by
measuring changes in amplitude and phase of the polarized light
reflected by the sample to obtain a film thickness. The obtained
data from ellipsometry measurement were converted by perform-
ing a model analysis to calculate the thickness of thin film. The
results of analysis were shown in Table 2.

The thickness of thin film was mainly controlled by sputtering
time. All the thin films had almost the same thickness by
controlling the sputtering time, in order to make a comparative
condition for antibacterial testing.
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3.5. UV–vis spectroscopy analysis

UV-vis absorbance analysis of as-sputtered thin films is an
important characterization to show the ability of material in
harnessing light energy to provide the bactericide effects. Initially,
to investigate the light absorbance of as-sputtered thin films, pure
Ag2O was deposited on glass substrate with different Ar/O2 gas
flow ratios (Ar/O2 = 0:1, 1:1, 3:1, and 7:1) as shown in Fig. 6a. The
UV–vis spectra of Ag2O thin film formed at high oxygen contents
(100% and 50%) indicated the same spectra profiles with the visible
light absorbance peaks about 475 nm and decreased gradually
afterward. The same optical properties of the Ag2O thin films at
high oxygen contents might be related to the same phase
formation as indicated by their XRD patterns. Meanwhile, Ag2O
thin film formed at 25% oxygen content displayed specific visible
light and infra-red absorbances with the intensity higher than
those at high oxygen contents from 475–1000 nm might be related
to the formation of AgO phase. UV–vis spectra of Ag2O thin film
with the Ar/O2 gas flow ratio of 7:1 exhibited a wide range of light
absorbance from UV to near infra-red regions with the highest
absorbance was found at 500 nm in visible region. This typical
absorbance of Ag2O thin film indicated electrons and holes could
be generated even in dark room by harnessing low infra-red
radiation which was confirmed by the absorbance in the range
from 800 nm to 1000 nm. All the Ag2O thin films processed with
different oxygen contents exhibited low UV absorbance which was
decreased abruptly below 400 nm due to the low bandgap
material. After the formation of ZnO/Ag2O composite thin films
with 15, 30, 45 wt% Ag2O contents, the absorbance peaks were
blue-shifted to UV region as shown in Fig. 6b with the same spectra
profiles of visible light and infra-red absorbances. The absorbance
peaks shifted to higher wavelength due to the composite formation
with ZnO as wide bandgap material. At low Ag2O content (15%), UV
absorbance of the composite was increased significantly due to
more amount of ZnO in the composite. Overall, the composite thin
films have greater light absorbance in visible regions which
contributed from optical property of Ag2O as low bandgap
material.

To determine the bandgap values of Ag2O and ZnO, the as-
deposited Ag2O thin films processed in different atmosphere
conditions varied with oxygen contents and commercially
available ZnO particles were examined their optical absorbances.
Tauc plots were carried out based on the optical absorbance data.
The Tauc plots were provided in Figs. S9 and S10 (Supplementary
information). The as-deposited Ag2O thin films processed with
100%, 50%, 25%, and 12.5% oxygen contents have bandgap values of
1.34 eV, 1.30 eV, 1.15 eV, and 1.13 eV, respectively, while the
commercial ZnO has bandgap values of 3.22 eV as indicated by
Tauc plot in Fig. S9 (Supplementary Information). The bandgap
values of Ag2O were decreased with respect to the decreasing
amount of oxygen contents in sputtering atmosphere.

3.6. X-ray photoelectron spectroscopy (XPS) analysis

XPS analysis is one of the powerful characterization tools to
analyze the chemical state of photocatalyst surfaces. In order to
investigate the chemical state, pure Ag2O and ZnO/45% Ag2O
composite were sputtered on glass substrate and carefully
examined by XPS measurement. The XPS spectra of pure Ag2O
and ZnO/Ag2O thin films confirmed the valence state of Ag+ with
the peaks of Ag (3d5/2) and Ag (3d3/2) at 367.8 eV and 373.8 eV in
Fig. 7a and b, respectively. The data were in a good agreement with



Fig. 8. Photographs of cultivated Staphylococcus aureus on LB agar medium (a) without and (b) with light illumination as control samples.
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previous work [43,44]. The observed binding energy values of O
(1s) were 529.5 eV, 530.6 eV, and 531.55 eV in Fig. 7c for the
binding energy positions of oxygen in Ag2O [45], ZnO [46], and
adsorbed oxygen in hydroxide form [47], respectively. Finally, the
Fig. 9. Photographs of cultivated Staphylococcus aureus on LB agar medium for antibacte
Ag2O thin films without and with 20 W LED lamp illumination.
binding energy values of Zn (2p3/2) and Zn (2p1/2) were observed at
1021.2 eV and 1044.5 eV, respectively, and were consistent with
literature data for Zn2+ [48].
rial tests of (a) Ag2O thin film and (b) 15%, (c) 30%, and (d) 45%wt Ag2O-added ZnO/
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3.7. Antibacterial effects

To investigate the antibacterial effects of as-deposited thin
films, the uncoated sheet of non-woven fabrics with the area of
2 cm � 1.5 cm and the ones coated with pure Ag2O and 15, 30, 45 wt
% Ag2O-incorporated ZnO/Ag2O composite thin films were first
prepared. The coated fabrics and uncoated fabric were tested by
immersed in 1 mL bacterial solution with the concentration about
104 cfu/mL under LED lamp illumination for 3 h. The same
experiments were also conducted without light illumination for
3 h. An aliquot was taken from the bacterial solution every hour
and spread on LB agar medium for bacterial cultivation. Fig. 8
shows the cultivated Staphylococcus aureus on uncoated non-
woven fabric as controlled sample with and wihout light
illumination. There is no bactericidal effect on uncoated non-
woven fabric under light illumination and dark condition.
Antibacterial effects of coated non-woven fabrics with different
Ag2O contents were shown in Figs. 9 and 10 for Staphyloccoccus
aureus and Escherichia coli, respectively. As a summary, the results
of antibacterial experiments are systematically shown in Fig. 11a
and b with the initial bacterial concentrations of 4.2 � 104 cfu/mL
and 4.4 �104 cfu/mL, respectively.

Under the dark condition, all results showed the longer time the
bacteria exposed to the coated fabrics, the less amount of bacteria
Fig.10. Photographs of cultivated Escherichia coli on LB agar medium for antibacterial test
films without and with 20 W LED lamp illumination.
were grown after cultivation. The results revealed pure Ag2O thin
film had a strong bactericidal effect to both of Gram-positive
(Figs. 9 and 11a) and Gram-negative (Figs. 10 and 11b) bacteria. It
may due to the strong and wide range of Ag2O light absorbance
extended to infra-red region as confirmed in Fig. 6a, therefore the
formation of photo electrons and holes was enhanced even
without light illumination to promote the evolution of radical
species or reactive oxygen species (ROS), which were toxic to
bacterial cells and could cause the cell wall rupture [49].
Furthermore, the spiky surface of Ag2O film might accelerate
the ionic species transfered to bacterial cell walls by strong
electrostatic interaction between negatively-charged bacterial cell
walls and positively-charged Ag2O surfaces [50–52]. The other
work showed the release of Ag+ ions to explain the bactericide
effect of Ag2O in dark condition [53]. In the other hand, ZnO/15%
Ag2O and ZnO/30% Ag2O composite films showed lower bactericide
effects. However, the ZnO/45% Ag2O composite film showed a
comparative bactericide effect to the pure Ag2O film after 3 h. The
result is attributed to sufficient formation of p–n hetero junction
between p-type Ag2O and n-type ZnO in ZnO/45% Ag2O composite
film to promote the photo carrier separation. As confirmed by AFM
topographic image, the spiky surface of ZnO/45% Ag2O composite
film could also enhance the bactericide effects. In the dark
equilibrium condition, due to the charge concentration gradient at
s of (a) Ag2O thin film and (b) 15%, (c) 30%, and (d) 45%wt Ag2O-added ZnO/Ag2O thin
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the interfaces between p-type Ag2O and n-type ZnO, the
positively-charged hole will diffuse to n-type ZnO and negative-
ly-charged electron will diffuse to p-type Ag2O until their Fermi
energy levels are aligned to form a depletion region. This
mechanism can prolong the life time of thermally generated
carriers to form ROS (OH�, O2

��, and H2O2) even without strong
light illumination.

Under light illumination, all the thin films showed stronger
bactericide effects compared to those under dark condition. The
results in Fig. 9 for Gram-positive bacteria and Fig. 10 for Gram-
negative bacteria showed pure Ag2O thin film also had a strong
bactericide effect due to the high absorbance of visible light to
provide much more photo carriers and ROS. The bactericide effect
was lower for ZnO/15% Ag2O and ZnO/30% Ag2O composite films
might be related to the smaller amount of Ag2O on ZnO particles to
insufficiently form p–n heterojunction. Nevertheless, ZnO/45%
Ag2O composite film could have the same bactericide effect as pure
Ag2O thin film after 2 h. This result confirmed 45 wt% Ag2O in
composite thin film could provide sufficient formation of p–n
heterojunction, therefore the amount of Ag2O incorporated in thin
film could be reduced without losing the bactericide ability and
simultaneously lowering the cost by using fewer expansive Ag as
active catalyst. Although the visible light absorbance of ZnO/45%
Ag2O composite film in Fig. 6b was 50% lower than that of pure
Ag2O film in Fig. 6a, the photocatalytic bactericide effect of ZnO/
45% Ag2O composite film was comparable with pure Ag2O film. The
fact tells us that the photocatalytic bactericide effect of ZnO/45%
Ag2O composite film with the lower visible light absorbance is
much enhanced by the p–n heterojunction between ZnO and Ag2O.

To show the stability of thin films, pure Ag2O and 15, 30, 45 wt%
Ag2O-added ZnO/Ag2O composite thin films on non-woven fabrics
were prepared and kept for 6 months before used for antibacterial
experiments. The results were respectively shown in Fig. 12a and b
for Staphyloccoccus aureus and Escherichia coli with the initial
bacterial concentrations of 3.8 � 104 and 3.5 �104 cfu/mL. The
cultivated Staphylococcus aureus and Escherichia coli photographs
of the related experiments were respectively provided in Figs. S3
and S4 (Supplementary information). In these experiments, the
results showed the similar performances as the previous experi-
ments. After 6 months, Ag2O thin film showed a little degradation
in its bactericide ability, while the ZnO/45% Ag2O composite film
exhibited a relatively stable bactericide effect. A lower cost strategy
by utilizing Ag2O as a great visible light driven material with a
relative lower amount deposited on low cost ZnO to form thin film
on non-woven fabric substrate has been demonstrated in this
work.



0

2000

4000

6000

8000

10000

12000

14000

16000

1 h 2 h 3 h 1 h 2 h 3 h

noitanimullithgilhtiwnoitanimullithgiltuohtiw

Colony Numbers of Survival S. Aureus (unit)

Ag2O

15 wt% Ag2O/ ZnO

30 wt% Ag2O/ ZnO

45 wt% Ag2O/ ZnO

0

2000

4000

6000

8000

10000

12000

14000

16000

1 h 2 h 3 h 1 h 2 h 3 h

without light illumination with light illumination

Colony Numbers of Survival E. Coli (unit)    

Ag2O

15 wt% Ag2O/ZnO

30 wt% Ag2O/ZnO

45 wt% Ag2O/ZnO

Ag2O

15 wt% Ag2O/ZnO
30 wt% Ag2O/ZnO
45 wt% Ag2O/ZnO

(a) 

Ag2O 

15 wt% Ag2O/ZnO
30 wt% Ag2O/ZnO
45 wt% Ag2O/ZnO

(b) 

Fig. 12. Survival colony amounts of (a) Staphylococcus aureus (S. aureus) and (b) Escherichia coli (E. coli) on Ag2O and 15, 30, and 45 wt% Ag2O/ZnO composite thin films after
kept for 6 months in natural atmosphere followed by bactericidal tests under the dark condition and the illuminated condition by 20 W LED lamp.

K.-T. Chuang et al. / Journal of Photochemistry and Photobiology A: Chemistry 337 (2017) 151–164 161
To show the mechanical reliability of as-deposited thin film,
pure Ag2O and ZnO/45% Ag2O composite thin films on non-woven
fabrics were folded and hold for 4 days. The folding fabrics were
clamped for 2 days at one side and the other 2 days at the reverse
side. The folded area on the fabrics was examined by FE-SEM. It
was found that the thin films on fibers did not exfoliated during the
excecution. The results were shown in Figs. S5–S7 (Supplementary
information).

3.8. Bactericidal mechanism

The bactericide effect due to the radical oxygen species (OH�,
O2

��, and H2O2) had been proposed and well established by many
other works with semiconductor materials such as TiO2, ZnO, and
Ag2O [4,5,8,10,14]. However, no study has been done to investigate
the effect of p–n heterojunction on bactericide application. The
active species (OH�, O2

��, and H2O2) generated by semiconductor
materials played an important role in the disinfection processes (to
decompose bacterial outer membranes and lead to the inactivation
of cell) under both dark and visible light illumination [53]. In this
work, the bactericidal effect was enhanced by the formation of p–n
heterojunction between p-type Ag2O and n-type ZnO due to the
efficient separation of photo electrons and holes [54–56]. It was
found that the formation of p–n heterojunction could be used to
decrease the amount of Ag2O in thin film without the appreciable
loss in bactericide ability, as shown in Section 3.7. It is believed that
Ag2O also has a great ability in killing bacteria which may due to
the effect of released Ag+ ions [53] and the formation of photo
electrons and holes to generate active species to kill bacteria [57–
59]. As we know from the UV–vis measurement in Fig. 6a, the low
bandgap Ag2O has a strong light absorbance with relative broad
absorbance region from UV to near infra-red. Therefore, Ag2O may
generate photo electrons and holes by absorbing ambient near
infra-red energy without visible light illumination to form the
active species for killing bacteria.

To elucidate the bactericidal effect, the band structure of p–n
heterojunction of ZnO/Ag2O composite is illustrated for explana-
tion. The n-type ZnO has work function (WF) of 5.2 eV and electron
affinity (EA) of 4.3 eV [60] while p-type Ag2O has work function
(WF) of >5 eV [61] and ionization potential (IP) of 5.3 eV [62]. Based
on the information, p–n heterojunction between Ag2O and ZnO can
be depicted as shown in Fig. 13. After the heterojunction formed
between ZnO particles and Ag2O nanoparticles, electrons from ZnO
will diffuse to Ag2O and holes from Ag2O will diffuse to ZnO until
their Fermi energy levels are aligned to establish the thermal
equilibrium state. The bandgap of Ag2O is much smaller than that
of ZnO, therefore it causes more electron and hole pairs in Ag2O
conduction and valence bands, respectively, under visible light



Fig. 13. Bactericidal mechanism of ZnO/Ag2O composite thin film via the process of thermo or photo catalysis.
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irradiation. However, after photo excitation, the photo-generated
electron from p-type Ag2O will transfer to n-type ZnO and the
photo-generated hole from n-type ZnO to p-type Ag2O due to the
built-in electric field in the depletion zone between them. The
built-in electric field can retard the photo carrier recombination
and extend their lifetime for photo reactions on semiconductor
surfaces [40]. If the lifetime of photo carriers are longer than the
photo reaction time, active species which known as reactive
oxygen species (ROS) such as OH�, O2

��, and H2O2 will be formed.
The photo reaction [63,64] can be elucidated in Eqs. (1)–(6) as
follows:

ZnO/Ag2O + hn ! ZnO/Ag2O (e� + h+) (1)

h+ + H2O ! HO� + H+ (2)

h+ + HO�
ads! HO� (3)

e� + O2ads! O2
�� (4)

O2
��+ H+! HO2

� (5)
e� + HO2
� + H+! H2O2 (6)

Among the active species, H2O2 is the most stable and has
capability of crossing the biological membrane (lipid peroxidation)
to cause mutagenesis [65]. Previous study showed that H2O2 at low
concentration could kill E. coli by damaging DNA and enzymes
[58]. The O2

�� species could cross the biomembrane into interior of
the cell and damage the enzymes and DNA by acting as both
reductant and oxidant [66]. Furthermore, H2O2 and O2

�� species
could simultaneously permeate the bacterial cell membrane and
cause the bacterial cell wall rupture. Subsequently, H2O2 and O2

��

species could undergo a reaction as shown in Eq. (7) to generate
OH� inside the cell and thus inactive the cell [67].

H2O2 + O2
��! OH� + OH� + O2 (7)

Although OH� species has been recognized as a primary ROS in
bactericidal process because of its oxidative capacity [59,68], the
short lifetime of OH� in water (about 310 ms) [69] could possibly
restrict its oxidative capability. The insignificance of h+ and OH� on
antibacterial process also had been reported by Chen et al. for
sphalerite [57]. The other previous study [69] also had shown OH�

could not penetrate cell membrane and had no effect on direct
destruction of bacterial cell. However, after cell membrane has
been penetrated by H2O2 and O2

�� species, the formation of OH�

inside bacterial cell through the reaction in Eq. (7) may contribute



K.-T. Chuang et al. / Journal of Photochemistry and Photobiology A: Chemistry 337 (2017) 151–164 163
to bactericide process. The bacteria cell membrane ruptures were
shown in Fig. S12 (Supplementary data). The bacterial killing
ability of the thin films was also increased as the roughness of the
thin films was increased which confirmed by AFM analysis and
bactericide experiments. As can be seen in Fig. 5a and d, the thin
films with spiky surfaces showed better bactericide effects which
is related to efficient charge interaction between positively-
charged thorny surfaces of thin film and negatively-charged
bacterial walls, leading to efficient radical species transport from
composite thin film surfaces to bacterial membrane walls.

4. Conclusions

Different Ag2O contents (15, 30, and 45 wt%) in ZnO/Ag2O
composite thin films deposited on non-woven fabrics as substrates
have been synthesized by RF sputtering at room temperature and
characterized. A self-prepared single ceramic target from the Ag2O
nanoparticle-deposited ZnO powders had been used for the thin
film deposition. It was found the Ag2O single phase could be
synthesized at the Ar/O2 gas flow ratio of 7 to 1 to form pure Ag2O,
as supported by the XRD patterns. The as-deposited films had been
characterized for their crystal structures, morphologies, micro-
structures, thicknesses, optical properties, surface chemical states,
and bactericide abilities with and without light illumination. TEM
analysis showed a uniform deposition of Ag2O on ZnO particles.
AFM analysis showed the increased amounts of Ag2O in composite
thin films could form the spiky surfaces. The spiky surface of thin
films is proposed to fasilitate the charge transfer from catalyst
surfaces to cell membrane walls for cell ruptures. UV–vis
spectroscopy revealed Ag2O and composite thin films had strong
light absorbances from UV to visible regions, even to the near infra-
red region. XPS spectra showed the binding energies of Ag+, Zn2+,
and O2� in the lattice and in the form of hydroxide. The bactericide
effect of thin films is mainly provided by radical species (such as
OH�, O2

��, and H2O2) under dark condition or light illumination
due to the light sensitization of low bandgap Ag2O with the wide
absorbance regions from UV to near infra-red to enhance the
amounts of photo electron and hole pairs. Furthermore, these
photo carriers will be efficiently separated by p–n heterojunction
between p-type Ag2O and n-type ZnO to increase the lifetime of
photo carriers and propagate the photo reactions to form more
radical species (ROS) for killing the bacteria. As a result, the amount
of Ag2O in ZnO/Ag2O composite thin film can be greatly reduced to
make it more economically viable for future application.
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