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Abstract: Graphene oxide thin layers, graphene oxide:silver nano-composite, graphene oxide:zinc oxide nano-
composite and graphene oxide:zinc oxide/graphene oxide:silver bilayer were deposited by spray pyrolysis method.
The synthesized thin layers were characterized using X-ray diffraction spectroscopy, field emission scanning
electron microscope, energy dispersive x-ray spectroscopy and Raman spectroscopy. The optical properties and
the band gap of the thin layers were also studied and calculated using the Tauc equation. Gram-negative
bacterium of Escherichia coli was used to study the antibacterial properties of thin layers. The results showed that
among the thin layers investigated, GO:ZnO/GO:Ag bilayer had the greatest effect on the inhibition of E. coli
growth and was able to control the growth of bacterium after 2 hours.
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1. INTRODUCTION

Nowadays, graphene has become one of the new
hot topics in research related to materials
science, physics, chemistry, and nanotechnology.
Graphene is a 2D one-atom-thick carbon
structure that has a structure similar to the
honeycomb lattice [1-4]. Graphene oxide is an
oxidized derivative of graphene that is obtained
by the oxidation of graphite powder. The most
common method of producing the graphene
oxide is Hummers method [5-7]. This process
introduces the oxygen-containing groups onto
graphene oxide surface. These surface functional
groups can also serve as a site for the formation
and growth of metal nanoparticles, metal oxide,
and semiconducting oxide. However, these
nanoparticles tend to accumulate during the
synthesis process, which eventually results in the
loss of their properties at the nanometer level.
Since graphene oxide has a large surface area, it
can be used as a substrate for nanoparticles.
Therefore, it prevents the accumulation of
nanoparticles and allows the properties of the
particles to remain at the nano level.
Composition and arrangement (decoration) of
graphene oxide surface with metallic
nanoparticles and metal oxide such as Au, Ag,
Pt, Pd, and SnO, or nanoparticles of
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semiconducting oxides such as ZnO and TiO,
improves the performance of these materials for
applications such as mechanical strength
materials, biochemical and electrochemical
sensors, photocatalysts, lithium-ion batteries,
and solar cells [8-9].

Recently, extensive research has been done on
graphene nanocomposites to increase the
efficiency of photocatalysts [10], solar energy
conversion [11], and strong potentials in
electrochemical energy devices including lithium
batteries, capacitors, and fuel cells. In addition to
energy applications, graphene nanocomposites
have also been used as an excellent platform for
environmental applications in the detection and
separation of heavy ions, pollutants and bacteria
[12]. These nanocomposites contain carbon plates
as the substrate on which metallic or
semiconducting nanoparticles are placed and help
to increase the catalytic processes [13]. In 2008,
Raffi et al. conducted an experiment on the
antimicrobial properties of nanoparticles. They
observed the growth of Escherichia coli under
different concentrations of Ag nanoparticles.
These nanoparticles are converted into effective
bactericide at concentrations higher than 60 [14].
Jianjiang et al. carried out a study on the
fabrication of rGO:ZnO nanocomposites to
increase photocatalytic activity and gas sensing
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property [15]. Wang et al. also investigated the
antibacterial activity of rGO:ZnO nanocomposites
at a high concentration of Zn [16]. However, the
antibacterial activity of GO:Ag and GO:ZnO
nanocomposites has not been investigated so far.
According to the above-mentioned cases, we
decided to investigate the antibacterial properties
of thin layers of graphene oxide:silver monolayer
nanocomposites, graphene oxide:zinc oxide
monolayer and graphene oxide:silver/graphene
oxide:zinc oxide bilayer in this research.

2. SYNTHESIS METHOD

2.1. Preparation of GO:Ag Solution

Graphene oxide colloid with the concentration of
1 mg/ml (Borhan Nanomeghyas Company, Iran)
was placed in the ultrasonic for 30 minutes. 40
M (molar) silver diamine hydroxide solution was
prepared by combining the ammonia, deionized
water and silver nitrate. To prepare GO:Ag
composite, GO solution and Ag(NH;)OH
solution were mixed at a volume ratio of 2: 8 and
stirred for 30 minutes. It was then stirred in the
oil bath at 70-80 °C for half an hour. The final
solution was washed 3 times with deionized
water and prepared for spray.

2.2. Preparation of GO: ZnO Solution
Graphene oxide colloid was dispersed at the
ultrasonic with the concentration of 1 mg/mL.
0.2 M hexamethylene tetramine solution was
then added to the graphene oxide solution and
stirred. 0.2 M zinc acetate solution was added to
this solution and stirred for 15 minutes. The final
solution was placed in an oil bath at 90 °C for 3
hours and then washed 3 times with deionized
water and prepared for the deposition.

2.3. Preparation of Thin Layer

The glass substrates were cleaned using the
ultrasonic for 30 minutes and used as substrates
for the growth of nanomaterials. In order to
prepare thin layers, 35 ml of each solution was
sprayed using the spray pyrolysis method and
the compressed air as the carrier gas. Spray
conditions include the distance of nozzle of
about 30-40 cm and deposition rate of 2-2.5,
plate temperature of 400 °C for GO:ZnO thin
layers, and 150 °C for GO:Ag.

2.4. Preparation of GO:Zn0O/ GO:Ag Bilayer
35 ml of GO:ZnO solution was sprayed using the

spray pyrolysis method and the compressed air
as the carrier gas. Spray conditions include the
distance of nozzle of about 30-40 cm and
deposition rate of 2-2.5. The plate temperature
was set to 400 °C, and then the GO:ZnO thin
film was allowed to reach room temperature.
Afterward, the GO:Ag solution was sprayed with
the same conditions as before on the GO:ZnO
thin film at 150 °C.

2.5. Characteristics

X-ray diffraction (XRD) device, D8 Advance
Bruker YT model, was used to confirm the
composite structure of the synthesized thin
layers, using CuKo radiation at A = 1.5418A at
260 values between 5° and 80°. Field emission
scanning electron microscope (FESEM), MIRA3
TESCAN-XMU model equipped with EDX
analysis, was used to investigate the surface
morphology and chemical analysis of the
obtained layers. Raman spectroscopy was
performed by Confocal Raman Spectroscopy
device, Lab Ram HR model manufactured by
Horiba, Japan. The optical absorption spectrum
obtained from U-3500 UV/Vis device, in the
wavelength range of 200-700 nm was used for
the optical characterization of these layers. In
order to measure the antibacterial properties,
standard gram-negative bacterium of Escherichia
coli DH5 alpha (ATCC 25922) (1399PTCC)
were purchased from the Iran' Scientific-
Industrial Research Center. Escherichia coli
bacterium and the growth medium of Muller-
Hinton Broth (Merck) were used to perform the
test. The sample of Escherichia coli was firstly
cultured in Muller Hinton Broth medium at
37 °C for 24 hours. The adsorption rate of cell
density of bacterium at 630 nm was investigated
by spectrophotometer. Bacterium was prepared

according to the McFarland 0.5 (equivalent
to 10° CFU/mL) using dilution method for each
sample in each iteration. GO:Ag, GO:ZnO,
G0O:Zn0O/GO:Ag thin-layer samples were placed
in contact with the bacteria in the growth
medium and in an incubator at 37 °C.

3. STRUCTURAL ANALYSIS

3.1. Thermal Analysis

The thermal analysis of GO and GO:Ag thin film
composite was measured by TGA under a
nitrogen atmosphere. For GO and GO:Ag
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composite, the TGA mass loss curves show two
decomposition steps (Fig. 1). The first mass loss,
ascribed to the elimination of interlaminar water,
is found at 50 — 120 °C, and the second, where
the decomposition of the oxygen groups happen,
at 140-300 °C. During this step, the largest mass
loss corresponds to GO (~32%), and 5.4% for
GO:Ag composite. The improvement in the
thermal stability is attributed to the
deoxygenation and better graphitization of the
composite because of the partial reduction of
GO.

The decomposition behavior of the GO:ZnO was
studied by thermo gravimetric analysis (TGA)
and the results are shown in Fig. 2. A major
weight loss is observed at 685.47 °C effected by
the complete combustion of the carbon. Further,
no weight loss was observed up to 1000 °C. A
major weight loss was because of GO:ZnO thin
film nanocomposite.
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Fig. 1. TGA curves of GO and GO:Ag nano-
composites.
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Fig. 2. TGA curves of GO:ZnO nano-composite.
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3.2. XRD

XRD method is used to analyze the strucrure of
the samples. Fig. 3 indicates the X-ray
diffraction (XRD) spectrum for graphene oxide
thin layers, GO:Ag, GO:ZnO composite and
GO:ZnO/GO:Ag bilayer. Peak (002) at about
10.58 (20) is shown in Fig. 3a after the chemical
modification of graphite using the improved
method to obtain the GO. Further analysis shows
that D (002) is equal to 0.4 nm. It is clear that the
measured values are because of the graphene
oxide presence on the substrate surface [17-18]
and the intensity values indicate that a few layers
of graphene oxide are formed on the substrate.
Graphene oxide peak in GO:ZnO thin layer and
GO:Ag/GO:ZnO bilayer almost disappeared, and
the broad diffraction peak appeared at the 20
angle of 25, related to the (002) plane of the
reduced graphene oxide (rGO) layers. In
addition to the peaks of graphene oxide and
reduced graphene oxide, additional diffraction
peaks in XRD spectrum at the 26 angles of 38,
44.1, 64.3, and 77.3, are seen in Fig. 3c, that are
related to the planes of (111), (200), (220), and
(311), and represents the fcc cubic structure of
pure Ag (JCPDS file no. 04-0783). XRD pattern
of GO:ZnO thin layer is shown in Fig. 3b. Very
small diffraction peaks for the ZnO layer with
the planes of (100), (002), (101), (102), (110),
(103), and (112) can be seen, that correspond
with standard data for wurtzite structure of ZnO
(JCPDS 36-1451) [19]. Inset picture of Fig.3b
shows the xrd peaks of zinc oxide. As shown in
the Fig., the formation of graphite particles (at
20 = 25) can be attributed to the high amount of
GO in the GO:ZnO thin layer because of the
accumulation of graphene sheets. Fig. 3d shows
the GO:Zn0O/GO:Ag bilayer, which confirms the
presence of the small peak of graphene oxide,
the presence of graphite, the formation of high-
intensity Ag plates, and the very small peaks
from the formation of wurtzite phase and the
presence of ZnO.

Ravichandran, et al. [44] reported Fabrication of
Zn0:Ag/GO composite thin films. Their results
showed that the peak position of (101) plane is
slightly shifted towards the lower angle,
indicating the incorporation of Ag™ ion into the
Zn*" sites. The slight shift may be caused by the
larger size of Ag ions (0.114 nm) than Zn ions
(0.074 nm), which are not fully substituted for
the Zn sites and probably form clusters. A
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change in the lattice parameters is also observed
as the ionic radius of Ag’ is greater than that of
Zn*" ion.

Govindhan, et al. [45] synthesized GO/ZnO-Ag
nanocomposite by a combined impregnation
chemical reduction method. The XRD spectra
showed that the GO/ZnO-Ag composite has
three peaks at 20 values of 38.3, 44.0, and 64.6
related to the crystal plane (1 1 1), (2 0 0), and (2
2 0) which were conformed to the JCPDS- card
No:08-7059 number crystal plane.

d)——GO0:ZnO/GO:Ag

rGO(002)

(111)

220
311)

vl

¢)——GO:Ag

111)

rGO(002)

b)——GO:ZnO

(o1

Intensity

GO (002)
GO(002)

GO (002)
rGO(002) %
4

-
o

20 30 40 50 60 70 80
20

Fig. 3. X-Ray Diffraction Spectrum of a) Graphene
Oxide Thin layers, b) GO:ZnO Composite (Inset:
XRD pattern of ZnO peaks), c) GO:Ag and d)
GO:Zn0O/GO:Ag Bilayer.

3.3. FESEM Analysis

Field emission scanning electron microscope
(FE-SEM) and EDX images were used to
analyze the morphological aspects, size
distribution, and chemical composition of pure
GO and composite thin layers.

FESEM images of graphene oxide thin layers,
the thin layer of GO:Ag, GO:ZnO composite and

GO:ZnO/GO:Ag composite bilayer are shown
in Fig. 4. Single layer of graphene oxide can be
seen in Fig. 4d. Graphene oxide sheets have a
relatively large surface and are well identified.
3D intertwined sheets of graphene oxide form a
porous lattice which resembles the structure of a
loose sponge-like with an approximate size of
49.38 nm [20].

FE-SEM images of GO:Ag thin-layer composite
not only confirm the results of XRD
spectroscopy, but also show that the Ag
nanoparticles are heterogeneously formed.
Different sizes and shapes of Ag nanoparticles,
such as polyhedral and spherical shape are clear
on the GO surface which can be observed in the
Fig. As shown in the Fig.4, the accumulated Ag
nanoparticles are randomly accumulated on GO
sheets with an average size between 10 and 50
nm [21-22].

Fig. 4b indicates the FESEM image of the
GO/ZnO thin layer. As expected, the structure of
this composite is crust-like after reaction in the
presence of GO, given the 3D cross-sectional
nature of ZnO particles, which tends to
homogeneously precipitate on the surface of GO
sheets. The average size of the almost spherical
nanoparticles of ZnO on GO sheets is between
10 to 30 nm. FESEM images of graphene oxide
composite in the presence of ZnO and Ag
nanoparticles show the good uniformity (Fig.
4c). The uniformity of the almost spherical
nanoparticles of ZnO and Ag is large enough to
completely cover the graphene oxide sheets,
with particle sizes between 5 to 80 nm.

FESEM cross-section image in Fig. 5 illustrates
the thickness of GO thin layer at the nanometer
scale. Fig. 5a also shows the cross-section image
of GO:ZnO/GO:Ag bilayer, and as can be seen
in the Fig., the thickness of each layer is about
50-100 nm. The accumulation of the GO:ZnO
layer is well seen in the upper layer.

The chemical compositions of GO thin layer and
GO:ZnO/GO:Ag bilayer were analyzed using
energy dispersive x-ray spectroscopy (EDS) and
are shown in Fig. 6. The presence of C and O
elements was confirmed for the graphene oxide
layer and elements such as Ag and Zn in the
bilayer composite sample. In this Fig., some
peaks are observed which refer to platinum (Pt),
Aluminium (Al) and chromium (Cr). These
peaks originated from a coating which applied
during the process of testing the FESEM image.
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a) GO:Ag s i |P) GO:ZnO
SEM HV: 10.0 kV WD: 3.67 mm MIRA3 TESCAN SEM HV: 10.0 kV WD 4.49 mm MIRA3 TESCAN

View field: 1.38 ym Det: InBeam | 2000m

SEM MAG: 100 kx | Date{midiy): 11/19/19 Mashhad (MUMS) Mashhad (MUMS)

d) GO
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" SEMMAG: 100 kx | Date{m/dly): 11/27119 Mashhad (MUMS} SEM MAG: 100 kx | Date{m/diy): 11120119 Mashhad (MUMS)
Fig. 4. FESEM Images of Graphene Oxide Thin Layers, GO:Ag, GO:ZnO Composite and GO:ZnO/GO:Ag
Bilayer
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Fig. 5. FESEM Cross-Section Image of Graphene Oxide Thin Layer and GO:ZnO/GO:Ag Bilayer
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Fig. 6. Energy-Dispersive X-Ray Spectrum of Graphene Oxide Thin Layer and GO:ZnO/GO:Ag Bilayer

3.4. Raman Spectrum

Raman spectroscopy is a multipurpose technique
for describing the graphene structures. Raman
spectrum of the thin layer samples is plotted in
Fig. 7. Graphene has two peaks, G and D. G
peak at 1598cm™ is related to the vibrational
mode of Ey, of sp” bond of carbon atoms. Peak D
at 1361cm™ is related to the A, symmetric
mode, containing phonons near the k-region
boundary which is prohibited in graphite
structure and only seen in the structural defect
and disorder. The ratio of Ip/lg intensities
indicates the degree of disorder and the size of
sp> domains. This higher ratio indicates the
smaller size but the greater number of plate in
the sp’ domain [23]. Comparing the Raman
spectra of two sample of GO, GO:Ag thin layer
shows that G and D bands in GO:Ag, GO:ZnO,
and GO:ZnO/GO:Ag samples have decreased to
(1207, 1574), (1332, 1596), and (1336, 1586),
respectively. This change is because of a
decrease in GO during the synthesis process. The
intensity of G and D peaks in GO:ZnO/GO:Ag

and GO:Ag thin-layer samples increased,
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compared to GO sample which is caused by the
effect of the increased surface scattering of Ag
nanoparticles. Fig. 7 b shows the Raman
spectrum of GO:ZnO thin layer and
GO:ZnO/GO:Ag bilayer in the range of 300-
600cm™ . Two peaks are seen at 450 cm™ and 544
cm’ which are related to E2 ZnO and Al
longitudinal optical (LO) modes, respectively.
The vibrational mode of E2 at 450 cm™ is a
characteristic of the wurtzite phase. Compared to
other peaks, the higher intensity of E2 mode also
indicates that ZnO thin layer has a well-
crystallized hexagonal wurtzite structure. Al
mode at 544cm™ results from the structural
defects such as oxygen vacancies and Zn
interstitials, and its low intensity indicates that
the structural defect density is relatively low
[24].

Ravichandran, et al. [44] observed a higher
value of Ip/Ig ratio of ZnO/GO:Ag sample, and
they reported that it may be because of an
increase of smaller sp® domains of carbon
atoms caused by the Ag addition into the
ZnO/GO composite.
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Fig. 7. a) Raman Spectrum of GO, GO:Ag, GO:ZnO, GO:ZnO/GO:Ag Thin Layers in the Range of 1000-
2000cm™ and b) Raman Spectrum of GO:ZnO Thin Layer in the Range 300-600 cm™.
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3.5. Optical Characterization

UV-Vis spectrum of GO, GO:Ag, and GO:ZnO
thin layers and GO:ZnO/GO:Ag composite
bilayer are shown in Fig. 8. GO thin layer (Fig.
8a) is allocated to two different bonds, one at 230
nm, related to - * electronic transition of C = C
aromatic bond, and a shadow shoulder at 305 nm,
related to the n =z * bond of O = C [25]. Besides,
Fig. 8b indicates a bonded GO:Ag thin layer at
400 nm in the absorption spectrum, which is
attributed to the surface plasmon. It also shows
the bond specified in GO and confirms the
formation of GO/Ag thin-layer nanocomposites.
The optical absorption of the GO:ZnO thin layer
is shown in Fig. 8c. Given the absorption
spectrum of ZnO, it is clear that the absorption

1)
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0,00 T T T T
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spectrum shifts from the UV to the visible light
region. For GO:ZnO/ GO:Ag composite bilayers,
this absorption spectrum shift to the visible light
region is also seen (Fig. 8d).

Optical transmission reflects the GO thin layer in
the visible light range. The optical transmission
of graphene oxide thin layers is in the range of
95% to 99% in the visible spectrum and the
wavelength of 350 to 700 nm. The optical
transmission spectrum of GO:Ag thin layer is
seen in the range of 500-800 nm between 50-
80% in Fig. 9. This Fig. shows the optical
transmission spectrum for GO:ZnO thin layer.
As can be seen, in this thin layer in the range of
350 to 800 nm, high optical transmittance is in
the range of 82-85% [26].

b
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Fig. 8. UV-Vis Spectrum of GO Thin Layer, GO:Ag, GO:ZnO Thin Layers and GO:ZnO/GO:Ag Composite
Bilayer
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Fig. 9. Optical Transmission of a) Graphene Oxide Thin Layers, b) GO:Ag, ¢) GO:ZnO Thin Layers and d)
GO:Zn0O/GO:Ag Composite Bilayer

The pure ZnO transmission spectrum shows the
high transparency (96-98%) in the visible region
[27]. However, in GO:ZnO thin-layer
nanocomposite, the absorption rate in the visible
region increases in the presence of graphene
oxide, which reduces the optical transmittance.
The absorption edge was observed at about 375
nm, and this was in agreement with the studies
of Karakayaetal [28] and Wineretal [29]. This
strong absorption is related to the band gap,
where the photons provide enough energy to
create the electronic excitation across the band
gap. [28]. By placing this layer on GO:Ag thin
layer and forming the bilayer, the optical
transmission is greatly reduced and reaches
about 40% that results from the high absorption
in the presence of graphene oxide.

The optical absorption coefficient (o) in the
strong absorption region is calculated using the
Beer-Lambert law and is shown in Equation 1.

o=1/t*In(1/T) (1)

Where, t and T are the thickness and
transmittance of the layer, respectively. The band
gap energy (E;) was estimated in the high

adsorption region by assuming a direct transition
between the valence and conduction bands using
the Tauc model (Equation 2) [30]:

(ahv)’=B(hv-E,) )

Where, hv is the photon energy occurred and B
is an energy-independent constant. E, for GO
thin layer, GO:Ag, GO:ZnO thin layers and
GO:ZnO/GO:Ag bilayer are shown in Fig. 10.
E, values are obtained by intercepting the
horizontal axis by the best connections using the
Tauc equation. As shown in the Fig., in graphene
oxide thin layer, the band gap of 4.5¢V was
obtained which is in agreement with Zheng's
work [31]. As observed in other studies, the band
gap energy is 3.1eV for ZnO thin layer [32].
When the particles are placed on graphene oxide
nanosheets, the band gap is reduced to 1.7eV.
This decrease in the band gap of GO:ZnO thin
layer may be related to the small size of ZnO
particles, their 2D order and their less
accumulated structure on GO nanoparticles. The
band gap energy is about 3.7eV for GO:Ag thin
layer and about 1.4eV for GO:ZnO/GO:Ag

bilayer.
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3.6. Antibacterial Properties

The antibacterial effect of thin layers on
Escherichia coli was investigated according to
CLSL international standard with three iterations
using micro-dilution method. The absorption rate
of samples was read in ELISA Reader after 0, 2,
4, and 20 hours of incubation at 37 °C. The mean
of the different iterations was calculated and
plotted for each sample at different times. The
absorption rate of samples was compared with
positive and negative control, to investigate the
effect of thin layers on E. coli. The results are
plotted in Fig. 11 and showed that among the thin
layers investigated, GO:ZnO/GO:Ag bilayer had
the greatest effect on the inhibition of E. coli
growth and was able to control the bacterial
growth even after 2 hours. GO:Ag sample was
also able to control the growth of bacterium after
2 hours, but GO:ZnO thin layer has failed to
inhibit E. coli growth. Many researchers have
investigated the antibacterial properties of
graphene oxide plates in the presence of different
nanoparticles. The mechanism of the antibacterial
activity of the graphene oxide plates is that GO
plates interact with the cell membrane, and the
accumulation of cell-GO is formed, which
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eventually results in disruption and degradation of
the cell membrane. The particle size and the type
of functional groups present on the surface of GO
plates are the main factors that influence the
antibacterial activity of GO [33-38]. However, the
mechanism of antibacterial activity of Ag
nanoparticles has not been fully determined yet.
Recent studies show that nanoparticles have more
effective antibacterial activity than their bulk
samples. Factors affecting the antibacterial
activity of Ag nanoparticles include particle size,
high dispersion, and strong adhesion between
metal and carbon in graphene oxide plates [39-
40]. The results of the researchers' reports show
that Ag/graphene nanocomposites exhibit strong
antibacterial activity against the gram-positive
bacterium of Staphylococcus Aureus and gram-
negative bacterium of E. coli [41-42]. Franklin et
al. concluded that the solubility rate of ZnO is an
important factor in the antibacterial activity of
Zn0O, and it has a good antibacterial activity at
concentrations higher than 10 mg/mL but does not
have good antibacterial activity at low
concentrations [43]. In the research, as shown in
XRD images, ZnO concentration is very low so it
cannot inhibit E. coli growth.
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Fig. 10. Calculation of Optical Band Gap for a) GO Thin Layer, b) GO:Ag, ¢) GO:ZnO Thin Layers and
d) GO:ZnO/GO:Ag Bilayers Using the Tauc Equation
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Fig. 11. Investigation of the Antibacterial Effect of
GO:Ag, GO:ZnO, GO:ZnO/GO:Ag Thin-Layer
Sample on E. Coli

4. CONCLUSION

Graphene  oxide thin layers, GO:Ag
nanocomposite, GO:ZnO nanocomposite, and
GO:ZnO/GO:Ag bilayer were deposited by spray
pyrolysis method. The analysis of x-ray
diffraction spectrum and the investigation of field
emission scanning electron microscope images
confirm the formation of the given thin layers.
Comparing the Raman spectra of GO thin layer
with GO:Ag, GO:ZnO, and GO:ZnO/GO:Ag
samples shows that when GO is reduced during
the synthesis process, the ID/IG will change. The
optical properties and the band gap of the thin
layers were also studied and calculated using the
Tauc equation. The amount of band gap of
graphene oxide thin layer of 4.5eV is obtained.
According to other reports, the band gap energy
of ZnO thin layer is equal to 3.1eV. When the
particles are placed on graphene oxide
nanosheets, the amount of band gap is reduced to
1.7¢V. This decrease in the band gap of GO:ZnO
thin layer may be caused by the small size of ZnO
particles, their 2D order, and their less
accumulated structure on GO nanoparticles. The
band gap energy is about 3.7¢V for GO:Ag thin
layer and about 1.4eV for GO:ZnO/GO:Ag
bilayer. Gram-negative bacterium of Escherichia
coli was used to study the antibacterial properties
of the thin layers. The results showed that
GO:ZnO/GO:Ag bilayer had the greatest effect on
the inhibition of E. coli growth and were able to
control the growth of bacterium after 2 hours.
GO:Ag sample was also able to control the

growth of bacterium after 2 hours, but GO:ZnO
thin layer was unable to inhibit E. coli growth due
to the very low concentration of ZnO.
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