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Abstract

Graphite from different sources has significant influence on the properties of graphene oxide (GO)
and reactivity of GO towards further modification with other nanoparticles. However, such effect has not
yet been properly explored. This study aims to investigate the characteristics and antimicrobial property
of GO decorated with silver nanoparticles (known as Ag-GO composite) where the GO is synthesized
via modified Hummer’s method from various graphite feedstock, namely natural graphite flake (NGF),
natural graphite powder (NGP), and synthetic graphite powder (SGP). The Ag-GO nanocomposite was
then synthesized using chemical reduction methods. Antimicrobial properties of the Ag-GO were tested
using the standard Kirby—Bauer antibiotic testing method with E. coli bacteria. Results showed that
Ag-GO made from NGP has a smaller size and Ag nanoparticles (2 nm to 4 nm) were better distributed,
and possessed better antimicrobial property. This phenomenon can be attributed to the higher number
of functional groups on GO-NGP that can act as anchor sites for the nucleation of smaller-sized and
well-dispersed Ag nanoparticles. It shows the significance of choosing the right graphite source
where researchers can utilize to control the extent of decoration or coating of other nanoparticles on

1. Introduction

Graphene oxide (GO) is a single atomic-layered carbon material
in honeycomb lattice arrangement and laden with abundant reactive
oxygen functional groups such as carboxyl, hydroxyl, and epoxy groups
[1]. These functional groups of GO are responsible for its versatility
and great acceptance in various material studies since the functional
groups could be used as anchor points for the nucleation of nanoparticles
such as silver and stabilizing them after their growth [2]. GO could be
produced by oxidation and exfoliation of graphite, where the quality
and characteristics of graphite sources will affect the properties of GO
produced. Graphite with more defects will provide more active sites
for oxidation, which subsequently offer more uniform distribution of
nanomaterial decorated on the surface of GO due to the existence of
numerous anchor points for nucleation growth of other materials [3].

In our previous work, we have studied the effect of different graphite
sources, namely natural graphite flake (NGF), natural graphite powder
(NGP), and synthetic graphite powder (SGP), on the properties of GO
produced under the same reaction conditions [4,5]. It was discovered
that the localized defects in the n—n structure of graphite could serve
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the synthesized GO to obtain the characteristics desired.

as a seed point for the oxidation of graphite to GO [6,7]. The higher the
number of defects in 7t-w structure, the higher the degree of oxidation,
thus indicating the presence of higher number of oxygen functional
groups on GO. The abundance of functional groups of GO serve
as good anchor points for functionalization where the nucleation,
growth, and stabilization of metal and non-metal nanoparticles on GO
could be conducted and promoted [3]. Functionalized GO is suitable for
applications as high-performance nanocomposites, where a relatively
small amount of fillers can be used to provide good mechanical
properties. Hence, the functionalization of GO with different metallic
and non-metallic nanoparticles such as GO-SnOz, GO-TiO2, GO-
Co0304, GO-mesoporous SiO2, GO-Fe304, GO-Ag, and many more
have been the subject of study for researchers [7-11]. Furthermore, GO
has been functionalized using organic materials, dendrimers, and many
types of nanopolymers [12-15]. Applying small-size nanoparticles has
many challenges, including aggregation/agglomeration [16], which
can lead to a reduction of mechanical properties [17] and leachate
of nanoparticles into the surrounding environment [18]. Simultaneously,
the aggregation/agglomeration phenomenon can adversely affect other
properties, such as antimicrobial [19], surface charge, and thermal/
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electrical conductivity [20], which render the functionalization of
GO with nanoparticles less effective.

The stabilization and dispersion of nanomaterials have a direct
effect on their properties and functionality. Many studies have focused
on controlling the stability and dispersion of nanomaterials with the aim
to change and/or enhance their properties [21]. The functionalization
of GO with different nanomaterials is one of the methods employed by
researchers to control the stability and dispersion of such nanomaterials
[15]. As mentioned earlier, the oxygen functional groups of GO are
anchor points for the nucleation of nanoparticles. Hence, GO with
a higher number of functional groups could be an ideal material for
the functionalization of nanomaterials, as well as to stabilize and
uniformly disperse the nanomaterials. Silver (Ag) nanoparticles are
an excellent example of size and dispersion dependency of nanomaterials
[22]. Silver-based material has been used by ancient civilizations,
specifically in agriculture and medical fields as antibacterial, antifungal,
and antioxidants [19,23]. Hence many researchers studied the effect
of Ag-nanoparticle size on antimicrobial effect, duration of sustained
release of antibacterial, hydrophilicity of the Ag nanoparticles.

Silver decorated graphene oxide can serve as one of the innovative
nanomaterials in the current research trend. There are a number of
approaches used to synthesize silver decorated graphene oxide, such as
chemical deposition [24], hydroquinone and silver nitrate reaction
[25], reduction of silver nitrate using sodium hydroxide and phenolate
anions [26], aqueous solution method using sodium borohydride
method [27], in situ green synthesis [28], and green method using
visible light [29]. The silver decorated graphene oxide showed higher
antimicrobial properties in comparison to both graphene oxide and silver
nanoparticles due to the synergistic effect of silver and graphene oxide
and the size control that was achieved through the decoration of silver
on graphene oxide [30]. For instance, Ag/GO composite exhibited strong
antibacterial activity against E. coli by bringing the count of bacteria
from 10° cfu-m to zero in water [25]. The composite of Ag/GO also
showed good potential in biomedical field, where the coating of Ag/GO
on nickel-titanium alloy displayed antibacterial and antibiofilm effects
on Streptococcus mutans biofilm [10,11].

In this work, the functionalization of Ag on GO produced from
different graphite sources will be studied. This will verify the hypothesis
that the graphite source with more defects will produce GO with a
higher number of reactive functional groups, which is beneficial for
the nucleation of Ag nanoparticles, and subsequently promoting the
formation of more stable bonding between Ag and GO with uniform
distribution. The hypothesis will be validated by looking at the
dispersion of Ag on GO as well as its antibacterial property.

2. Experimental
2.1 Synthesis methodology

The synthesis of GO from different graphite sources using modified
Hummers' method (NGF, NGP, and SGP) can be referred to in our
previous publication [5,31]. The silver-decorated GO nanoplates were
prepared by reducing silver nitrate (AgNOs) with sodium borohydride
(NaBHa4) in an aqueous GO solution [27]. During the preparation, 1 g of
GO was added into 1 L of AgNO3 aqueous solution (4 x 10 mol-dm3).
A homogeneous suspension of GO can be obtained by sonication.
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The aqueous mixture was allowed to react while being continuously
stirred for 1 h in an ice bath before the addition of a reducing agent.
NaBHa solution (19 mL, 0.2 mol-dm®) was added slowly to the AgNOs—
GO suspension under vigorous stirring while the temperature was
kept below 5°C. The colour of the mixture will turn grey. The reaction
mixture was continuously stirred overnight at room temperature to
ensure that the silver nitrate was completely reduced. Similar procedures
were repeated with GO produced from different graphite sources.
Silver decorated samples will be referred to as Ag-NGF, Ag-NGP,
and Ag-SGP.

2 AgNO; + 2 NaBH, — 2 Ag, -+ ByHy g + Ha + 2 NaNOsy (1)

2.2 Characterization of nanomaterials

The X-ray diffraction pattern of the self-synthesized silver oxide
nanoparticles was measured using Bruker D8 Advance, Germany.
Fourier Transform Infrared (FTIR) was carried out using a Nicolet 6700
Thermo Scientific- FITR spectrometer (United States). Transmission
Electron Microscope (TEM) (CM 12 Philips model, The Netherlands)
was used to visualize and measure the size of the silver nanoparticles
decorated on GO. The light absorbance of the GO samples was
determined using UV-visible spectrophotometer (Perkin Elmer
Lambda-35, Wavelength 200 nm to 800 nm). The dispersion property
of GO and Ag-GO nanoplates in water were measured using Zeta
Sizer, Model Nano-ZS, Malvern Instruments Inc. (UK). Raman
spectrophotometer equipped with a 532.23 nm wavelength laser source
(WITec, Model: Alpha 300R) was used to confirm the formation of
GO in this study.

2.3 Kirby-Bauer antibiotic testing

Kirby—Bauer antibiotic testing (KB testing or disc diffusion antibiotic
sensitivity testing) was employed to test the silver-decorated GO’s
antimicrobial resistance. 20 pL of 1 mg-mL* GO and Ag-GO solution
were dropped on 5 mm paper disk and left to dry overnight at room
temperature. Escherichia coli K12 (E. coli), which were previously
stored in glycerol solution at -4°C, were grown on Nutrient Agar at
35°C overnight. Afterwards, one colony of the grown bacteria was
transferred to the nutrient broth and incubated for 8 h in order to reach
16 x 107 cells-mL (OD 600 of 0.2). 20 L of the solution was spread
on a plate of nutrient agar. The paper disks containing GO and Ag-
GO were placed and pressed on the center of each petri dish. After
incubation at 35°C for 2 days, the growing colonies were observed
through digital images of the plates, and the inhibition zone was
measured [25].

3. Results and discussion

From the 10 g of graphite used for the synthesis of GO, about
0.6 g of under-oxidized material (residual graphite not converted to
GO) was recorded for NGP while 2 g and 3.1 g were obtained for NGF
and SGP, respectively. This showed that the yield of GO from NGP
feedstock was much higher than the other two sources [5]. After the
addition of sodium borohydride to the reaction solution consisting
GO and AgNQOsg, the color of synthesis solution changed from brown
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to grey. This can be attributed to the restoration of silver nitrate by
sodium borohydride and the formation of silver oxide on the surface
of GO. This phenomenon has been reported by previous authors
[26,27,30,32] and is an indication of a successful reaction between
silver nitrate and sodium borohydride. Figure 1 shows the physical
observation of NGP before and after the reaction. The color changed
from brown to grey, which could be an indication of the deposition
of Ag on the GO nanoplates owing to the existence of hydroxyl, epoxy,
carbonyl, and carboxyl groups. After the reaction between silver nitrate
and sodium borohydride that released the positive silver ions, these
functional groups are used as anchors for the adsorption of silver and
the formation of nanoparticles. Silver ions are preferably adsorbed on
the basal planes and edges of GO. The oxygen elements in epoxy and
hydroxyl groups of GO acted as the nucleation center for nanoparticles
and stabilized them after growth. Based on this fact, a higher degree
of oxidization of graphene oxide will result in more homogeneous
nucleation and formation of silver nanoparticles on the GO nanoplates,
which would be proven in subsequent analysis [33].

3.1 Raman analysis of silver decorated graphene oxide
(Ag-GO)

Raman spectroscopy (Figure 2) indicated that all materials were
quite similar. Raman spectra of all three materials showed a G band
peak at around 1590 cm, a primary in-plane vibrational mode, and
a second-order overtone of a different in-plane vibration, D at around
1350 cm? peak from a 532 nm excitation laser. These peaks confirm the
lattice distortion of GO and align well with the results shown by previous
authors [34-36]. The higher number of functional groups of Ag-NGP
can manifest itself in Raman spectra by the changes in the relative
intensity of D and G peaks. Table 1 shows the Raman information and
Io/lc ratio of all three samples. The D-band of the Ag-SGP, Ag-NGF
and Ag-NGP is located at 1348.1 cm?, 1346.48 cm® and 1342.33 cm’?,
respectively. The D-band streams from a defect-induced breathing
mode of sp? rings [37], and an increase of the D-peak intensity indicates
the formation of more sp? domains. The relative intensity ratio of
both peaks (Ip/lg) is a measure of disorder degree and is inversely
proportional to the average size of the sp? clusters [38,39]. These results
suggest that more graphitic domains are present, and the sp? cluster
number is higher for Ag-NGP when compared to NGF and SGP.
The results indicate a greater number of silver decorated on the surface
of Ag-NGP in comparison to Ag-SGP and Ag-NGF [40,41].

Figure 1. NGP before (left) and after (right) the decoration with silver.

3.2 X-ray diffraction (XRD) analysis

The XRD pattern for Ag-GO is shown in Figure 3. All the GO
samples exhibit a carbon (001) diffraction peak at 26 value in the
range of 10° to 12°. The other peaks at about 38°, 44°, 64° and 77°
are assigned to the Miller indices of (111), (200), (220), and (311)
crystallographic planes of face-centred cubic (fcc) Ag nanoparticles,
respectively. This result matched the data for the XRD standards
exactly [42,43].

3.3 FESEM-EDX Analysis

Table 2 shows the EDX spectra information of the Ag-GO samples.
The elemental composition of the samples showed the presence of
silver (Ag), carbon (C), and oxygen (O). The ratio of oxygen to carbon
for NGP sample is the highest among the three, and all the samples
showed almost the same silver atomic ratio (around 2%). The higher ratio
of oxygen is due to the existence of a higher number of functional groups,
specifically epoxy and hydroxyl [44]. As mentioned before, these
functional groups are the main active sites for the Ag nano-particles
to anchor, nucleate, grow, and stabilize. As a result of the abundance of
functional groups that provide more nucleation sites, mapping information
of the samples indicated that the deposition of silver on NGP samples
was more uniform than NGF and SGP, as shown in Figure 4-6.
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Figure 2. Raman shift of the produced silver decorated graphene oxide.
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Figure 3. XRD patterns of produced silver decorated graphene oxide.
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Table 1. Raman information of the produced silver decorated graphene oxide.

Sample name D peak G peak Ip/l
Ag-SGP 1348.10 1593.20 1.01
Ag-NGF 1346.48 1591.64 1.02
Ag-NGP 1342.32 1591.64 1.09

Table 2. EDX results of produced silver decorated graphene oxide demonstrating the percentages of the elements.

Elements Ag-NGP Ag-NGF Ag-SGP Ag-NGP Ag-NGF Ag-SGP
(Wt%0) (Wt%0) (Wt%o) (at%) (at%) (at%)
Carbon 0.277 keV 53.4 53.1 64.4 68.44 78.64 79.10
Oxygen 0.525 keV 30.4 27.4 20.4 29.25 18.70 18.83
Silver 2.984 keV 16.2 19.5 15.2 231 2.65 2.07

Electron Image 4 EDS Layered Image 4

25um
Figure 4. FESEM and EDX mapping results of Ag-NGP.

Electron Image 3 EDS Layered Image 3

Ckal 2

2.5um

Figure 5. FESEM and EDX mapping results of Ag-NGF.
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Electron Image 6
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Figure 6. FESEM and EDX mapping results of Ag-SGP.

3.4 Transmission electron microscopy (TEM) analysis

In order to further probe the morphology and diffusion of the Ag
on GO, TEM measurement was performed. An aqueous dispersion of
Ag-GO was used for TEM scanning. This is also considered as a stability
test for the Ag nanoparticles on the surface of the GO. The aqueous
dispersion was prepared using sonication for 60 min. Sonication will
remove the Ag nanoparticles from the surface of GO if the nucleation
and bonding are not strong.

TEM results supported the results from EDX mapping of the
material. Ag-NGP showed the smallest size of nanoparticles and
uniform distribution along the surface of the nanoplates. This might be
due to the higher degree of oxidization contributed by a higher number
of the anchor points and better distribution of the silver ions. The
TEM image (Figure 7) indicates that the average sizes of most of the
silver nanoparticles were approximately 2 nm to 5 nm for NGP, 5 nm
to 15 nm for NGF and 8 nm to 25 nm for SGP. A spherical geometry
and a uniform distribution of the Ag across NGP sheet were observed.
The sizes and uniform distributions of the nanoparticles are favorable
to be used as the nanofiller that will be incorporated into the membrane
structure. Smaller size means higher surface area and better distribution
in the membrane matrix. This can prevent the agglomeration of silver
nanoparticles in the membrane structure.

4

100nm o4

¥ siver GO3

kV=100  Mag =35000x

kv =100

EDS Layered Image 6
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3.5 Zeta potential analysis

Zeta potential of the Ag-GO showed similar results to the GO.
This suggests that the charge of all the nanomaterials is not affected
by the decoration of Ag. The zeta potential of -47 mV is an assurance
for the colloidal stability of the material, which is desirable for its
dispersion in other application such as in membrane fabrication study.
This phenomenon will help to decrease the chance of the aggregation
of nanoparticles in membrane matrices during the fabrication phase.

3.6 UV-Vis Analysis

Plasmon band of Ag nanoparticles at 415 nm was observed,
indicating the formation of bonding between Ag on GO nanoplates
surface. The particular wavelength of the localized surface plasmon
resonance depends on the Ag nanoparticle size, shape, and agglomeration
state. As mentioned by previous authors, as the particle size increases,
the absorbance peak increases from 400 nm to 500 nm and broadens
in width [45]. Figure 8 shows that the UV-vis absorption of the obtained
Ag-GO. All three samples show an absorption in violet and blue
wavelengths range (400 nm to 500 nm), indicating the formation of
Ag nanoparticles on the surface of GO. However, Ag-NGP sample
showed a sharper peak around Violet wavelength, revealing that the

Mag = 35000x kv =100 Mag =35000x 100nm

Figure 7. TEM results of produced silver decorated graphene oxide at 35000x magnifications: Ag-SGP (a), Ag-NGF (b), and Ag-NGP (c).

J. Met. Mater. Miner. 31(4). 2021



148 MAHMOUDI, E., et al.

0.18
— — —  AgNGP
Ag-SGP
074 l_____. Ag-NGF
0.16 4

Absorbance

400 600 800 1000
Wavelength (nm)

Figure 8. UV-Vis spectra of graphene oxide after decorated with Ag nanoparticles.

Ag nanoparticles formed on the surface of GO obtained from NGP
were smaller in size [46]. The absorption of Ag-NGF and Ag-SGP was
near the blue range (500 nm), indicating the formation of larger particles
or agglomeration of nanoparticles on the surface of the GO. The result
obtained by UV-vis supported the TEM and SEM results [10].

3.7 Kirby-Bauer antibiotic testing

Kirby—Bauer antibiotic testing was employed for Ag-GO samples.
E. coli bacteria were used to compare the diameter of the inhibition zone
(D1Z). In general, the DIZ has a direct relation to the effectiveness
of the antibacterial material. The D1Z was measured using "Imagej"

Ag-NGP 147+1.2

-

Figure 9. Kirby-Bauer antimicrobial results of Ag-GO.

4. Conclusions

Graphene oxide was successfully produced from different graphite
sources. Graphite source selection proved to be a key factor in oxidization
degree of the graphene oxide. Graphene oxide proved to be a great
dispersion platform for silver nanoparticles. After the reaction, the
silver decorated graphene oxide was analyzed and investigated using
numerous tests. The findings indicated a successful decoration of
silver on the surface of the graphene oxide. The formation of silver
nanoparticles was confirmed by XRD analysis for all of the samples.
EDX on mapping mode was employed to further study the formation
of silver, which was in a good argument with XRD. TEM showed
the average particles size of decorated silver NPs were approximately
2nmto 5 nm for NGP, 5 nm to 15 nm for NGF and 8 to 25 for SGP.

J. Met. Mater. Miner. 31(4). 2021

software for higher accuracy [47]. Figure 9 shows the DIZ of
the graphene oxide decorated with silver. The results showed
a significant DIZ due to the synergistic effects of graphene with
a very low concentration of silver. Silver attacks the bacterial cells in
two main ways: it makes the membrane cell more permeable, and it
interferes with the cell’s metabolism. This will lead to the overproduction
of reactive and often toxic oxygen compounds [48-50]. Reports on
the mechanism of antimicrobial properties of silver, also known as
the oligodynamic effect, showed that immediately after coming into
contact with the silver, microorganism DNA loses its replication
ability [51]. Adenosine triphosphate (ATP) is an energy source used
by intracellular organisms. Due to its role as energy storage, it plays
a critical role in the bacteria's life [31]. Silver can affect the function of
proteins and enzymes essential to ATP production. There are also other
hypotheses, such as the silver nanoparticles could alter the bacteria
membrane bonds and affect the Mitochondrial activities [25,50,52].

The antibacterial action of silver is dependent on the nanoparticle
size and effective surface area. It can be observed in Figure 9 that
the Ag-NGP DIZ diameter is 14.7 + 1.2 mm. This is around 30%
higher than those of Ag-NGF and Ag-SGF (10.25 + 0.74 mm and
9.2 + 0.52 mm, respectively). This could be due to smaller particle size
and uniform particle distribution, which was previously observed
in TEM and EDX-mapping of the Ag-NGP samples. This makes
the NGP-Ag an ideal nanofiller for application such as membrane
fabrication [1]. Similar antibacterial performance of silver nanoparticles-
decorated GO has also been demonstrated in other studies, supporting
the antibacterial property of the Ag-GO samples synthesized in this
study [33,53,54].

10.25+0.74 ‘ Ag-SGP 9.2+ 0.52
[ ¥,
| v
- .
_F: .

Additionally, Kirby—Bauer antibiotic testing revealed the diameter
of the inhibition zone of NGP-Ag (14.7 + 1.2 mm) was around
30% higher than those of NGF-Ag (10.25 + 0.74 mm) and SGF-Ag
(9.2 £ 0.52 mm). The consistency of the silver average particle size,
spherical geometry, and a uniform distribution proved graphene oxide
produced from NGP is an excellent dispersion platform.
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