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Antimicrobial properties of silver/graphene oxide nanocomposite '.)

prepared by redox chemical reaction
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ABSTRACT: Silver nanoparticles (AgNPs) exhibit outstanding antimicrobial
properties, making them highly valuable in biomedical applications. This study pre-
sents the synthesis of a graphene oxide-silver nanoparticle (GO-Ag) nanocomposite
via a redox chemical reaction, where the hydroxyl groups reduced silver ions present
in graphene oxide (GO). Graphene oxide was obtained through electrochemical ex-
foliation of graphite, followed by ultrasonic exfoliation in the presence of silver ions
to form GO-Ag. The materials were characterized using ultraviolet-visible (UV-Vis)
spectroscopy, Fourier transform infrared (FTIR) spectroscopy, Raman spectros-
copy, scanning electron microscopy (SEM), and X-ray diffraction (XRD). UV-Vis,
FTIR, and Raman spectra confirmed GO synthesis. In contrast, XRD and UV-Vis
spectra verified the presence of silver nanoparticles in GO-Ag by detecting the sur-
face plasmon resonance (SPR) band and silver’s characteristic diffraction peaks.
SEM analysis showed the successful formation of silver nanoparticles on GO sheets.
The disc diffusion method assessed Antimicrobial activity against Staphylococcus
aureus (Gram-positive) and Escherichia coli (Gram-negative). GO-Ag nanocom-
posite displayed significant antibacterial activity, as evidenced by the formation of
inhibition zones, whereas GO alone showed no antimicrobial effect. The enhanced
antibacterial properties of GO-Ag are attributed to the synergistic interaction be-
tween GO and AgNPs. The increased surface area of silver nanoparticles further en-
hances their antibacterial effectiveness by facilitating better interaction with bacteri-
al membranes. These findings highlight GO-Ag’s potential for use in antimicrobial
coatings, wound dressings, and biomedical devices. This study demonstrates an ef-
fective, environmentally friendly approach to synthesizing antimicrobial nanocom-
posites, paving the way for their application in various medical and industrial fields.
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1. INTRODUCTION

Silver nanoparticles (AgNPs) are considered essential active ingredients in var-
ious biomedical applications [1]. Due to their unique antibacterial properties, they
are widely used as sterilizing agents in dental and surgical procedures, wound and
burn treatments, and biomedical devices [2]. Additionally, AgNPs have antimicro-
bial applications in other fields, including surface cleaning, textiles, food storage
bags, and air purification systems [2-4]. The antimicrobial action of AgNPs is well
known, firstly, due to their large surface areas they can connect to bacterial biomol-
ecules. Then AgNPs act as a delivery system for free silver ions. Due to their posi-
tive charge, silver ions are electrostatically attracted to sulfur-containing proteins,
allowing them to adhere to bacterial cell walls and cytoplasmic membranes. Once
attached, silver ions compromise membrane integrity and permeability, ultimately
leading to cell membrane disruption [S].

Nanomaterials are defined as materials with dimensions ranging from 1 to
100 nm, which results in a larger surface area [6]. Nanoparticles are formed by
the assembly of atoms or molecules of a given material. Regardless of whether the
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synthesis method follows a top-down or bottom-up approach, a
stabilizing agent is required to control nanoparticle size and pre-
vent aggregation. Among bottom-up approaches, chemical re-
duction is the most commonly used method [6]. Notably, certain
reduction techniques utilize a reducing agent that simultaneous-
ly acts as a capping material, which is particularly advantageous.

Graphene oxide (GO) is an intermediate material in the chem-
ical or electrochemical production of graphene [7]. It consists of
nanosheets functionalized with oxygen-containing groups (epoxy,
carboxyl, and hydroxyl), which stack together to form layered
structures ranging from the nanoscale to the microscale [8]. Due
to these properties, GO nanosheets serve as potential precursors
for nanosilver particles, acting as capping materials, while oxygen
functional groups can act as reducing agents for silver ions.

There are several works that show the antibacterial properties
of graphene oxide and silver nanoparticles nanocomposite. How-
ever nearly all nanocomposites are obtained using different reduc-
ing agents [9]. Few works show the graphene oxide as a potential
reducing agent of metallic ions [ 10]. Therefore, our main objective
is to show that it is possible the synthesis of graphene oxide -silver
nanoparticle (GO-Ag) by a simple redox chemical reaction. We
checked the obtaining of GO-Ag nanocomposite by several tech-
niques of characterization and evaluated its antimicrobial activity.

2. MATERIALS AND METHODS

A current source (Model FA-3005 Digital 1-channel, Instru-
therm) with a voltage capacity of up to 32 V and a current limit of
5 A was used for the electrochemical exfoliation process. An elec-
trolytic cell was assembled using commercial graphite electrodes
as the working electrode (anode) and counter electrode (cathode),
with a 0.1 M sulfuric acid (H,SO,) solution serving as the electro-
lyte (Figure 1).

The exfoliation process began with applying a direct current
(DC) voltage of +2.3 V for S minutes. The voltage was subsequent-
ly increased in increments of +3 V every 5 minutes until reach-
ing +13 V, maintaining each step for 5 minutes. After exfoliation,
the resulting graphene oxide (GO) was filtered and thoroughly
washed with distilled water using gravity filtration until a neutral
pH was achieved. The GO product was then dried in an oven at
60°C for 24 hours.

The obtained GO was dispersed in distilled water at a concen-
tration of 0.1% by mass (0.01 gin 10 mL of distilled water). To fur-
ther exfoliate the GO and enable the chemical reduction of silver
ions, an ultrasonic bath (42 kHz) was applied in the presence ofa 1
mM aqueous silver nitrate (AgNO3) solution. The ultrasonication
process was conducted for 60 minutes per day over 5 consecutive
days, totaling S hours. After ultrasonication, the GO-AgNOj; dis-
persion was filtered and thoroughly washed with distilled water
using gravity filtration. The final product was dried in an oven at
60°C for 24 hours. The scheme presented in Figure 1 illustrates the
entire sequence.

For UV-Vis characterization, a 1 mL aliquot of the GO-Ag
dispersion (before filtration) was diluted in 2 mL of distilled
water. Absorbance measurements were conducted using a Kar-
vi K37-UVVIS spectrophotometer, operating in the wavelength
range of 190 to 1100 nm.
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The chemical structure of the samples was analyzed using
Fourier-transform infrared (FTIR) spectroscopy in transmission
mode. The samples were prepared in KBr pellets, and the spectra
were recorded in the wavenumber range of 650 to 4000 cm™ at
room temperature. The analysis was performed using a Shimadzu
IRTracer-100 spectrometer, with an average of 32 scans per spec-
trum and a resolution of § cm™.

The microstructure of the GO-Ag powder was characterized
by X-ray diffraction (XRD). The diffraction patterns were collected
using a Malvern Panalytical X'Pert PRO diffractometer equipped
with CuKa radiation (A = 1.5406 A) and a graphite monochro-
mator. The scanning range (20) was set between 5° and 50° with
intervals of 0.02° and a scanning speed of 5.0 s per step. Raman
spectroscopy was performed at room temperature using a Labram
HR Evolution spectrometer with a green laser (A = $32 nm) as the
excitation source.

The morphology of the GO-Ag powder samples was examined
using scanning electron microscopy (SEM). A Zeiss EVO MA 15
SEM was used, operating with an acceleration voltage of 15 kV and
aworking distance (WD) of 16-19 mm. The samples were fixed on
double-sided carbon tape and were not gold-coated before analysis.

The antimicrobial efficacy of GO-Ag was evaluated using the
disc diffusion method for antimicrobial susceptibility testing. Ster-
ile filter paper discs were impregnated with 10 uL of the studied
GO-Ag dispersion and placed on Mueller-Hinton agar plates pre-
viously inoculated with bacterial cultures.

The bacterial strains tested were Staphylococcus aureus
(Gram-positive) and Escherichia coli (Gram-negative). These
strains were collected from preserved culture plates and suspend-
ed in a sterile saline solution (0.9% NaCl). The bacterial suspen-
sions were standardized to a concentration of 10 CFU/mL using
the McFarland 0.5 scale and evenly spread on the agar plates using
sterile swabs. The prepared paper discs were placed on the agar sur-
face, and 10 pL of the antimicrobial solutions were applied. The
plates were incubated at 37°C for 24 hours. After incubation, the
inhibition zones (areas of bacterial growth inhibition around the
discs) were measured in millimeters. Larger inhibition zone di-
ameters indicated higher antimicrobial activity. All tests were per-
formed in triplicate to ensure statistical reliability.

The methodology employed enabled the detailed synthesis
and characterization of GO-Ag, ensuring the quality of the pro-
duced material. The combination of electrochemical exfoliation
and ultrasonication proved to be effective in obtaining function-
alized graphene oxide. The applied analytical techniques provid-
ed relevant structural and morphological information, while the
antimicrobial tests demonstrated the material's biological activity,
indicating its potential for applications in biomedical and techno-
logical fields.

3. RESULTS AND DISCUSSION

The large literature on graphene oxide shows that the oxygen func-
tional groups are located both in the basal region and at the edges
of the graphene nanolayers. In the basal region GO contains main-
ly epoxides and hydroxyl groups and at the edges can be found a
low concentration of carbonyls, catechol, quinones, carboxylic ac-
ids, phenols and lactones [11]. Hydroxyl groups in basal regions
are tertiary alcohol, therefore non-oxidizable. The catechol group
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at the edges can be oxidized to quinone reducing ionic silver [12].
The redox chemistry reaction can be described as shown the Equa-
tion 1. Next, we discuss the physical-chemical characterization of
the GO and graphene oxide-silver nanoparticle (GO-Ag) samples,
to show that redox chemistry reaction occurred during to exfolia-
tion of GO sheets in the presence of ionic silver, at an ultrasonic

bath.
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Figure 2 shows the UV-Vis spectrum of the aqueous dispersion
of GO and GO-Ag. In the GO spectrum, a low-intensity band is
observed at 226 nm. This electronic transition band is attributed
to the 7-7* transition of the C=C bonds in the aromatic rings that
make up the GO layers [13]. The increase in the baseline in the
wavelength region below 300 nm suggests visible light absorption,
which can be attributed to functional groups. The lower-energy
n-7 electronic transition observed around 266 nm may result from
the presence of functional groups such as -OH, C=0, and COOH.

UV-vis spectrum of GO-Ag shows a broad absorption band
near 292 nm attributed to the n-7 electronic transition band of
GO. The band near 360 nm corresponds to the surface plasmon
resonance (SPR) of silver nanoparticles [ 14]. Therefore, it is con-
cluded that the hydroxyl and epoxy groups present on the surface
of GO may reduce jonic silver (Ag*) to metallic silver (Ag°). Ad-
ditionally, the band observed at 205 nm can be attributed to ionic
silver (Ag*) [15].
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Figure 2. UV-vis spectrum of aqueous dispersion of GO and

GOAg.

Figure 3 shows the FTIR spectrum of (a) GO and (b) GO-Ag
powder. The characteristic vibrational bands observed in the
FTIR spectrum of GO are as follows: an absorption band at 1053
cm™, corresponding to the stretching vibration of the C-O bond;
a band at 1394 cm™, corresponding to the bending vibration of
C-OH bond of carboxylic acid (COOH); an absorption band at
1569 cm™, corresponding to the stretching vibration of the C=C
bonds in the aromatic rings; a lower intensity band at 1729 cm™
corresponding to the stretching vibration of the C=0O bond and
a broad band at 3450 cm™, corresponding to the stretching vi-
bration of O-H [16, 17]. The spectrum confirms the oxidation of
graphite during the electrochemical exfoliation process, resulting
in graphene oxide.
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Figure 4. XRD Spectrum of () GO and (b) GO-Ag.

20(°)

FTIR spectrum of GO-Ag shows vibration bands observed in
GO. The ratio between the area of absorption bands at 1394 cm™
and 1569 cm™ assigned to vibration of bond C-OH and C=C
of GO is the same 0.7. The ratio between the area of 1378 cm™
and 1556 cm™ bands to GO-Ag is 2.95. The results show a higher
concentration of carboxylic acid groups at GO-Ag. This suggests
that quinone groups are oxidized to carboxylic acid during the
reduction of ionic silver. A displacement to a less wavenumber of
C-O and C=C absorption bands suggest a lower strength of these
chemical bonds. This decrease in strength bond can be due to the
presence of Ag nanoparticles.

Figure 4(a) displays the XRD spectrum of GO. The diffraction
peak at 20 = 26.5° is characteristic of graphite, confirming the pres-
ence of this crystalline structure. The peaks around 26 = 19.7° and
20.8° are also attributed to the crystalline structure of expanded
graphite oxide [18].

In the XRD spectrum shown in Figure 4(b), a low-intensity
peak at 20 = 8.6° corresponds to GO [19]. This diffraction peak
does not appear in the GO spectrum, suggesting that in this sys-
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tem, the graphene oxide sheets remain stacked after electrochemi-
cal and ultrasonic exfoliation, forming a graphitic structure. How-
ever, after ultrasonic exfoliation in the system containing silver, the
graphene oxide sheets are stabilized.

Figure 4(b) also shows the characteristic diffraction peaks of
metallic silver, confirming the reduction of Ag" ions. In the GO-
Ag system, peaks are observed at 20 values of 38.2° (111), 44.4°
(200) and 77.6° (311) [20]. These results are significant, as they
confirm the differences in the crystalline structure of metallic sil-
ver reduced by GO. The average crystallite size of Ag® was calcu-
lated using the Scherrer equation based on the diffraction peak at
20=382°[21].

D= kA
" BcosB

Where D is the average crystallite size, k is the Scherrer constant,
and X is the wavelength of the incident X-ray (for Cu Ka, A =
0.154056 nm), while § and 0 represent the full width at half maxi-
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Figure 7. SEM Micrograph of GO-Ag. The image on the right shows an amplification of 1.00KX, while the image on the left shows an

amplification of 5.00KX.

mum of the intensity and the Bragg angle, respectively. The crystal-
lite size of metallic Ag reduced by GO, calculated using the Scher-
rer equation, was 15.5 nm. This average crystallite size is consistent
with the SPR absorption band observed in the UV-Vis spectrum.

Figure S shows a comparative analysis of the Raman spectra
for GO and GO-Ag. The Raman spectrum of both samples dis-
plays typical peaks at 1347 and 1580 cm™, corresponding to the D
and G bands, respectively. The shoulder at 1620 cm™ observed in
Raman spectra of GO-Ag, known as the D’ band, shows a phonon
confinement caused by defects. The degree of disorder in the car-
bon structure is characterized by the intensity ratio between the
D and G bands [22]. The Ip/IG ratio of 0.68 for GO suggests a
lower amount of disorder and defects and, therefore, a lower level
of oxidation.

The Ip/IG ratio of the GO-Ag material shows the same value
as observed in GO. This result suggests that there is no change in
the disordered structure of GO. In other words, the sp*-hybridized
carbon atoms, resulting from chemical functionalization, remain
intact. Therefore, the Ag® ions are reduced to Ag° by the catechol

hydroxyl groups when they are oxidized to quinone. Also, the D’
band observed in the Raman spectrum of OG-Ag suggests that the
OG sheets act as capping of silver nanoparticles.

Figures 6 and 7 display the SEM micrographs of the GO and
GO-Ag materials, respectively. The observed morphology sup-
ports the XRD results: the exfoliation of graphite does not result in
a stable system, with GO sheets aggregating and forming complex
and diverse morphologies [23]. The SEM-EDS images in Figure 8,
related to the GO-Ag sample, confirm the presence of well-distrib-
uted silver nanoparticles (AgNPs) in the sample.

The microbiological characterization is presented below in
Figures 9 and 10. Figure 11 summarizes the results from the col-
umn graph of the inhibition zone for the studied systems. The re-
sults show that the GO does not exhibit antimicrobial activity. We
believe that this is due to the graphitic structure of the system, as
confirmed by the XRD spectrum and morphology. However, the
systems containing silver nanoparticles (AgNPs) demonstrated
antimicrobial activity against both tested bacterial strains.

J.Appl.Mat and Tech. 2025, 6(1), 21-29
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Figure 12. Symbolic representation of the antibacterial mechanism of the GO-Ag nanocomposite. The illustration shows the interac-
tion of the nanocomposite with bacterial cells, leading to reactive oxygen species production, membrane disruption, and bacterial cell
death. In the Figure, orange spheres represent AgNPs, red spheres represent oxygen atoms, black spheres represent carbon atoms, and
white spheres represent hydrogen. The reactive oxygen species (ROS) that can cause bacterial cell death.

Figure 11 shows the inhibition zones, with both systems exhib-
iting antimicrobial activity against the two tested bacterial strains.
The GO-Ag nanocomposite is more efficient, suggesting that the
silver reduced from GO exhibits greater antimicrobial activity.

This shows that while GO alone does not exhibit antimicrobi-
al activity, the incorporation of AgNPs significantly enhances the
antimicrobial properties of the GO-Ag nanocomposite [24]. XRD
and SEM analyses confirmed that the reduction of silver ions to
metallic silver by GO does not alter the basic graphitic structure
of GO but introduces effective antimicrobial agents. The increased
inhibition zones observed for the GO-Ag system, compared to GO
alone, highlight the superior antimicrobial activity provided by the
silver nanoparticles. This suggests that the GO-Ag nanocomposite
holds potential for applications requiring antimicrobial function-
ality, leveraging the synergistic effects of silver nanoparticles and
graphene oxide. The GO sheets act as a supporting and stabiliz-
ing agent of silver nanoparticles. Therefore, GO increases the an-
timicrobial properties of silver nanoparticles acting in two ways:
maximizing the contact area between AgNPs and the bacteria and
avoiding the agglomeration of silver nanoparticles [25].

To further illustrate the antibacterial mechanism of the GO-
Ag nanocomposite, Figure 12 presents a symbolic representation
of the interaction between the nanocomposite and bacterial cells,
highlighting the role of silver nanoparticles in enhancing antimi-
crobial activity [26].

4. CONCLUSION

Graphene oxide and silver nanoparticle nanocomposites were
successfully synthesized using a redox chemical reaction. The
method involved the electrochemical exfoliation of graphite and
the reduction of silver ions by catechol hydroxyl groups during the
ultrasonic exfoliation of GO. UV-Vis and FTIR spectra confirmed
the presence of C=C and oxygen functional groups in GO. UV-Vis
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spectra of GO-Ag revealed the presence of GO and nanometallic
silver by the surface plasmon resonance (SPR) band around 360
nm. XRD analysis confirmed the successful synthesis of GO in
the GO-Ag nanocomposite, indicated by a diffraction peak at 26
= 8.6°. The XRD spectrum of GO-Ag also confirmed the presence
of silver nanoparticles with an average size of approximately 15.5
nm, as indicated by the crystalline diffraction pattern of metallic
silver. The Raman spectroscopy results showed that the Ip/IG ratio
remained the same for both GO and GO-Ag, indicating that the
disordered structure of GO was preserved in the nanocomposite.
Notably, the GO-Ag nanocomposite exhibited antimicrobial activ-
ity against both tested bacterial strains, highlighting its potential
for applications in antimicrobial coatings and treatments. These
findings demonstrate the effectiveness of the synthesis method
and the promising properties of the GO-Ag nanocomposite for
various biomedical and industrial applications.
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