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Abstract

The common synthesis approach of reduced graphene oxide (rGO) using toxic reducing
agents poses a threat to environmental pollution. This study used banana peel extract as a
green reducing agent for the synthesis of rGO. Ultrasonication was assimilated to expedite
the synthesis process. For comparison, tGO was also produced by reducing GO with
hydrazine treatment under conventional stirring. Both morphological (SEM) and
physicochemical (FTIR and XRD) studies have revealed that banana peel extract can reduce
GO to rGO, although its reducing effect is much weaker compared to hydrazine. Despite this,
the rGO produced using banana peel extract with the assimilation of ultrasonication technique
has a greater interlayer spacing than that formed under the conventional stirring method. In

terms of electrical properties, the electrical conductance of hydrazine-produced rGO (5.69 %
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10 S) is higher than the banana peel extract-produced rGO (3.55 x 10° S - 4.56 x 10° S).
Interestingly, it was found that most of the rGO produced by banana peel extract under
ultrasound assistance has higher or comparable electrical conductance compared to the rGO
produced by banana peel extract under stirring method. This implies the feasibility of using

short-period ultrasound to replace conventional stirring in rGO synthesis.

1. Introduction

Since its discovery in 2004, graphene nanomaterials have been at the center of focus
in many applications, and numerous breakthroughs have been made in their synthesis and
applications . Graphene oxide (GO) is a single-layer sheet formed by oxidation of graphite
with oxygen-containing functionalities. GO nanoparticles have been widely used recently
particularly for environmental treatment 2. In the synthesis of GO, disruption of the sp’
bonding orbitals and addition of oxygen-containing surface groups lead to a reduction in the
electrical conductivity 1. Due to this, researchers have investigated GO reduction techniques
to produce reduced graphene oxide (rGO) which can considerably restore its electrical

conductivity ranging from 0.1 Sm!to 2.98 x 10*Sm™!' 3

1. With the presence of electrical
conductivity, rGO may contribute to the production of composites to enhance the

performance of supercapacitor and flexible sensor 4],

There are several approaches to reduce GO to rGO which include thermal treatment,
electrochemical reduction, and chemical reagents. Among these approaches, the method
using chemical reagents is still considered to have the highest effectiveness for rGO
production. Unlike for thermal treatment, the chemical method requires a lower amount of
energy and simpler set-up, whereas the electrochemical reduction has a lower efficiency

compared to the conventional method ). In the chemical reduction process, several reducing



agents are currently in use to efficiently reduce GO, such as hydrazine, sodium borohydride
(NaBH4) and strong alkaline solutions. These types of reducing agents are not
environmentally friendly, thus making them less suitable for utilization in large-scale
production [¢1. Hence, there is a practical need to reduce the environmental impact caused by
the usage of hazardous reducing agents/chemicals by replacing them with an environmentally

friendly alternative 7],

Currently, researchers are exploring safer, eco-friendly, and green synthesis pathways
for GO reduction. This can be done by using natural compounds such as juice extracts ],
fruit peels extract 6], plant extract [°!, and tea extract ['”) as reducing agents. The abundance of
reducing species in the extracts, particularly polyphenols, can attack the sp2 carbon atom at
the GO’s epoxide ring lead to the formation of C—O—C bond between GO and polyphenol; as
the reaction proceeds, other C—O—C bonds yield the desired rGO '!1. However, the reduction
duration for GO in most studies is relatively lengthy under conventional stirring; notably, the
process may extend from a few hours up to 48 hours. Therefore, another potential research

topic in this area is to expedite the reduction process.

Due to the unique impact of the intense reaction conditions which include high
temperature and pressure occurring inside the continually collapsed and formed cavities,
sonochemistry is receiving a lot of attention recently for the purpose of expediting mixing
and reaction rate !?!. A recent study by Vartolomei demonstrated that the efficiency of the
esterification reaction could be enhanced with a shorter reaction time by incorporating
ultrasonication 3], In fact, sonication has been used as a crucial step to exfoliate graphene
sheets from graphite ['*. Through this, it is envisaged that the reaction time can be reduced

drastically with sonication to achieve a rapid and facile synthesis of rGO. In consideration of



the importance of minimizing environmental impact and shortening synthesis time, this
project aimed to evaluate feasibility of synthesizing rGO using an ultrasound-promoted green
reduction method. This method utilizes banana peel extract as the environmentally friendly
reducing agent, while adjusting ultrasound amplitude and duration. Banana peel was chosen
because it is rich in antioxidant and antibacterial compounds including phenolic compounds,
alkaloids, flavonoids, tannins, catecholamines (dopamine), vitamin C, etc that can serve as
reducing agent ], The antioxidant properties of banana peel extracts have been proven in
numerous past studies through DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS (2,2-

azinobis (3-ethylbenzthiazo-line-6-sulphonic acid) radical scavenging assays [!5¢ 161,

2. Results and Discussion
Visual Observation on Synthesized Nanoparticles
Visual Observation on GO Synthesis

In this study, GO was synthesized via the modified Hummers’ method. Figure la
shows the well-dispersed GO suspension that appeared in a brownish-yellow color [!”). The
dispersibility was rather high due to the hydrophilic nature of this nanoparticle. Meanwhile,

the GO paste and the dried GO flakes appeared black, as illustrated in Figures 1b and 1lc.
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Figure 1. Digital images of (a) GO suspension, (b) GO paste, and (c) dried GO flakes.



Visual Observation on rGO Synthesis

The rGO was synthesized via a reduction process by using banana peel extract and
hydrazine hydrate as the reducing agents. As shown in Figure 2, the rGO reduced using
banana peel extract and hydrazine hydrate under a 3-hour stirring condition appeared as dry
black powder. It is noteworthy that the physical structure of rGO formed using banana peel

extract is similar to those formed using hydrazine hydrate.
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Figure 2. Digital images of rGO powder formed using (a) banana peel extract and (b)

hydrazine hydrate reduction under a conventional 3-hour stirring method.

Next, the GO was reduced using banana peel extract with the assimilation of
ultrasound technique. As shown in Figures 3a and 3b, the rGO produced via the ultrasonic
approach was all in the form of black powder. Overall, the physical structure of rGO formed
using banana peel extract (with the assimilation of ultrasound technique) is similar to that

formed using the stirring method.
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Figure 3. Digital images of GO flakes and rGO reduced using banana peel extract under

various (a) sonication amplitudes of 20 %, 40 %, 60 % and 80 %, and (b) sonication durations

of 5 mins, 20 mins, 30 mins, 40 mins, and 50 mins.



Morphological Analysis
SEM Analysis of Graphite and GO

Figure 4a shows that the purchased graphite particles have a flake shape with irregular
sizes. The particles have rough surfaces with a multilayered (thick) structure. The closely
stacked carbon layers can be observed due to strong van der Waals forces that attract the
graphene layers together. On the other hand, the as-synthesized GO can be seen with a flaky
texture with a folded and wrinkled structure (Figure 4b). In particular, the formation of
oxygen-functional groups including hydroxyl and epoxy may alter the hybridization of sp?

carbons (planar structure) to sp® carbons (tetrahedral structure), leading to the observed

18]

wrinkled morphology [
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Figure 4. The SEM images of (a) graphite and (b) GO.



SEM Analysis of rGO Synthesized Based on Stirring Method

Figure 5 shows the SEM images of the rGO synthesized using hydrazine hydrate and
banana peel extract under 3 hours of stirring. As depicted in Figure 5 (a.i) and (b.1), both rGO
samples formed clusters with roughened surfaces. At higher magnification (5000x), it was
observed that both rGOs consisted of layers of wavy, folded, and wrinkled surfaces which
developed the sinuate structural properties. The rGO surfaces are corrugated owing to the
removal of oxygen functional groups during the reduction process ). Overall, it was seen
that rGO (Figure 5) has a more corrugated structure than GO (Figure 4b). Despite this, it is
worth noting that the extent of corrugation is more pronounced for rGO produced via
hydrazine hydrate reduction, preliminary suggesting that hydrazine hydrate is a more

effective reducing agent compared to banana peel extract.



BL: 7.00 WD: 9.90 mm VEGA3 TESCAN BL:7.00 WD: 9.90 mm VEGA3 TESCAN

SEM MAG: 200 x Det: SE 200 pm SEM MAG: 5.00 kx Det: SE
SEM HV: 10.0 kV View field: 691 pm Performance in nanospace SEM HV: 10.0 kV View field: 27.7 pm Performance in nanospace

: » o 3 g
Ay Lo X e @ :
BL:7.00 WD: 9.51 mm VEGA3 TESCAN BI:7.00 WD: 9.55 mm VEGA3 TESCAN

SEM MAG: 200 x Det: SE 200 pm SEM MAG: 5.00 kx Det: SE
SEM HV: 10.0 kV View field: 692 pm Performance in nanospace SEM HV: 10.0 kV View field: 27.7 pm Performance in nanospace

Figure 5. SEM images of rGO synthesized using (a) hydrazine hydrate and
(b) banana peel extract under conventional 3 hours stirring method (i. 200x magnification and

ii. 5000x magnification).

Interlayer spacing of rGO layers is one of the factors affecting the electrical

20]

conductivity of produced rGO [?°. Theoretically, GO exhibits a larger interlayer spacing

compared to rGO due to the attached functional groups on its surface 2!, Conversely, a

smaller interlayer spacing of rGO is due to the removal of functional groups on its surface

[22]

during the reduction process '““. In this study, the interlayer spacing of rGO layers was



determined to compare the quality of rGO synthesized using different reducing agents. As
shown in Figure 6, the rGO produced using hydrazine hydrate and banana peel extract has an
interlayer spacing of 0.77 um and 0.63 um, respectively. T-test analysis has shown the p-
value to be above 0.05 for both samples, indicating that both samples are not significantly
different. Therefore, the result suggests that banana peel extract is a potential substitute for

hydrazine hydrate in synthesizing rGO with similar interlayer spacing.
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Figure 6. Interlayer spacing of rGO produced by the reduction process using various
reducing agents under a conventional 3-hour stirring method (*Statistically significant study

by t-test at P < 0.05).

SEM Analysis of rGO Synthesized Based on Various Sonication Conditions

Figure 7 shows the SEM images of rGO synthesized using banana peel extract under
various sonication amplitudes. Overall, it was observed that all of the rGO exhibited rough
and irregular surfaces. At a higher magnification (5000x), it was clearly seen that the rGO
showed wavy and wrinkled layers stacking on top of one another in agglomerated forms,

forming an overlapped 3D structure.
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Figure 7. SEM images of rGO synthesized using banana peel extract under sonication
amplitude of (a) 20 %, (b) 40 %, (c) 60 %, and (d) 80 % at 30 mins (i. 200x magnification

and 7i. 5000x magnification).

Further analysis showed that the rGO produced under sonication amplitude of 20 %,
40 %, 60 %, and 80 % had an interlayer spacing of 0.5 pm, 0.67 um, 1.77 pm, and 1.93 pm,
respectively (see Figure 8). Evidently, an increase in sonication amplitude induces a larger
interlayer spacing of rGO as a higher sonication amplitude leads to a greater dispersion
stability and deagglomeration of nanoparticles in a fluid, resulting in an enlargement in rGO
interlayer spacing 23!, A pairwise t-test shows that the samples prepared under sonication
amplitude of 20 % and 40 % are significantly different from the samples prepared under
sonication amplitude of 60 % and 80 %, with the p-value being below 0.05. Thus, it is shown
that the rGO produced under higher sonication amplitude of 60 % and 80 % has relatively
larger interlayer spacings compared to that produced under sonication amplitude of 20 % and

40 %.
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Figure 8. Interlayer spacing of rGO produced by the reduction process using banana peel
extract under various sonication amplitudes at 30 mins (*Statistically significant study by t-

test at P < 0.05).

Next, Figure 9 shows the SEM images of rGO synthesized using banana peel extract
under various sonication durations. At lower magnification (200x), the produced rGO
displayed a jagged and rough surface. Taking a closer look at higher magnification (5000x),
the GO shows morphology with curled edges made out of wrinkles and a few layers of

paper-like texture.
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Figure 9. SEM images of rGO synthesized using banana peel extract under sonication
duration of (a) 5 mins, (b) 10 mins, (c¢) 20 mins, (d) 30 mins, (¢) 40 mins, and (f) 50 mins at
40 % amplitude (i. 200x magnification and ii. 5000x magnification).

Figure 10 delineates the interlayer spacing of rGO synthesized by banana peel extract
under various sonication durations. Results showed that the rGO produced under sonication
duration of 5 mins, 10 mins, 20 mins, 30 mins, 40 mins, and 50 mins has an interlayer
spacing of 1.6 um, 1.2 pm, 0.93 pm, 1 um, 0.9 pm, and 1.13 pm, respectively. T-test analysis
has shown the p-value to be above 0.05 for all samples, indicates that all samples are not

significantly different.

_ A
I A
L A A
I A A
14 +
12 +
1 +
08 +
06 +
04 +
02 +
0
5 10 20 30 40 50

Sonication Duration, minutes

Interlayer Spacing, um

Figure 10. Interlayer spacing of rGO produced by the reduction process using banana peel
extract under various sonication durations at 40 % amplitude (*Statistically significant study

by t-test at P < 0.05).

Through visual inspection, the rGO produced using banana peel extract under stirring
(Figure 5b) and under ultrasound assistance (Figures 7 and 9) exhibited similar features, such
as wavy, folded, and wrinkled surfaces. Nevertheless, the interlayer spacing of the rGO sheets
formed using the ultrasound approach (particularly those formed at higher sonication

amplitude) is significantly greater compared to that of rGO formed under the stirring method,
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further proving that the inclusion of sonication promotes a higher dispersion quality of

individual nanoparticles, which widens the interlayer spacing of synthesized rGO sheets.

Surface Functional Group Analysis
FTIR Analysis of rGO Synthesized Based on Stirring

To identify the functional groups existing on the surface of rGO produced, FTIR
analysis was conducted on all of the produced rGO. Figure 11 delineates FTIR spectra of
rGO reduced using banana peel extract and hydrazine hydrate under 3 hours of stirring while
Table 1 serves as a legend. From Figure 11, the pronounced peaks that appear on rGO
reduced using banana peel extract at 1041.47 cm’!, 1227.56 cm’!, and 1372.38 cm™ were
attributed to the C-O stretching vibrations 4. Besides, the absorption peak at 1621.22 cm™!
can be assigned to the C=C stretching vibrations **). Another peak found at 1725.46 cm™ was
contributed by the C=0 stretching vibrations ). Meanwhile, the broad peak at 3174.77 cm™!
was attributed to the O-H stretching vibrations 4?1, On the other hand, the prominent peaks
found at 1530.49 cm™ on the rGO reduced using hydrazine hydrate can be attributed to the C-
OH bending vibrations [>*4]. Besides, the CO» peak that appears at 2326.12 cm™ may be due

to the porosity and hygroscopic nature of rGO 24271,
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Figure 11. FTIR spectra of rGO reduced using banana peel extract, and rGO reduced using

hydrazine hydrate under conventional 3 hours stirring method.

TABLE 1. Legends for FTIR spectra shown in Figure 11

No. Wavenumber Assignment Reference
(em™)
1 1041.47 C-O stretching vibrations [24]
2 1227.56 C-O stretching vibrations [24]
3 1372.39 C-O stretching vibrations [24]
4 1530.49 C-OH bending vibrations [242]
5 1621.22 C=C stretching vibrations [25]
6 1725.46 C=0 stretching vibrations [26]
7 2326.12 CO» peak [24b, 27]
8 3174.77 O-H stretching vibrations [246]

It is noteworthy that most of the absorption peaks on the rGO reduced using banana
peel extract did not appear in the spectrum of rGO reduced using hydrazine hydrate. In
addition, the intensity of oxygen-functional group peaks observed on the rGO reduced using
banana peel extract was only slightly lower than that on GO (see Figure S2 for FTIR of GO);
this result indicates that the banana peel extract, despite being a green alternative, has a

milder reducing effect than hydrazine hydrate.

FTIR Analysis of rGO Synthesized Based on Various Sonication Conditions

Subsequently, Figure 12 delineates the FTIR spectra of rGO reduced using banana
peel extract under various sonication conditions. As shown in Figure 12, the rGO produced
under different sonication conditions exhibited identical absorption peaks to those of rGO
produced using banana peel extract under the stirring method. Overall, there is no significant

difference in the intensity of FTIR spectra of the rGO produced across various sonication



amplitudes and durations. The presence of residual oxygen-functional groups indicates that
the rGO was not fully reduced by the ultrasound-assisted banana peel extract reduction

method.
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XRD Analysis for Phase ldentification

Figure 13 shows the XRD profile of rGO formed using hydrazine hydrate (+ 3 hrs
stirring) and that formed using banana peel extract (+ ultrasound at 20% amplitude, 30 mins).
The appearance of broad peak at 26 = ~ 30° in both samples, although close to the profile of
rGO reported in literature ?®), deviates from the typical (002) plane peak of rGO at 20 = 24.5°
(291 Meanwhile, the peak at 20 = 42.5° observed in both samples can be attributed to the (10)
plane resulting from the short-range ordering of stacked graphene sheets Pl It is worth
noting that the rGO formed using hydrazine and banana peel extract presents significant
peaks at 20 = 13.17° and 20 = 10.91°, respectively. The latter is even close to the typical peak
of GO at 10.6° associated to (001) lattice plane [*!1. Apparently, the rGO formed using banana
peel extract retains the phase properties of GO. This observation aligns with the FTIR results,

which indicates that banana peel extract acts as a weaker reducing agent compared to

hydrazine.
rGO-Banana Peel Extract
rGO Hydrazine
_—
=
o
A
Z
- p—
o
=
[
£~
=
(=

th

10 15 20 25 30 35 40 45 S0 55 60 65 70 75 80 85 90
2-Theta (Degree)

Figure 13. XRD profile of rGO reduced using banana peel extract + ultrasound (20 %

amplitude, 30 mins) and hydrazine hydrate + 3 hrs stirring.
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Evaluation of Electrical Properties of Synthesized rGO
Electrical Properties of rGO Synthesized Based on Stirring

The electrical conductance of filter paper, GO, and rGO was evaluated to validate that
the reduction process is capable of converting non-conductive GO to conductive rGO. The
electrical conductance of pure filter paper was measured as zero as the electrical resistance
reached an infinite value, indicating that it is a non-conductive material (see Table 2). On the
other hand, the electrical conductance of GO was measured as 2.43 x 10°° S. GO is defined as
an insulating material due to its conjugated electronic structure being broken by oxidized

functional groups 2.

Table 2. Electrical resistance and electrical conductance of filter paper and GO.

Sample Electrical Resistance Electrical Conductance
Filter paper* Infinity 0
GO 4.11x10°Q 243 x10°8S

*Note that the filter paper was employed as the substrate for casting GO and rGO for resistance
testing. Hence, its resistance value was measured for baseline comparison.

Figure 14 shows the electrical conductance of two rGO samples produced using the
conventional approach by 3 hours of stirring. Results implied that the rGO produced using
hydrazine hydrate and banana peel extract (stirring) developed an electrical conductance of
5.69 x 10 S and 3.59 x 10 S, respectively. Both values are higher than that of GO,
indicating that both reducing agents able to restore the electrical conductance of the graphene
by removing its oxygen-containing groups. Apparently, the rGO produced by hydrazine
hydrate has the highest electrical conductance, which proves that it is a well-established
chemical reducing agent for the mass production of rGO. This observation aligns with FTIR
spectra, which also indicate that most of the oxygen-containing groups in GO were

effectively reduced using hydrazine hydrate. In comparison, the rGO produced by banana



peel extract has a slightly lower electrical conductance as it remains with some oxygen-

containing groups which disrupt the conjugated electronic structure of graphene 21,
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Figure 14. Electrical conductance of rGO produced by hydrazine reduction or banana peel
extract reduction using 3 hours of stirring method (*Statistically significant study by t-test at

P <0.05). For comparison, the dashed line shows the electrical conductance of GO.

Electrical Properties of rGO Synthesized Based on Various Sonication Conditions

Next, the electrical conductance of rGO synthesized using banana peel extract upon
subjected to various sonication conditions was determined in order to evaluate the role of
ultrasound-assisted method compared to the conventional stirring method. As shown in
Figure 15a, the rGO produced using sonication amplitude of 20 %, 40 %, 60 % and 80 %
with 30 mins sonication duration exhibited electrical conductance of 4.56 x 10° S, 4 x 10° S,
3.49 x 10 S, and 3.74 x 10 S respectively. Hypothetically, an increase of ultrasonication
amplitude leads to more dispersed nanofluids, a better reduction reaction and thus better
restoration of electrical conductivity. However, the anticipated outcome was not significantly
observed in this study. T-test analysis showed the p-value to be above 0.05 for all samples,

indicating that all samples are not significantly different. Despite that, all of the samples



showed higher electrical conductance than GO (2.43 x 10° S) and comparable electrical
conductance with rGO produced using banana peel extracts under the conventional stirring

method (3.59 x 10 S).
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Figure 15. Electrical conductance of rGO produced by conducting the reduction process
using banana peel extracts under (a) various sonication amplitudes at 30 mins sonication
duration, and (b) various sonication durations at 40 % amplitude (*Statistically significant
study by t-test at P < 0.05). For comparison, the dashed line is drawn to show the electrical

conductance of GO.

Figure 15b depicts the effects induced by sonication duration. Results showed that the
electrical conductance of rGO produced using sonication duration of 5 mins, 10 mins, 20

mins, 30 mins, 40 mins, and 50 mins were 3.88 x 10° S, 4.53 x 10° S, 4.06 x 10° S, and



3.55x10° S, 4.15 x 10° S, and 3.74 x 10° S respectively. Similarly, there is no clear trend
observed across the studied sonication durations. Pairwise T-test shows that only the sample
prepared under 10 mins and 50 mins are significantly different with the p-value below 0.05.
Although the effects of sonication duration was not significantly observed, this result proves
that sonication duration of 5 mins is sufficient to generate rGO with equivalent electrical
conductance with those prepared under longer sonication duration or conventional stirring
method. In addition to that, it was found that there is no significant relationship between the

interlayer spacing of rGO layers and the electrical conductance (Figure S3).

While most of the rGO produced by banana peel extract with ultrasound assistance
exhibited higher or comparable electrical conductance compared to rGO produced by banana
peel extract under conventional stirring approach, this result highlights the feasibility of
ultrasound techniques in rGO synthesis as an alternative to the time-consuming stirring

approach.

3. Conclusion

In this study, a novel methodology was developed by assimilating green reducing agent (i.e.
banana peel extract) and sonication technique into rGO synthesis. The surface morphology,
functionalities, and electrical properties of the as-synthesized rGO were revealed through
SEM, FTIR, XRD, and electrical conductance analyses, respectively. SEM analysis showed
that the physical structures of rGO formed using banana peel extract under ultrasound
technique are similar to those formed using either banana peel extract or hydrazine hydrate
under conventional stirring method. Nevetheless, the rGO produced through the assistance of
ultrasonication technique has a greater interlayer spacing than those formed under

conventional stirring method. In particular, an increase in sonication amplitude induces a



larger rGO interlayer spacing. In terms of electrical properties, rGO produced using
hydrazine hydrate was found to exhibit the highest electrical conductance of 5.69 x 10 S
compared to those produced using banana peel extract under various ultrasound conditions
(3.55 x 10° S - 456 x 10° S). This observation aligns with FTIR analysis, which
demonstrated that hydrazine hydrate has a stronger reducing effect compared to banana peel
extract, as most of the oxygen-containing functional groups were removed by hydrazine. The
XRD analysis also showed that the rGO produced by banana peel extract retains the
characteristics of GO due to its weak reducing effect. Despite that, results showed that most
of the rGO produced by banana peel extract under ultrasound assistance has higher or
comparable electrical conductance compared to the rGO produced by banana peel extract
under conventional stirring method; this highlights the potential of the short period-
ultrasound technique to replace conventional stirring method in rGO synthesis. The shorter
duration signifies opportunities for a more efficient process that reduces operational costs,
increases production, and promotes sustainable practices in industrial applications. Although
banana peel extract serves as a green alternative, it possesses a milder reducing effect
compared to hydrazine hydrate; further study is needed to optimize the reducing effect of the
fruit peel extract so that the electrical transport properties of the graphene material can be
restored to their fullest extent. In particular, several parameters including the concentration of

the fruit peel extract and the temperature during reduction can be optimized.

4. Experimental Section
Preparation of Banana Peel Extract

Banana peel extract was prepared by adding 300 g of blended banana peels with 1500
mL DW in which the weight-to-volume ratio is 0.2 g/mL ). The mixture was then being

stirred at 300 rpm for 20 mins using a magnetic stirrer. After that, the mixture was



centrifuged at 9000 rpm for 5 mins to obtain the banana peel extract (Figure S1).
Subsequently, the banana peel extract was filtered using a vacuum filter to ensure there is no
solid residue left in it. Lastly, the banana peel extract was stored in a beaker and kept in

refrigerator prior to be used in the reducing reaction.

Preparation of Graphene Oxide (GO) via Modified Hummers’ Method

GO was produced through modified Hummers’ method. First, 2 g of graphite was
mixed with 50 mL of sulfuric acid (H2SO4) in an ice bath for 10 mins. The usage of H>SOq4
was to allow oxidizing agent to penetrate more easily into the graphene planes for graphite
oxidation 3. Following that, 6 g of potassium permanganate (KMnO.) was slowly added
into the solution as an oxidizing agent; the mixture was stirred at 350 rpm for a period of 40
mins. Then, 250 mL of distilled water (DW) was slowly added into the mixture, followed by
30 mL of hydrogen peroxide (H207). The mixture was stirred for 1 hour to cease the reaction
and to remove excess KMnOj. After that, the supernatant was removed and the GO cake was
filtered using a vacuum filter. The GO was washed three times with DW. Finally, the washed

GO paste was dried in an oven at 60°C for 6 days in order to produce brown-black GO flakes.

Synthesis of rGO
Ultrasound-Assisted Green Reduction Method

This study was conducted using an ultrasonic processor (Hielscher, model UP200s,
230 V/2 A/60 Hz). The effect of sonication power on rGO yield was investigated by varying
the sonication power from 20 % ultrasound amplitude to 80 % ultrasound amplitude. To
synthesis GO by reduction method, 200 mg GO was dispersed in 40 mL of DW and
sonicated for 3 mins to ensure a well-dispersed mixture. After that, 30 mL of banana peel

extract was added into the solution as a reducing agent. The mixture was then exposed to the

2



ultrasound treatment with sonication power of 20 % ultrasound amplitude. On the other hand,
the sonication duration was set at 30 mins with a 1 minute idle interval to avoid overheating.
Subsequently, the rGO was washed with DW and filtered using a vacuum filter before being
dried in an oven at 60 °C for 24 hours. The process was repeated using different sonication

powers which are 40 %, 60 %, and 80 % ultrasound amplitude.

Next, the same experiment was conducted with varying sonication durations ranging
from 5 mins to 50 mins, with a I-minute idle interval to avoid overheating. At this stage, the
sonication amplitude was fixed at 40 % ultrasound amplitude. Similarly, the as-synthesized

rGO was washed with DW and filtered using a vacuum filter.

Conventional Stirring Method

In order to compare the quality of the produced rGO, two control rGO samples were
prepared, namely rGO produced using hydrazine (without ultrasound-assisted) and banana
peel extract (without ultrasound-assisted). To synthesis GO by this reduction method, 200
mg GO was dispersed in 40 mL of DW and sonicated for 3 mins to ensure a well-dispersed
mixture. After that, 30 mL of hydrazine hydrate was added into the solution as a reducing
agent. Subsequently, the mixture was stirred at 350 rpm for 3 hours. The formed rGO was
washed with DW and filtered using a vacuum filter. Lastly, the rGO slurry was dried in an
oven at 60 °C for 24 hours. The process was repeated using banana peel extract as reducing
agent. Accordingly, the role of green reducing agent and ultrasound effect can be correlated

to the morphology, functionality, and electrical properties of the rGO.



Evaluation on Physicochemical Properties of the As-Synthesized rGO
Surface Morphology: Scanning Electron Microscope (SEM)

The morphology analysis of the produced rGO was viewed using SEM (Tescan
VEGA3 with platinum coating). The completely dried rGO powder was carefully placed on a
sticky tape before being placed on the SEM holder. The three-dimensional surface
morphology of rGO was then captured at an accelerated voltage of 10 kV at different

magnifications.

Surface Functionalities: Fourier Transform-Infrared Spectrometry (FT-IR)

The presence and absence of oxygen-functional groups of GO and rGO was
investigated using FT-IR (Perkin Elmer (Spectrum Two)). The GO and rGO samples were
scanned in the wavenumber range from 400 cm™ to 4000 cm™! in order to obtain the FT-IR
spectra for further comparison. Similarly, FT-IR analysis was conducted for rGO produced
under green and hydrazine reduction method as to evaluate the effect of green reduction on

surface functionalities of the produced rGO.

Phase Identification: X-ray Diffraction (XRD)

The phase properties of the rGO formed using a conventional reducing agent and the
ultrasound-assisted green reduction method were determined via XRD analysis (Bruker D8
Discover). The powder XRD analysis was carried out using Cu Ko radiation ((k = 1.5418 A)
operated at accelerating voltage 40 kV and emission current 40 mA. The XRD profile scan

was performed over a 20 range from 5° to 90° with a step size of 0.021° at room temperature

(25°C).



Electrical Properties: Two-Point Probe Method

The electrical conductivity of rGO produced through green reduction method under
various sonication conditions were determined and be compared to rGO which is reduced
using conventional reducing agent (i.e. hydrazine). Here, the rGO were coated onto filter
papers using PVA glue; then, the rGO-coated filter paper was connected to a multimeter set
at 20 kQ for resistance measurement **I. Three measurements were conducted for each

sample in order to obtain an average value.

Significance Analysis: Pairwise T-Test

The significance analysis of the interlayer spacing and electrical conductance of rGO
produced using conventional stirring and sonication methods, with both conventional and
green reducing agents, was conducted through pairwise t-tests, respectively. This analysis
aimed to compare the means of two independent groups to determine if they are significantly
different. The average values and standard deviations of the interlayer spacing and electrical
conductance of rGO were used to calculate the error bars for each sample, enabling the

determination of p-values and specific comparisons between the datasets.
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Conventional methods for synthesizing rGO often involve toxic reducing agents, posing

significant environmental and health risks. This study demonstrates that the ultrasound-

assisted reduction approach using banana peel extract is a viable method for synthesizing

rGO. The properties of the produced rGO are compared to those of rGO produced using

conventional reducing agents with stirring.



