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Abstract

Supercapacitor material is an alternative in energy storage. Supercapacitors are charge storage devices that have a high energy
density, fast charge/discharge rates, long service life, wide operating temperature range, and are environmentally friendly. Graphene
is a nanomaterial that can be used as a supercapacitor because it has high conductivity and a large surface area, but graphene can
experience agglomeration so it can affect its capacitance properties. The microwave-assisted method can be used in the synthesis of
graphene. Several microwave-based techniques are becoming more popular for producing graphene and altering it. Due to its quick,
precise, uniform, and volumetric heating, microwave heating is a promising method for the thermochemical treatment and reduction
of graphene oxide to graphene. This research aimed to examine the effect of microwave irradiation time on the capacitive properties
of graphene synthesis as a supercapacitor. Graphene oxide (GO) can be reduced into graphene quickly and easily using microwave
pulses lasting 15 to 30 minutes to produce high-quality graphene fabrication. The characterization test was performed using UV-Vis,
FTIR, SEM-EDX and cyclic voltammetry (CV). As a result, the optimum time is 25 minutes, and it showed an absorption peak at the
282 nm wavelength dan the CV analysis showed that the graphene has double capacitor properties with a specific capacitance of
140.7 F/g in 20 mV/s. Besides, the result of SEM indicated that graphene could be formed successfully. Its potential applications are

also illustrated by emphasizing its usage as electrode material. Finally, its main challenges and prospects are considerably pointed out.
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1 Introduction
The development of technology is currently experiencing
very rapid progress in various scientific fields, including
chemistry. Zinc-carbon batteries are an essential source of
energy. Most zinc-carbon batteries are used to operate elec-
trical equipment such as remotes, flashlights, clocks, cal-
culators, and various electronic devices. Zinc-carbon bat-
teries are disposable, non-rechargeable, and limited to use
until the battery is no longer functional and needs to be
renewed [1]. This causes the wastage and disposal of bat-
tery waste to continue to increase. It is possible to salvage
valuable materials from battery waste, including graphite
rods, steel, manganese, and zinc. Electrochemical processes
can use graphite rods as an electrode because of their good
electrical conductivity [2]. Graphite can be converted into
graphene to produce better conductivity properties.
Graphene is a thin layer material of carbon atoms with
sp? bonds, which has extraordinary electronic qualities [3].

In the single atomic layer that makes up graphene, sp’
hybridized carbon atoms are arranged in a two-dimensional
(2D) network resembling a honeycomb. A tunable specific
surface area, high thermal conductivity, and extremely
high intrinsic mobility of charge carriers are the results of
such a unique structural peculiarity. It is widely used for
various applications such as capacitors [4], transistors [4],
energy storage materials [5], and solar cells [6]. Basically,
graphene is the allotropy of carbon which is the basic struc-
ture for the formation of materials such as graphite, carbon
nanotubes (CNTs), and fullerenes [7]. Therefore, this study
aimed to use other sources with the same material base.
Meanwhile, based on the research of Statistics Indone-
sia in 2014 on the Manufacture of Batteries (Dry Cell
Battery), 213.212.779 batteries were found, which con-
sisted of 208.140.793 zinc-chloride batteries and 5.071.986
ammonium-chloride batteries [8]. The rods of these bat-
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tery wastes will be reused as the alternative main material for
graphene synthesis through graphite oxide (GO). The GO
synthesis method used was the result of a modification of the
Hummers method [9], which was the GO reduction method.
The modified hummers method was chosen because it pro-
duces GO with more oxide groups due to strong oxidiz-
ing acids. However, this method also eliminates the addi-
tion of NaNO,, which produces toxic substances N,O, and
NO, during the oxidation process in the Hummers method.
In comparison to GO material obtained using the Hummers
method, this modification had no impact on the dispersibil-
ity, chemical structure, thickness, or lateral dimensions of
the obtained GO [10].

The GO reduction methods have been carried out by many
researchers, such as the chemical method [11], the thermal
method [12], the laser method [13], and the microwave
method [14], to obtain reduced graphene oxide (RGO) with
superior properties. In general, chemical reduction is toxic,
corrosive, and not only harmful to the environment but also
harmful to human health. A long time is also needed during
the reduction process using chemical methods. Long-term
high-temperature treatment during the thermal reduction
process is energy-intensive, fragments graphene, and causes
numerous structural flaws. Microwave-assisted synthesis,
one of many synthetic techniques, has emerged as a com-
petitive alternative to traditional techniques in reduction GO
primarily because of its distinct properties, including quick,
selective, uniform, volumetric heating and non-direct con-
tact between the heated material and heating source [15].

This microwave method will make the reduction process
more efficient and selective and produce RGO better than
other methods [16]. The movement of electrons in -1 con-
jugated structures of carbon materials can turn microwave
energy into heat energy according to the Maxwell-Wagner
interfacial polarization theory. Therefore, the microwave
heating method can be used to prepare or alter carbon
materials. The effective exfoliation of graphene oxide
is facilitated by the rapid heating provided by reduction
GO by microwave irradiation. Previous research by our
team demonstrated that thermally reduced GO could also
successfully reduce GO [17]. Reduced GO by treating
the GO precursors in the microwave this facile and effi-
cient for other applications. One of the unique properties
of the reaction system with microwave irradiation is that
it can increase the surface area without using a template.
It contrasts standard synthetic methods as high-perfor-
mance electrode material in energy storage devices such
as supercapacitors [18]. The weakness of this method is

that the reduction process induces various defects, which
will decrease the electronic properties of graphene [19].

Graphene-based materials have recently attracted atten-
tion due to their potential application in energy storage
devices, such as supercapacitors and batteries [20]. Electric
double-layer capacitors (EDLCs) and pseudo-capacitors are
two categories of supercapacitors based on the charge storage
mechanism [21]. The latter can achieve higher capacitance
qualities and improve energy densities than EDLCs because
it stores charge faradaically. There have been some reports
on carbon-based wire-shaped supercapacitors in recent years.
All-graphene core-sheath flexible supercapacitors have been
developed by [22], and the 3D graphene-like structure was
created on graphene fiber. For use in wire-based superca-
pacitors, [23] have reported synthesizing hydrothermally
produced graphene aerogel on Cu wire. The inter-facial bar-
rier resistance and the possibility of copper oxidation in the
reaction conditions make this method insufficient for produc-
ing high-quality graphene. Porous graphene for wire-shaped
supercapacitors has been created using time-consuming pro-
cesses and difficult synthesis routes, but the supercapacitor
has poor performance as a result. As a result, low energy
density and impractical specific capacitance plagued all
previously reported carbon-based wearable supercapasitors
(WSCs). The porosity and surface area of the active mate-
rials modified on the conductive wire core as well as the
device's wire/fiber core affect WSC performance. Utilizing
nanostructured materials with a high surface-to-volume ratio
will only partially accomplish this. A simple and affordable
method for producing bulk-scale active electrode material is
still needed to fabricate high-performance WSC [24].

In this article, we looked into a one-step technique for
reducing GO from battery waste using microwave irradi-
ation. Other experimental techniques demand prolonged
high-temperature treatment and atmosphere protection,
both of which result in high energy usage and expense.
Additionally, the active substances and graphene read-
ily aggregate and disperse unevenly. As a result, achiev-
ing a product with a small and homogeneous distribution
and streamlining the preparation technology continue to be
major obstacles for graphene supercapacitors. To make up
for the lack of graphene modification, it is practical, afford-
able, and environmentally friendly to prepare graphene
composites using microwave heating. The reduction step
of graphene oxide can be made simpler by microwave
heating. Due to graphene oxide's ability to absorb micro-
wave energy, microwave radiation can convert it directly
back into graphene without the use of a reducing agent or



an environment [25]. The research is targeted to produce
the increasing performance of graphene oxide with various
graphene reduction times using the microwave method.

2 Materials and methods

Materials used in this graphite powder from carbon
rods of zinc carbon batteries waste, H,SO, H,SO, 96.1%
(Mallinckrodt, M = 98 g/mol, p = 1.8 kg/L), H,0, 30%
(Merck KGaA, M = 34 g/mol, p = 1.11 kg/L), KMnO,,
HCI and mean demineral water (aqua DM).

2.1 Leaching process

In previous research conducted by [26], it was revealed
that the synthesis of graphene oxide with the same carbon
raw material actually still left a lot of Mn impurities, and it
recommended the need for a washing process first.

The carbon rod that had been pulverized was then dis-
solved in a solution of sulfuric acid and ascorbic acid.
In this reduction-washing process, sulfuric acid functions
as an acid-based leaching agent, and ascorbic acid acts as
a reducing agent [27].

2.2 GO synthesis

Using a reflux device, GO synthesis was performed
through the modified Hummers method. 2 g of graphite
and 46 mL H,SO, were mixed in a round bottom flask and
stirred for 30 minutes at <10 °C. Then 6 g of KMnO, were
added and stirred for 2 hours at 35 °C. Then 80 ml aqua
DM was added slowly and stirred for 30 minutes at 40 °C.
Then 200 ml aqua DM and 6 mL H,O, were added slowly
and stirred for 90 minutes at 75 °C [28].

The GO results were centrifuged for 30 minutes at
3500 rpm. Then the suspension was taken, aquademin
was added to each bottle, and centrifuged again. The cen-
trifugation process with aquademin was carried out three
times. Then the clear liquid was taken, 10% HCIl was
added, and then centrifuged three times. The clear solu-
tion was taken, 10% ethanol was added and then centri-
fuged three times. This process is carried out until the pH
solusion 7 [29].

2.3 GO reduction

The GO suspension that had been sonicated for 30 min-
utes was then put in a microwave bowl. Then it was micro-
waved at under 900 watts with time variations of 15, 20,
and 25 minutes after the reduction. The mass ratio also
varied in the reduction process. Characterization test-
ing was carried out using UV-Vis, FTIR, SEM-EDX, and
cyclic voltammetry (CV).
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3 Results and discussion

Graphene oxide, which is reduced using microwave irradi-
ation using 900 watts of power with a reduction time vari-
ation of 15, 20, and 25 minutes, can produce good-quality
graphene. It can be produced in a short time at a low tem-
perature. GO reduction using microwave irradiation can
exfoliate GO into graphene sheets with multiple layers.
According to the Maxwell-Garnett theory, graphene's -z
conjugated structure will absorb microwave radiation.
Through the movement of electrons, microwave energy is
converted into heat energy so that functional groups con-
taining oxygen are rapidly decomposed. When the result-
ing pressure exceeds the van der Waals force between the
sheets, the graphite layer will peel off so that graphene is
obtained [30]. Compared with GO reduction using reduc-
ing agents and conventional heating, graphene is pro-
duced in a long time of 45-60 minutes at high tempera-
tures [31]. The main advantage of microwave irradiation
is that it helps heat above conventional heating so that
it can heat a mixture of a substance uniformly and quickly.
Microwave irradiation can significantly increase energy
transfer directly to the reactants, causing an increase in
internal temperature in a short time. Thus, the reduction
method with microwave irradiation can shorten the reac-
tion time and increase the efficiency of the reaction [32].

3.1 FTIR analysis (graphene characterization)

The FTIR test was carried out to analyze the functional
groups of the samples produced at each stage. Before being
oxidized, graphite was leached to remove Mn impurities.
Wavelengths between 750-200 nm indicated the potential
presence of MnO_, which can be observed at the peak of the
wave numbers 750-600 nm, 600-450 nm, and 450-200 nm,
which allowed stretching vibrations, wagging vibrations,
and bending vibrations from MnO, [33]. The results of the
FTIR spectra can be seen in Fig. 1. Washing was consid-
ered quite good in reducing Mn content. This is indicated
by the Mn graphite vibration absorption peak, which with
the leaching process, the wavenumber range of 450 cm™ to
550 cm! is not present. The same thing happened in GO
samples, the bending vibration absorption peak around the
wavenumber of 578 cm™! was weaker.

The GO reduction process to graphene by varying expo-
sure to microwave irradiation time can be seen from the
FTIR results. Fig. 1 shows that GO has been reduced quite
well. This is indicated by the longer time it took for the
peak wave number around 3420 cm™ in the form of weaker
O-H bonds. In addition, the absorption peak of the C-O
bond wave number 1172 cm™ was not significantly reduced.
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Fig. 1 The FITR spectra of RGO with time variations: graphite (black
spectra); GO (red spectra); RGO 15 minutes (blue spectra); 20 minutes

(pink spectra); 25 minutes (green spectra); a few layers of graphene
tube (deep blue spectra)

However, the absorption peak of the aromatic C = C bond
was increased compared to that of the GO carbon sample.

Afterundergoing oxidation, GO was dominated by oxide
groups. In the GO spectra, there was a peak at the wave-
number 3415 cm™', the wavelength of the O-H stretching
bond, and a peak at the wavenumber 1625 cm™!, the wave
number of the C = C aromatic bond vibration. The oxida-
tion results also gave rise to several wave peaks identi-
fied as C-O bonds with a wavelength of 1183.5 cm™ [34].
This absorption peak corresponded to the C-O stretching
vibration of the C-O-C vibration. The presence of these
oxygen-containing groups revealed that the graphite had
been oxidized [35].

As acomparison, the results of FTIR few-layer graphene
tubes showed that the absorption peak of the O-H and C-O
functional groups was near the 2342 cm™ and 1186 cm™!
waves. There should be no or at least a small number of
these clusters. This was possible because graphene came
into contact with the surrounding environment and reacted
and changed its characteristics.

Meanwhile, the process of reducing GO to graphene
with mass variations can be seen in Fig. 2. The observa-
tion shows that GO has been reduced quite well. This is
indicated by the decreasing mass of GO. The absorption
peak in the OH bond decreased at wave number 3430 cm™'.
Then the absorption peak of the C-O bond near the wave-
number 1060 cm™ did not decrease significantly. However,
the absorption peak of the C = C bond appeared in all three
variations around the 1575 cm™.
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Fig. 2 The FITR spectra of RGO with mass variations; 1. Graphite;
2.GO; 3. RGO 0.05 g; 4. RGO 0.1 gr; 5. RGO 0.15 g; 6. few layers of
graphene tube

Asacomparison, the results of FTIR few-layer graphene
tubes showed that the absorption peak of the O-H and C-O
functional groups was near the 2342 cm™ and 1186 cm™.
Graphene should show no peaks in this wavenumber area.
This may occur due to the reaction of graphene with other
compounds that cause changes in properties.

3.2 UV-Vis analysis
The peaks were observed between 220 nm to 300 nm.
The absorption peak at 230 nm was related to the z—=z*
transition of the C = C bond and the shoulder at 300 nm
was related to the n—z* transition of the C-O bond [36].
Observation of GO and RGO samples of time variations
(the treatment time) can be seen in Fig. 3. The GO obser-
vations showed an absorption peak at 232 nm and 252 nm
wavelengths. Then the observation of the RGO sample
showed that over time, the absorption at the 300 nm wave-
length associated with the C-O bond was increasingly shift-
ing. This was indicated by the GO sample, which had been
reduced for 25 minutes giving rise to a broad absorption
peak between 270 nm — 300 nm because the wavelength
around 300 nm showed an electronic transition n—z*, which
is the electronic transition character of GO. The absence of
peaks at the electronic transition wavelength n—z* indicated
that GO material had been reduced to RGO [34].
Furthermore, the UV-Vis results from RGO mass varia-
tion can be seen in Fig. 4. The absence of a wavelength peak
around 300 nm of the three RGO samples indicated that
the sample had slowly been reduced. This was indicated
by the appearance of peaks at a wavelength of 255 nm in
the 0.15 g and 0.1 g RGO samples. Meanwhile, the absorp-
tion from the 0.05 g RGO sample appeared at a wavelength
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Fig. 3 The UV-Vis spectra of time variations, black line means GO;
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Fig. 4 UV-Vis spectra of RGO with mass variation; black line means
GO; brown line means RGO 0.05 g; orange line means RGO 0.1 g; dark
blue line means RGO 0.15 g; red line means few layers of graphene tube

of 262 nm. Meanwhile, graphene, a few layers of the tube
as a comparison material, reached an absorption peak at
a wavelength of 278 nm. In addition, it also gave rise to
absorption at 223 nm and 238 nm wavelengths.

3.3 Morphological analysis using SEM/EDX

SEM-EDX test aimed to determine the morphological form
and quantitative calculations of the elemental composition
of the compounds contained in the sample. Three samples
were analyzed: RGO without leaching, RGO with leaching,
and a few layers of graphene tubes as comparison materi-
als. The morphology of the RGO material without leaching
can be seen in Fig. 3. Based on observations, the results
showed that the morphology of RGO without leaching was
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still in the form of layered flakes, and the surface struc-
ture was not uniform or rough, meaning that it was not
thoroughly exfoliated yet [10]. Meanwhile, the EDX spec-
tra in Table 1 showed the presence of many Mn impuri-
ties. The metal might have come from the built-in graph-
ite impurities or from the residue of the oxidizing agent
KMnO,, which had not been completely removed. Then
the morphology of RGO with leaching is shown in Fig. 3.
Based on the SEM test analysis, the particle size appeared
in the form of thick chunks with a surface that was not uni-
form (smooth), and the result sheet was also not single-lay-
ered. Meanwhile, the EDX RGO analysis with leaching
in Table 2 shows the percentage of carbon elements that
increased sharply compared to the carbon element levels of
the RGO samples without leaching. The leaching process
was very influential in the absence of Mn, although the ele-
mental oxygen content had not been significantly reduced.

The morphology of the few layers of the graphene tube
can be seen in Fig. 5 (c), and the element content is shown
in Table 3. Based on observations, the samples appeared
to sphere-like with different size variations, overlapping
their surface area and forming many cavities. This charac-
teristic is similar to that of graphene, which has 8-10 lay-
ers and is slightly transparent. The EDX results showed
that the carbon atom content acted as the most dominant
constituent in the sample.

Besides this, we found that the time exposure to micro-
wave irradiation has positively affected the structure of
RGO. Based on SEM analysis, the morphological space on
samples of graphite, GO, and RGO with variation times of

Table 1 The element content of RGO what is synthesized using battery

waste without the leaching treatment

Atomic number  Atomic symbol Name of Conc.entration
atom (weight %)

6 C Carbon 33.9%

25 Mn Manganese 27.5%

8 (6] Oxygen 23.3%

7 N Nitrogen 14.2%

19 K Potassium 1.1%

Table 2 The element levels of RGO leaching

Atomic number  Atomic symbol N:izfn()f C?\I;Zie;}téiz;) "
6 C Carbon 68.5%

8 (6] Oxygen 22.06%

7 N Nitrogen 6.41%

14 Si Silica 1.12%

16 S Sulfur 0.96%
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Fig. 5 SEM images of graphene synthesis from batteries waste; (a) without leaching; (b) with leaching; (c) a few layers of graphene tube

Table 3 The element content of a few layers of graphene tube

Atomic number Atomic symbol szfn()f C?\g;?;t;iz;) "
6 C Carbon 91.16%
18 (0] Oxygen 8.13%
13 Al Aluminum 0.67%
14 Si Silica 0.04%

15 minutes, 20 minutes, and 25 minutes, with a magnifica-
tion of each individual of 10000 , can be shown in Fig. 6.

From these SEM images, it can be seen clearly that
graphite has structure sheets and SEM images of GO show
the sheets were exfoliated. Graphene oxide and graphene
are both efficiently exfoliated to form a separate thin sheet.
As a comparison, graphene consists of thinner sheets and
smaller pores than GO. Fold structure can be found on the
surface and edges of RGO (graphene). Fold is the morphol-
ogy typical of graphene, which may be the formation of the
fold, treated at high temperature in a long-time exposure.
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3.4 Capacitance analysis
Finally, Fig. 7 and Table 4 present the outstanding elec-
trochemical performance results of the graphene from the
electrode materials described above and then character-
ized. The capacitive performance of RGO materials was
evaluated by CV. The cyclic voltammetry is run at differ-
ent scan rates in the potential range from 0.6—1.5 V using
electrolytes at a constant scan rate. Cyclic voltammetry
was used to determine the influence of RGO on the overall
charge capacity of the electrode. This study used three scan
rates ranging from 20—100 mV/s.

In the test results, there was no redox reaction from
pseudo capacitance, which was indicated by the absence
of humps in the results of the CV analysis. This indicates
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Fig. 7 Cyclic voltammetry of RGO synthesis with irradiation time
variation; RGO 15 min (black line); RGO 20 min (red line); RGO 25
min (blue line); the counterelectrode is: x axis (V vs Ag/AgCl)

Table 4 Specific capacitance of graphene synthesis with irradiation

time variation

that the sample tested has double capacitor properties.
The absence of mounds indicates that no redox reaction
occurs when an oxygen functional group in graphene con-
tributes to pseudo-capacitance. The specific capacitance of
graphene with variation time irradiation is shown in Table 4.

From Table 4, there is an increase in the capacitance
of the RGO material with the increasing time exposure
to microwave irradiation. Increasing irradiation on the
hexagonal structure of the carbon skeleton will increase
the holes with charge carriers due to the p-type charac-
teristics to modulate the electronic properties by produc-
ing excellent conductivity properties [36]. The research
data shows that the presence of microwave irradiation can
increase the capacitance value of graphene. This is due
to the increased active sites that appear in the presence
of microwave waves. Microwave irradiation can open the
active sites of graphene material better than thermal heat-
ing. Table 5 shows the specific capacitance of graphene
synthesis with variation mass ratio.

The capacitance shows for all samples that the larger
the scan rate used, the smaller the specific capacitance pro-
duced in all samples. This happens because the value of the
electrode capacitance is affected by the diffusion time of
the electrolyte ions. At a high scan rate, the flow rate of ions
from the electrolyte to the nickel foam electrode becomes
fast, and it only takes a shorter time for the electrolyte ions
to diffuse into the nickel foam electrode. Whereas at a low
scan rate, the voltage flow rate becomes slow. As a result,
the time for the electrolyte ions to diffuse into the nickel
foam is longer and forms more double layers [33].

According to [34], the materials that can be used for
supercapacitors cannot have specific energy in the range
of 0.05 to 20 (Wh/kg) and have a specific power in the

Table 5 Specific capacitance of graphene with mass ratio variation

No. Sample Scan rate (mV/s) Specific capacitance (F/g) No. Sample Scan rate (mV/s) Specific capacitance (F/g)
20 114.0 20 114.0
1 Graphene 50 519 1 Graphene 50 51.9
100 43.2 100 43.2
20 119.9 20 101.2
2 G15 50 56.2 2 G 0.05 50 48.4
100 50.8 100 46.8
20 137.9 20 119.9
3 G20 50 71.5 3 G 0.10 50 56.2
100 65.6 100 50.8
20 140.7 20 136.6
4 G25 50 79.9 4 GO0.15 50 75.9
100 71.2 100 70.5




range of 101 to 106 (W/kg). The calculation results using
the formula show that the specific energy and specific
power each enter the range of materials that can be used
as supercapacitors.

4 Conclusion

In this study, GO and RGO from battery waste were synthe-
sized by an easier and more convenient method. Graphene
oxide from battery waste was obtained by treating graph-
ite powder with the hummers method and prepared by
leaching before synthesized. The obtained GO was re-
duced to RGO overexposure the microwave irradiation.
The preparation of RGO was controlled by reaction time

References

[1] Palisoc, S. T., Cansino, E. J. F., Dy, I. M. O., Razal, C. F. A., Reyes,
K. C. N., Racines, L. R., Natividad, M. T. "Electrochemical deter-
mination of tannic acid using graphite electrodes sourced from
waste zinc-carbon batteries", Sensing and Bio-Sensing Research,
28, 100326, 2020.
https://doi.org/10.1016/j.sbsr.2020.100326

[2] Melchor-Martinez, E. M., Macias-Garbett, R., Malacara-Becerra,
A., Igbal, H. M. N., Sosa-Hernandez, J. E., Parra-Saldivar, R.
"Environmental impact of emerging contaminants from battery
waste: A mini review", Case Studies in Chemical and Environ-
mental Engineering, 3, 100104, 2021.
https://doi.org/10.1016/j.cscee.2021.100104

[3] Chen, D., Feng, H., Li, J. "Graphene oxide: preparation, function-
alization, and electrochemical applications", Chemical Reviews,
112(11), pp. 6027-6053, 2012.
https://doi.org/10.1021/cr300115¢g

[4] Emiru, T. F., Ayele, D. W. "Controlled synthesis, characterization
and reduction of graphene oxide: A convenient method for large
scale production", Egyptian Journal of Basic and Applied Sciences,
4(1), pp. 74-79, 2017.
https://doi.org/10.1016/j.ejbas.2016.11.002

[5] Stoller, M, D., Park, S., Zhu, Y., An, J., Ruoff, R. S. "Graphene-
Based Ultracapacitors", Nano Letters, 8(10), pp. 3498-3502, 2008.
https://doi.org/10.1021/n1802558y

[6] Zhu, Y., Murali, S., Cai, W,, Li, X., Suk, J. W., Potts, J. R., Ruoff,
R. S. "Graphene and Graphene Oxide: Synthesis, Properties, and
Applications", Advanced Materials, 22(35), pp. 3906-3924, 2010.
https://doi.org/10.1002/adma.201001068

[71 Basu, S., Bhattacharyya, P. "Recent developments on graphene
and graphene oxide based solid state gas sensors", Sensors and
Actuators B: Chemical, 173, pp. 1-21, 2012.
https://doi.org/10.1016/j.snb.2012.07.092

[8] Statistics Indonesia "Statistical Yearbook of Indonesia", Badan
Pusat Statistik, 2014. ISBN 0126-2912

[91 HummersJr., W. S., Offeman, R. E. "Preparation of Graphitic Oxide",
Journal of the American Chemical Society, 80(6), 1339, 1958.
https://doi.org/10.1021/ja01539a017

Rahayu et al. | 353
Period. Polytech. Chem. Eng., 67(3), pp. 345-354, 2023

and mass ratio. This parameter was studied to observe
the capacitance characteristic. Both GO and RGO were
characterized by FTIR spectroscopy, UV-Vis spectros-
copy, CV, and SEM-EDX techniques. The results show
that RGO synthesized using microwave irradiation has
a better structure than few tube layer graphene, and the
time exposure of microwave irradiation has a positive
effect on RGO synthesis. The specific capacitance value
shows an increase in the synthesized RGO character with
an optimum value of 140.7 F/g with a scan rate of 20 mV/s.
The advanced synthesis method for graphene and reduced
graphene oxide is an alternative approach and could be
advantageous for large-scale production.

[10] Setiadji, S., Nuryadin, B. W., Ramadhan, H., Sundari, C. D. D,
Sudiarti, T., Supriadin, A., Ivansyah A. L. "Preparation of reduced
Graphene Oxide (rGO) assisted by microwave irradiation and
hydrothermal for reduction methods", IOP Conference Series:
Materials Science and Engineering, 434, 012079, 2018.
https://doi.org/10.1088/1757-899X/434/1/012079

[11] Moon, L. K., Lee, J., Ruoft, R. S., Lee, H. "Reduced graphene oxide
by chemical graphitization", Nature Communications, 1(1), 73, 2010.
https://doi.org/10.1038/ncomms1067

[12] Yeom, D.-Y., Jeon, W., Tu, N. D. K., Yeo, S. Y., Lee, S.-S., Sung, B.
J., Chang, H., Lim, J. A., Kim, H. "High-concentration boron dop-
ing of graphene nanoplatelets by simple thermal annealing and their
supercapacitive properties", Scientific Reports, 5(1), 9817, 2015.
https://doi.org/10.1038/srep09817

[13] Dumée, L. F.,, Feng, C., He, L., Allioux, F.-M., Yi, Z., Gao, W.,
Banos, C., Davies, J. B., Kong, L. "Tuning the grade of graphene:
Gamma-ray irradiation of free-standing graphene oxide films in
gaseous phase+, Applied Surface Science, 322, pp. 126-135, 2014.
https://doi.org/10.1016/j.apsusc.2014.10.070

[14] Viana, M. M., Lima, M. C. F. S, Forsythe, J. C., Gangoli, V. S.,
Cho, M., Cheng, Y., Silva, G. G., Wong, M. S., Caliman, V. "Facile
Graphene Oxide Preparation by Microwave-Assisted Acid Method",
Journal of the Brazilian Chemical Society, 26(5), pp. 978-984, 2015.
https://doi.org/10.5935/0103-5053.20150061

[15] Xie, X., Zhou, Y., Huang, K. "Advances in Microwave-Assisted
Production of Reduced Graphene Oxide", Frontiers in Chemistry,
7,355, 2019.
https://doi.org/10.3389/fchem.2019.00355

[16] Tien, H. N., Luan, V. H., Cuong, T. V., Kong, B.-S., Chung, J. S.,
Kim, E. J., Hur, S. H. "Fast and Simple Reduction of Graphene
Oxide in Various Organic Solvents Using Microwave Irradiation",
Journal of Nanoscience and Nanotechnology, 12(7), pp. 56585662,
2012.
https://doi.org/10.1166/jnn.2012.6340


https://doi.org/10.1016/j.sbsr.2020.100326
https://doi.org/10.1016/j.cscee.2021.100104
https://doi.org/10.1021/cr300115g
https://doi.org/10.1016/j.ejbas.2016.11.002
https://doi.org/10.1021/nl802558y
https://doi.org/10.1002/adma.201001068
https://doi.org/10.1016/j.snb.2012.07.092
https://doi.org/10.1021/ja01539a017
https://doi.org/10.1088/1757-899X/434/1/012079
https://doi.org/10.1038/ncomms1067
https://doi.org/10.1038/srep09817
https://doi.org/10.1016/j.apsusc.2014.10.070
https://doi.org/10.5935/0103-5053.20150061
https://doi.org/10.3389/fchem.2019.00355
https://doi.org/10.1166/jnn.2012.6340

354 | Rahayu et al.
Period. Polytech. Chem. Eng., 67(3), pp. 345-354, 2023

(18]

[19]

[20]

(21]

[22]

(23]

[24]

(25]

[26]

Gu, F., Jin, S., Tang, S., Wang, J., Yang, S., Wu, J., Wei, X., Zhang,
R., Liu, Y., Qiao, W., Ling, L., Jin, M. "Comparative study of deox-
ygenation behavior for graphene oxide with different oxidation
degree and mildly reduced graphene oxide via solid-state micro-
wave irradiation", Materials Chemistry and Physics, 241, 122411,
2020.

https://doi.org/10.1016/j.matchemphys.2019.122411

Butt, F. K., Bandarenka, A. S. "Microwave-assisted synthesis of
functional electrode materials for energy applications", Journal of
Solid State Electrochemistry, 20(11), pp. 2915-2928, 2016.
https://doi.org/10.1007/s10008-016-3315-3

Yuan, G. D., Zhang, W.J., Yang, Y., Tang, Y. B., Li, Y. Q., Wang, J.
X.,Meng, X. M., He, Z. B., Wu, C. M. L., Bello, I, Lee, C. S., Lee,
S. T. "Graphene sheets via microwave chemical vapor deposition",
Chemical Physics Letters, 467(4—6), pp. 361-364, 2009.
https://doi.org/10.1016/j.cplett.2008.11.059

Kasap, S., Kaya, I. L., Repp, S., Erdem, E. "Superbat: battery-like
supercapacitor utilized by graphene foam and zinc oxide (ZnO)
electrodes induced by structural defects", Nanoscale Advances,
1(7), pp. 25862597, 2019.

https://doi.org/10.1039/CONA00199A

Saranya, M., Ramachandran, R., Wang, F. "Graphene-zinc oxide
(G-ZnO) nanocomposite for electrochemical supercapacitor appli-
cations", Journal of Science: Advanced Materials and Devices,
1(4), pp. 454-460, 2016.
https://doi.org/10.1016/j.jsamd.2016.10.001

Meng, Y., Zhao, Y., Hu, C., Cheng, H., Hu, Y., Zhang, Z., Shi, G.,
Qu, L. "All-graphene core-sheath microfibers for all-solid-state,
stretchable fibriform supercapacitors and wearable electronic tex-
tiles", 25(16), pp. 2326-2331, 2013.
https://doi.org/10.1002/adma.201300132

Lamberti, A., Gigot, A., Bianco, S., Fontana, M., Castellino, M.,
Tresso, E., Pirri, C. F. "Self-assembly of graphene aerogel on cop-
per wire for wearable fiber-shaped supercapacitors", Carbon, 105,
pp. 649-654, 2016.

https://doi.org/10.1016/j.carbon.2016.05.003

Purkait, T., Singh, G., Kumar, D., Singh, M., Dey, R. S. "High-
performance flexible supercapacitors based on electrochemically
tailored three-dimensional reduced graphene oxide networks",
Scientific Reports, 8(1), 640, 2018.
https://doi.org/10.1038/s41598-017-18593-3

Liu, S., Yan, P., Li, H., Zhang, X., Sun, W. "One-Step Microwave
Synthesis of Micro/Nanoscale LiFePO,/Graphene Cathode With
High Performance for Lithium-Ion Batteries", Frontiers in Chem-
istry, 8, 104, 2020.

https://doi.org/10.3389/fchem.2020.00104

Rahmawati, F., Prasasti, B. L. W., Mudjijono, M. "Graphene Ox-
ide from Carbon Rod Waste", IOP Conference Series: Materials
Science and Engineering, 333, 012012, 2018.
https://doi.org/10.1088/1757-899X/333/1/012012

(27]

(28]

(30]

(31]

(32]

[34]

(35]

[36]

Chen, W.-S., Liao, C.-T., Lin, K.-Y. "Recovery Zinc and Manganese
from Spent Battery Powder by Hydrometallurgical Route", Energy
Procedia, 107, pp. 167-174, 2017.
https://doi.org/10.1016/j.egypro.2016.12.162

Thirumal, V., Pandurangan, A., Jayavel, R., Ilangovan, R. "Syn-
thesis and characterization of boron-doped graphene nanosheets
for supercapacitor applications", Synthetic Metals, 220, pp. 524—
532, 2016.

https://doi.org/10.1016/j.synthmet.2016.07.011

Parikh, S. J., Chorover, J. "FTIR Spectroscopic Study of Bio-
genic Mn-Oxide Formation by Pseudomonas putida GB-1", Geo-
microbiology Journal, 22(5), pp. 207-218, 2005.
https://doi.org/10.1080/01490450590947724

Sriwong, C., Choojun, K., Kongtaweelert S. "Investigation of the
Influences of Reaction Temperature and Time on the Chemical
Reduction of Graphene Oxide by Conventional Method Using
Vitamin C as a Reducing Agent", Materials Science Forum, 909,
pp. 225-230, 2017.
https://doi.org/10.4028/www.scientific.net/MSF.909.225

Cao, N., Zhang, Y. "Study of Reduced Graphene Oxide Preparation
by Hummers' Method and Related Characterization", Journal of
Nanomaterials, 2015, 168125, 2015.
https://doi.org/10.1155/2015/168125

Shahriary, L., Athawale, A. A. "Graphene Oxide Synthesized by
Using Modified Hummers Approach", International Journal of Re-
newable Energy and Environmental Engineering, 2(1), pp. 5863,
2014.

Li, H., Bubeck, C. "Photoreduction processes of graphene oxide and
related applications", Macromolecular Research, 21(3), pp. 290-297,
2013.

https://doi.org/10.1007/s13233-013-1139-x

Saxena, S., Tyson, T. A., Shukla, S., Negusse, E., Chen, H., Bai, J.
"Investigation of structural and electronic properties of graphene
oxide", Applied Physics Letters, 99, 013104, 2011.
https://doi.org/10.1063/1.3607305

Ramachandran, R., Saranya, M., Velmurugan, V., Raghupathy, B. P.
C., Jeong, S. K., Grace, A. N. "Effect of reducing agent on graphene
synthesis and its influence on charge storage towards supercapacitor
applications", Applied Energy, 153, pp. 22-31, 2015.
https://doi.org/10.1016/j.apenergy.2015.02.091

Kétz, R., Carlen, M. "Principles and Applications of Electrochem-
ical Capacitors", Electrochimica Acta, 45(15-16), pp. 24832498,
2000.

https://doi.org/10.1016/S0013-4686(00)00354-6


https://doi.org/10.1016/j.matchemphys.2019.122411
https://doi.org/10.1007/s10008-016-3315-3
https://doi.org/10.1016/j.cplett.2008.11.059
https://doi.org/10.1039/C9NA00199A
https://doi.org/10.1016/j.jsamd.2016.10.001
https://doi.org/10.1002/adma.201300132
https://doi.org/10.1016/j.carbon.2016.05.003
https://doi.org/10.1038/s41598-017-18593-3
https://doi.org/10.3389/fchem.2020.00104
https://doi.org/10.1088/1757-899X/333/1/012012
https://doi.org/10.1016/j.egypro.2016.12.162
https://doi.org/10.1016/j.synthmet.2016.07.011
https://doi.org/10.1080/01490450590947724
https://doi.org/10.4028/www.scientific.net/MSF.909.225
https://doi.org/10.1155/2015/168125
https://doi.org/10.1007/s13233-013-1139-x
https://doi.org/10.1063/1.3607305
https://doi.org/10.1016/j.apenergy.2015.02.091
https://doi.org/10.1016/S0013-4686(00)00354-6

	1 Introduction
	2 Materials and methods
	2.1 Leaching process
	2.2 GO synthesis
	2.3 GO reduction

	3 Results and discussion
	3.1 FTIR analysis (graphene characterization)
	3.2 UV-Vis analysis 
	3.3 Morphological analysis using SEM/EDX
	3.4 Capacitance analysis

	4 Conclusion
	References

