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In this study, a novel method for synthesizing carbon-containing graphene
nanosheets (CCG) from corn cob (CC) waste was developed. The CCG was
produced through a two-stage pyrolysis process at various temperatures (200
°C and 300 °C) and durations (0.5, 1, and 1.5 hours). This new method is
expected to enhance the graphene quality and offer a cost-effective solution
for graphene synthesis from waste materials. The structural characteristics of
the CCG were confirmed by X-ray diffraction (XRD), which revealed peaks
indicative of graphene, and Fourier transform infrared (FTIR) spectroscopy,
which exhibited similarities to previously reported graphene spectra. The
optimal CCG sample, synthesized at 300 °C for 0.5 hours followed by 1.5
hours, was characterized by a hexagonal honeycomb structure and achieved
the highest carbon content at 87.65% (w/w), as determined by scanning
electron microscopy-energy dispersive spectroscopy (SEM-EDS). The
electrochemical properties of the CCG were evaluated using cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS), and linear
sweep voltammetry (LSV). Although the charge transfer resistance (Rct) of the
CCG-modified glassy carbon electrode (GCE) was found to be higher (3.93 k)
compared to the bare GCE (0.30 kQ), the suboptimal electrochemical
performance may be attributed to the presence of impurities, particularly
oxygen. Nonetheless, this research highlights the potential of CC waste as a
sustainable precursor for the large-scale production of graphene, contributing
to the development of eco-friendly materials.
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Introduction also surpasses most metals, alloys, diamonds,
and carbon nanotubes in strength and stiffness
In  recent years, two-dimensional (2D) [5]- The two-dimensional sheet-like structure of

graphene, a parent material of graphitic carbon,
has become a prominent focus in materials
science. Its widespread utilization in diverse
energy storage applications (such as batteries,
supercapacitors, and fuel cells),
textiles, and drug delivery systems emphasized
its significance [1-4]. This heightened interest is

sensors, e-

primarily attributed to graphene's exceptional
properties, including its remarkable toughness,
lightweight nature, and elastic tensile strength
exceeding 130 gigapascals (GPa). Interestingly,
previous research has shown that graphene
nanosheets (GNS) exhibit exceptional properties
carbon-supporting
materials such as activated carbon (AC), carbon
black (CB), (CNT), and
graphite. In addition, GNS’ Young's modulus is
approximately 1 terapascal (TPa), enabling it to
absorb substantial energy before fracturing. GNS

not observed in other

carbon nanotubes
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GNS offers a high surface area that is easily
accessible to reactants and exhibits minimal
mass transfer resistance, setting it apart from
traditional porous materials [6]. Single sheets of
sp2-hybridized carbon on graphene provide a
high electron mobility capability of 106 S/m and
a resistance of 31 Q/sq, which is 140 times
higher than silicon [7], making this material
valuable in the marketplace [8]. GNS can be
produced using either top-down or bottom-up
The top-down approach uses
graphite precursors or other carbon sources like

techniques.

cellulose, glucose, coal, or biomass [9,10]. These
precursors undergo structural changes to reduce
multilayer carbon to a few layers or a single
graphene nanosheet layer.
bottom-up method uses precursors such as
methane gas, acetylene, and pyridine, where
solid carbon molecules bond together to form

In contrast, the
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hexagonal planar C-C covalent bonds with the
help of a catalyst. Graphene can also be
synthesized from biomass
methods, including chemical vapor deposition,
thermal pyrolysis, oxidation,
microwave plasma laser-induced
carbonization, and template
carbonization [11,12]. Previous work has
successfully  synthesized  graphene
agricultural products like corn flour using the
Hummers redox method [13].

Furthermore, other studies have used biomass
from waste materials to produce graphene.
Various by-products and waste materials are
generated from composting [14], lignocellulosic
biomass, [15], biogas, biohydrogen
[13], and methane production. Processing and
recycling these wastes, especially those from
agro-industrial sources like fruit, vegetable, and

using various

electrochemical
irradiation,

emulsion

from

biodiesel

plant residues, is becoming increasingly
important.

Agricultural ~ waste  poses a  critical
environmental  challenge, with  residues

generated during the production and processing
of raw agricultural goods. The escalating
concerns regarding climate change and natural
water resource depletion necessitate innovative
approaches to address these challenges, fostering
a circular economy through efficient agricultural
waste recycling [16].

In recent years, agricultural wastes have
become vital sources of raw materials for
graphene synthesis, including pomelo peels using
laser method [17], corn husk [18], spent black
tea bags [19], subabul, pine, and copper pod
biomass waste [20]. Corn cobs (CC) constitute a
substantial portion of these agricultural wastes.
Projections indicate a steady rise in global corn
production, with an estimated annual output of
1143 million tons by 2025. Leading corn-
producing nations include the USA, China, Brazil,
Argentina, India, and Indonesia [21].

CC has been utilized as bioethanol, composite

board, and animal feed, but it also has an
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enormous potential as a graphene precursor. CC
has reasonably high cellulose content with 37.8 +
1.56% cellulose, 42.2 + 1.68% hemicellulose, and
12.7 + 1.23% lignin [22]. The cellulose content
can be isolated as a precursor for graphene
synthesis using the activation-pyrolysis method
at 700, 800, and 900 °C [23]. Previous research
has successfully produced activated carbon from
CC using the pyrolysis method at 1000 °C under
argon gas. The product has revealed visible
Raman data on 2D bands with weak and broad
peaks, indicating graphene formation [24]. This
method is favored for its simplicity and lack of
harmful chemicals, making it an environmentally
friendly approach (green synthesis).

Graphene
produced by pyrolysis, as reported in a previous
study, by converting coconut into graphite and
graphene using the heat reduction method using
AC [25]. This method is considered as a cost-
effective and simple method to synthesize
graphene, which supports the fabrication of
graphene and N-graphene on a large scale [26].
The carbon-containing GNS (CCG) results are
confirmed with the conditions of the ID/IG ratio
of 0.85, known as a multilayer with a distance of
0.33 nm between graphene layers [27].

However, large-scale production of GNS
remains challenging [28]. Therefore, this study
aims to explore large-scale production of GNS
using renewable raw materials, specifically CC

derived from biomass can be

waste. The novelty of this study lies in the
innovative approach of synthesizing graphene
from CC waste using pyrolysis and reduction
methods at relatively low temperatures. This
method is advantageous because it reduces the
energy requirements typically associated with
graphene production and leverages biomass
precursors, which are both affordable and widely
addition, supports
sustainability, making this approach a promising
pathway for developing eco-friendly and cost-
effective solutions in clean energy technologies
[26].

accessible. In biomass
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Materials and Methods
Materials and instrumentations

The materials used include CC feedstocks
obtained from agro-industrial waste in North
Sumatra, Indonesia, AC (E-Merck) as a reductant,
and distilled produce CCG.
Furthermore, consumables like Al foil and mesh
were also used. The synthesized materials
underwent characterization using scanning
electron microscope-energy dispersive
spectroscopy (SEM-EDS; JEOL JSM-5310), X-ray
diffraction (XRD; Rigaku Corporation), and
Fourier transform infrared (FTIR; Perkin Elmer
100). Electrochemical assessments were also
conducted for CC without treatment or bare CC,
and the obtained CCG using a
Potentiostat/Galvanostat (Autolab PGSTAT30,
Eco-chemie Netherlands), glassy carbon working
electrode (GCE) with a diameter of 3 mm (Sigma-
Aldrich), platinum rod counter electrode (HY

water to

Electronic), Ag/AgCl reference electrode
(Thermo  Scientific), and  ultrasonication
homogenizer (UH-650, B-One). Chemicals
including KCl, [Fe(CN)s]3/4, and KOH (all

obtained from E-Merck) were used in the sample
preparation for electrochemical measurements.
This study used the pyrolysis method to produce
graphene, which has been successfully conducted
by Supeno and Siburian [25], but instead of using
shells, this used CC.
Furthermore, this study intends to use a more
green approach by employing a lower pyrolysis
temperature (200 and 300 °C) than the previous
work (600 °C) and minimal chemicals.

coconut research

Biocharcoal production

The CC was separated from the seeds and
ground into smaller sizes using a grinder., and
then the CC was dried in the sun. The dried CC
was further dried in an oven at 105 °C for 5 h to
eliminate the excess water.
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Afterwards, the completely dried CC was
conventionally pyrolyzed at 200 °C for 1 h to
form charcoal. Pyrolysis was selected for its
significant benefits, including simplicity and
efficiency. This method
containing waste into graphene through thermal
decomposition in the absence
resulting in high-quality graphene with well-
controlled particle size and distribution. In
addition, pyrolysis can be performed at relatively
lower temperatures than other methods, such as
chemical vapor deposition (CVD), reducing
operational and energy costs.

converts carbon-

of oxygen,

CCG production

The ash attached to the charcoal produced from
the CC was removed using a brush. Afterward,
the charcoal was combined with AC powder in a
1:1 ratio and then subjected to another round of
pyrolysis at 200 °C for 1 h. The second phase of
pyrolysis aims to enhance the quality of the
graphene produced further. Expected results
from this phase include improved crystallinity,
better structural ordering, increased electrical
conductivity, and reduced structural defects. The
resulting chip-shaped CCG was rinsed with
distilled water and dried in an oven at 105 °C for
2 h. The same experiment was carried out on
producing bio charcoal and CCG with variations
of temperature (Tpyrolysis; °C): time (tpyrolysis-1; h):
time (tpyrolysis-2; h) of 300: 0.5: 1; 300: 0.5: 1.5;
200:1:1.5; 200:1.5: 1; 200: 1.5: 1.5.

Characterization

The CCG and untreated CC underwent analysis
using XRD, SEM-EDX, and FTIR to confirm the
successful synthesis of CCG. XRD was used to
assess structural and compositional properties.
SEM-EDX was employed to study the
morphological surface of CCG. Meanwhile, FTIR
was used to evaluate the functional groups in the
CCG structure.
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Table 1. Corn CCG yields

Variations Mass CCG Yields
Before Treatment After Treatment (%w/w)
300 °C; 0.5 h; 1h 50g 78¢g 15.6
300°C;0.5h;1.5h 50g 80g 16.0
200°C; 1h; 1h 50g 79g 15.8
200°C; 1h; 1.5h 50g 768 15.2
200°C; 1.5h; 1 h 50g 778 15.4
200°C;1.5h;1.5h 50g 82g 16.4
Electrochemical analysis CCG yields

The electrochemical setup consisted of a
modified GCE with a diameter of 3 mm, an
Ag/AgCl reference electrode, and a platinum rod
electrode. Before wuse, the GCE
underwent polishing with Al powder and
thorough rinsing with distilled water. A
homogenized suspension of CCG at a
concentration of 1 mg/mL was set by dispersing
the synthesized CCG in distilled water using
ultrasonication for 0.5 hours. Following this, 5 pL
of the suspension was drop-casted onto the
surface of the GCE and allowed to air-dry at room
temperature, forming CCG/GCE.

The prepared electrode underwent analysis
cyclic (CV),
electrochemical impedance spectroscopy (EIS),
and linear sweep voltammetry (LSV) within a
three-electrode system to assess the electrical
properties of CCG and explore its potential
applications. CV analysis of GCE and CCG/GCE
was conducted in 1 M KOH at a scan rate of 50
mV/s. EIS assessments were conducted with an
AC amplitude of 5 mV, utilizing frequency sweeps
ranging from 10 kHz to 0.1 Hz in 0.1 M KCl with 5
mM [Fe (CN)g]3/4. Meanwhile, the oxygen
evolution reaction (OER) of the CCG/GCE was
investigated using LSV by scanning from 0 to 2 V
in 1 M KOH at 20 mV/s.

counter

utilizing voltammetry

Results and Discussion
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Based on the results of the CC pyrolysis, the %
yield of CCG for each variation of temperature
(Teyrolysis) and time (teyrolysis-1 and tpyrolysis-2) was
determined using Equation (1), and the results
are summarized in Table 1.

%Yield of CCG = (Weight CCG)/(Weight CC) x100% (1)

According to Table 1, the mass of all CC
converted to CCG decreased substantially,
approximately 85% of the total weight after heat
This reduction corresponds to
releasing 0z, CO2, and H20 molecules from heat
treatment.

treatment.

XRD analysis

XRD analysis utilized a beam size of 10 mm x 10
mm, employing monochromator Cu/Ka radiation
(o = 1.5406) at 40 kV and 100 mA. The scanning
range spanned from 10 to 80° (26) with 2.0°
increments. Powder XRD patterns were acquired
using a SWXD diffractometer working at 18 kW,
generating a 2D diffraction pattern from the
sample.

The XRD image depicted a notable impact of
variation on crystallinity behavior (Figure 1). In
the six variations of CCG samples, the C (002)
peak exhibited a broad and weak pattern,
suggesting a tendency towards amorphous
crystallinity, consistent with JCPDS Card 008-
0416.
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Figure 1. XRD diffractogram of CCG and CC samples.

Liu et al [29] proved that the nano-sized
graphene layer stacked C (002) diffraction
pattern has a peak at 20 = 24-26° with a weak
broad peak. Analysis of the diffractogram
revealed that all variations of CCG displayed a C
(002) peak at 26 = 24.3°, consistent with the
literature. Meanwhile, the cellulose crystallinity
peak was evident in the untreated CC diffraction
pattern, manifesting as weak and broadened
peaks at 26 = 16.7° and 21.9°, indicating that the
cellulose was amorphous. This finding was in
accordance with the reported work that found
the cellulose demonstrating amorphous peaks at
20 = 16.7°, 21.9°, and 28.2° [30]. Furthermore,
lignin nanofibers exhibited peaks at 20 = 38.2°,
44.5° 64.9°, and 77.9°. Lignin nanofiber was
identified in the diffractogram due to the high
degradation temperature of lignin, making it still
attached to the sample. However, 300 °C; 0.5 h;
1.5 h variation indicated a weak lignin peak
resembling the graphene diffractogram.

Morphological properties of corn CCG

The obtained CCG
characterization to
morphology at a magnification of 20,000 times.

SEM-EDS
surface

underwent
examine its
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As depicted in Figure 2, each variation can be
interpreted based on distinct morphologies.
Figure 2a reveals that the CC without treatment
exhibited hole-like structures with irregular
shapes. Meanwhile, the sample with a
temperature variation of 300 °C has loosely
arranged C-C structures detached from other
carbon structures, initiating the formation of
pores (Figure 2b). Furthermore, longer heating
times at 300 °C led to improved results. It
displayed larger pores, displaying a tighter
hexagonal honeycomb graphene structure,
representing an optimal surface morphology
(Figure 2c). The pores in the material might
indicate the presence of voids or spaces within
the structure, making it a three-dimensional
porous graphene nanosheet [31]. These could be
due to various factors, such as the evaporation of
gases during pyrolysis, the removal of functional
groups, or even the structural rearrangement of
carbon atoms. In contrast, the structure at a
temperature variation of 200 °C in Figure 2d
showed minimal change compared to untreated
CC. Figure 2e exhibits a variation with structural
defects, where the specific type of structure
could not be determined. However, the formation
of graphene layers was observed.
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8 1m ~ ‘

300°C/0.5H/1.5H

Figure 2. SEM images of (a) CC without treatment and CCG synthesized at (b) 300 °C; 0.5 h; 1 h, (c) 300 °C; 0.5 h;
1.5h, (d) 200°C; 1 h; 1 h, (¢) 200 °C; 1 h; 1.5 h, (f) 200 °C; 1.5 h; 1 h, and (g) 200 °C; 1.5 h; 1.5 h.

In addition, Figure 2f displays a variation where
the structure had begun to form but had not fully
developed into a hexagonal shape, with a
noticeable enlargement of pores.

Meanwhile, the variation depicted in Figure 2g
lacked conclusive structures, with only pores
showing enlargement as temperature and
duration increased. According to the EDX data in
Table 2, the carbon content in the samples varied
significantly. The untreated corn sample showed
a carbon concentration of 73.00%, whereas the
most optimal variation, 300 °C; 0.5 h; 1.5 h,
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achieved a notably higher carbon concentration
of 87.65%. This variation also yielded the best
morphological structure, likely due to more
complete oxygen facilitated by
prolonged contact time of the AC reductant with
the sample, promoting oxygen termination
reactions. However, variations treated at 200 °C
exhibited high carbon content but failed to
acquire hexagonal morphology, possibly due to
increased carbon content caused by water
evaporation.

reduction,
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Table 2. EDS data of CCG with different variations

Atomic Weight
Variations Concentration (%) Concentration (%)
C (0} C (0]
Without treatment 73.00 27.00 67.0 33.0
300°C;0.5h;1h 84.78 15.22 80.7 19.3
300°C;0.5h;1.5h 87.65 12.35 84.2 15.8
200°C;1h;1h 86.26 13.74 82.5 17.5
200°C;1h;1.5h 79.90 20.10 74.9 25.1
200°C;1.5h;1h 81.35 18.65 76.6 23.4
200°C;1.5h;1.5h 87.97 12.03 84.6 15.4
— Without treatment
300°C;05h;1h ——200°C;1h;1.5h
300°C;0.5h;1.5h——200°C;1.5h;1h
———200°C;1h;1h ——200°C;1.5h;1.5h
(a) (C=0)
(O-H)

Transmittance (arb.units)

PN ]

T T T
4000 3500 3000 2500

T T ¥ T
2000 1500 1000

Wavenumber (cm™)

Figure 3. FTIR spectrum of (a) CC without treatment and CCG synthesized at (b) 300 °C; 0.5 h; 1 h, (c¢) 300 °C; 0.5
h; 1.5 h, (d) 200 °C; 1 h; 1 h, (e) 200 °C; 1 h; 1.5 h, (f) 200 °C; 1.5 h; 1 h, and (g) 200 °C; 1.5 h; 1.5.

FTIR characterization

FTIR characterization was done to identify the
functional groups of the CCG materials. Figure 3
showed the FTIR spectra of CCG and untreated
CC. FTIR spectrum of untreated CC demonstrated
a strong and broad O-H stretching vibration band
at 3332 cm, carboxyl CHO stretching band at
1632 cm, and C-O stretching vibration at 1087
cm-! [32]. The results were in accordance with
the literature, which that the
wavenumber of the C=C-C aromatic ring stretch
was identified at 1615-1580 and 1510-1450 cm-
1, and -OH stretching at 3332 cm-! [33]. Due to
the reduction reaction by AC, these peaks were
relatively diminished or entirely absent in the

indicated
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FTIR spectra of CCG, similar to the graphene FTIR
spectrum reported elsewhere [34]. These results
indicated that CCG was successfully obtained
after the reduction reaction.

Electrochemical measurements of Corn CCG

The electrochemical characteristics of CCG were
assessed using CCG/GCE (glassy carbon working
electrode). As illustrated in Figure 4a, the CV
curves depict the redox behavior of the
fabricated electrodes in 0.1 M KCl with 5 mM [Fe
(CN)¢]3/+. A lower current response was
observed for CCG/GCE compared to bare GCE.
Figure 4b illustrates the EIS results based on

Nyquist plots where the charge transfer
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resistance (R«) of bare GCE and CCG/GCE
acquired were 0.30 kQ and 3.93 kQ, respectively.
The CV and EIS results were in good agreement.

Furthermore, the specific capacitance of bare
GCE (50.4 F/g) and CCG/GCE (26.9 F/g) was
determined by analyzing CV curves recorded in 1
M KOH at 50 mV/s (Figure 4c). Figure 4d further
demonstrates the OER using LSV, where the
response obtained from CCG/GCE was poorer
than that from bare GCE. These findings hold
significance in elucidating the possible
applications of these materials in energy storage
and electrochemical devices. Doping of CCG with
metals or halogens is recommended to enhance
the electrical properties due to their potential to
improve electrical conductivity.

o o Q
13 o 13
L L L
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/
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According to the CV plots (Figure 4c) and LSV
plots (Figure 4d), the CCG data compared to bare
GCE indicate suboptimal values. However, the
increase in charge transfer resistance (R¢) after
synthesizing graphene suggests that the
modification may have created a barrier to
electron flow, likely due to the carbon material's
porosity, surface area, and chemical composition.
This is attributed to the significant amount of
impurities, particularly oxygen, leading to
increased current resistance, thus rendering bare
GCE more conductive [35].

This challenge can be addressed by increasing
the reduction temperature and the mass of the

reducing agent.

2000
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Figure 4. (a) CV curves of bare GCE and CCG/GCE recorded in 0.1 M KCI solution with 5 mM [Fe(CN)¢]3-/4- ata
scan rate of 50 mV/s, (b) Nyquist plots of bare GCE and CCG/GCE recorded in 0.1 M KClI solution with 5 mM
[Fe(CN)e]3/*; inset is the equivalent electrical circuit model, (c) CV curves of bare GCE and CCG/GCE recorded in
1 M KOH at a scan rate of 50 mV/s, and (d) LSV of bare GCE and CCG/GCE recorded in 1 M KOH at a scan rate of
20 mV/s.
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Table 3. Comparison with other works

Synthesis Method

Two-stage pyrolysis from corn waste
One-stage pyrolysis from coconut waste
Hydrothermal method

Hummer method

Compared Variable (Rct) Ref.
Bare GCE 0.30 kQ This work
Graphene/GCE 3.93 kQ
Bare GCE 0.30 kQ [36]
Graphene/GCE 0.88 k()
Bare GCE 0.20 kQ [37]
MoS2 NSAs/rGO/GCE 0.11 kQ
Bare GCE 2.63 kQ [38]

NiO/CoO@PCNs/CNTs/erGO/GCE 0.22 kQ

Compared to another synthesis method, the
two-stage pyrolysis used in this article gives
similar results with coconut-driven CCG, which is
also a biomass-based CCG but in contrast with
other CCG, as seen in Table 3. Based on Table 3, it
can be concluded that biomass-driven CCG will
give similar R results compared to conventional
precursor-driven CCG. The biomass-driven CCG
has the advantage of a more efficient and
environmentally friendly synthesis method.

Conclusion

To sum up, the optimal conditions for
synthesizing CCG were achieved with a pyrolysis
temperature (Tpyrolysis) of 300 °C and pyrolysis
durations (teyrolysis-1 and -2) of 0.5 and 1.5 h,
respectively. This specific variation yielded a
carbon content of 87.65% and exhibited
honeycomb morphology akin to hexagonal
planar structures. The study revealed the effect
of pyrolysis temperature and duration on the
morphological characteristics of CCG. The AC
application as a reductant for oxide groups was
confirmed through FTIR analysis, revealing the
absence of a peak at 3332 cm! for hydroxyl
These indicated the
successful conversion of cellulose into CCG. The
successful synthesis of CCG from CC was further
through  XRD SEM-EDS
characterizations. However, despite successful

groups. observations

confirmed and
synthesis, the electrochemical performance of

the obtained CCG was unsatisfactory, as
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evidenced by CV, EIS, and LSV results. This poor
electrochemical response highlights the need for
further research to enhance its performance.
Future research could explore doping techniques
and the development of CCG nanocomposites to
improve their electrochemical properties.
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