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Graphene’s exceptional electrical, mechanical, and chemical
properties have enabled breakthroughs in electronics, energy
storage, and biomedicine, yet large-scale, low-cost, and
sustainable production methods remain elusive. Here, we report a
facile, scalable route to synthesize Biochar-Like Graphene
Nanosheets (BLG) from candlenut shell biomass using activated
carbon as a dual-function reducing agent and combustion inhibitor
in a modified muffle furnace pyrolysis system. Structural analysis
by X-ray diffraction and Fourier-transform infrared spectroscopy
confirms the formation of defect-rich, low-oxygen sp? carbon
networks, while scanning electron microscopy reveals wrinkled
layered morphologies that promote electrolyte accessibility.
Electrical measurements demonstrate a voltage-dependent
conductivity, reaching 368.67 uS-cm™ at 1.5 V, alongside stable
power density (6.72 W-kg™') and high energy density (403.2
Wh-kg™), indicative of excellent charge transport and storage
capabilities. Remarkably, BLG exhibits potent antibacterial
activity against Salmonella typhimurium with a 10.76 + 0.23 mm
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inhibition zone and positive MIC and MBC responses, attributed
to synergistic membrane disruption, reactive oxygen species
generation, and electron transfer effects. This biomass-to-
graphene strategy offers a sustainable, multifunctional
nanomaterial platform for next-generation energy, environmental,
and biomedical technologies.

1. INTRODUCTION

Graphene is the thinnest two-dimensional material of carbon atoms arranged in a hexagonal
lattice. It exhibits exceptional thermal, mechanical, and electrical conductivity properties, coupled
with a high specific surface area of up to 2630 m>.g™', low sheet resistance, excellent mechanical
strength, and ultralight weight. These unique characteristics make graphene highly promising for
various applications, including electronics, energy storage, and biomedical systems [1]. Despite its
outstanding potential, graphene synthesis still faces significant challenges, particularly in large-scale
production, quality control, and cost efficiency [2].

To address these limitations, various synthesis strategies have been explored, such as chemical
vapor deposition (CVD), epitaxial growth, arc discharge, modified Hummers’ method, liquid-phase
exfoliation, mechanical exfoliation, supercritical fluid techniques, sonication, and carbon nanotube
unzipping. However, none of these methods can be considered ideal for industrial-scale
implementation. Graphene can be derived from different carbon precursors, including graphite, coal,
methane, biomass, and other carbon-rich sources [3, 4]. Among these, biomass has emerged as an
attractive alternative owing to its low cost, abundance, and sustainability. Recent studies have
demonstrated the feasibility of producing graphene nanosheets from biomass for various
applications, including primary batteries [5].

Candlenut shell, an agricultural byproduct, is particularly promising due to its high carbon
content, primarily composed of lignin (54.6%) and cellulose (49.2%) [6, 7]. Previous work reported
the synthesis of Biochar-like graphene nano sheets (BLG) using a one-step pyrolysis approach,
resulting in multilayer graphene sheets [8]. However, this method relies on advanced reactor systems
and is limited by reactor size, hindering scalability.

The present study aims to develop a simplified and scalable synthesis method for BLG derived
from candlenut shell biomass. Activated carbon was employed as both a reducing agent and a
combustion inhibitor during pyrolysis, facilitating oxygen removal while suppressing unwanted
oxidation. The resulting graphene material is expected to exhibit nano-layered morphology with
properties suitable for applications as a conductive material and antibacterial agent.

2. EXPERIMENTAL METHODS

The candlenut shell waste was obtained from community-owned plantations in Sidikalang
District, Dairi Regency, North Sumatra. This experiment was carried out using a modified pyrolysis
method approach.

2.1. Synthesis of BLG

The candlenut shell was cleaned from ash using a brush and directly mixed with activated
carbon powder in a ratio of charcoal to activated carbon (1:1) [9], then pyrolyzed in a furnace at 600
°C for 4 hours in an air atmosphere. The heating rate was set to 10 °C-min’, reaching 600 °C.
Afterward, the candlenut shell charcoal chips were separated from the activated carbon, washed with
distilled water, and dried in an oven at 105 °C for 4 hours. Subsequently, the BLG was ground using
a grinder and sieved with a 200-mesh sieve.

2.2. Sample Characterization

The sample was characterized using X-ray Diffraction (XRD, Rigaku Corporation, Japan),
Scanning Electron Microscopy (SEM, JEOL 2100F, Japan), and Fourier Transform Infrared
Spectroscopy (FTIR, Agilent Cary 630, United States).
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2.3. Conductivity Measurement

A total of 300 mg of BLG powder was packed into a fused quartz tube with an internal diameter
of 0.3 cm and a length of 2.0 cm. Alligator clip cables were attached to both ends of the tube and
connected to a multimeter's negative and positive terminals, integrated with a regulated DC power
supply. The electrical conductivity (EC) of the BLG was measured by applying voltages of 0.5, 1.0,
and 1.5 V, while the corresponding current (mA) readings were recorded from the multimeter display

as shown in Figure 1 [9].
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Figure 1. Electrical circuit model for conductivity measurements.

The energy density (E) and power density (P) were estimated from the electrical conductivity
measurements using the following equations:

E=(VxIxt)/m (1)
P=(VxI)/m (2

V is the applied voltage, I is the measured current, t is the measurement time, and m is the
mass of the BLG sample (300 mg). These values indicate the charge storage capability of BLG under
the applied conditions. However, they are not directly equivalent to conventional electrochemical
testing methods such as cyclic voltammetry or galvanostatic charge—discharge in a whole cell.

2.4. Antibacterial analysis

The antibacterial activity of candlenut shell extract and biochar-like graphene-based material
(BLG) against Salmonella typhimurium was evaluated using the agar well diffusion method,
determination of Minimum Inhibitory Concentration (MIC), and Minimum Bactericidal
Concentration (MBC). A bacterial suspension was prepared by diluting a pure colony in 0.9%
physiological NaCl solution until turbidity reached that of a 0.5 McFarland standard. Mueller—Hinton
Agar (MHA) plates were prepared for the agar well diffusion assay, and wells with a 6 mm diameter
were created using a sterile cork borer. Each well was filled with 0.1 mL of the sample solution at a
concentration of 300 mg/mL. The plates were incubated at 37 °C for 24 h. Antibacterial activity was
assessed by measuring the inhibition zone diameter around each well. MIC determination was
performed by adding 100 pL of bacterial suspension and 100 pL of the sample solution (1 mg/mL)
into a sterile 96-well microtiter plate, followed by incubation at 37 °C for 24 h. The MIC was defined
as the lowest concentration at which no visible bacterial growth was observed. MBC determination
was carried out by transferring 50 pL from MIC-negative wells onto Brain Heart Infusion (BHI) agar
plates, followed by incubation at 37 °C for 24 h. The MBC was the lowest concentration capable of
killing >99.9% of the bacterial population [10].

3. RESULTS AND DISCUSSIONS

Biochar-like graphene nanosheets (BLG) were synthesized through a one-step pyrolysis
process and thoroughly characterized by XRD, FTIR, and SEM to elucidate their structural and
functional properties. Subsequently, the material was assessed for antibacterial efficacy and
evaluated for its electrical performance.

[
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3.1. XRD Study
X-ray diffraction (XRD) analysis was carried out using an XRD instrument manufactured by

Rigaku Corporation (Japan). The instrument operated at 18 kW with a tube voltage of 40 kV and a
current of 100 mA, employing a 10 mm * 10 mm beam size and Cu Ko, radiation (A = 1.5406 A)
with a graphite monochromator. The diffraction patterns were recorded over a 20 range of 10°-90°
with a step size of 2°. The use of candlenut shells as a carbon precursor offers a sustainable and cost-
effective alternative to conventional graphene synthesis routes. Unlike harsh chemical oxidation or
chemical vapor deposition, this approach leverages a biomass-derived source and a one-step
pyrolysis process to enhance structural integrity. The incorporation of activated carbon during
pyrolysis plays a dual role: it suppresses unwanted combustion, ensuring a controlled carbonization
environment, and promotes in-situ reduction of oxygen functionalities, which is critical for
generating graphitic domains at relatively low temperatures [6].

The interlayer spacing (d) was determined using XRD data based on Bragg’s law, which
describes the condition for constructive interference of X-rays reflected by crystal planes:

2dsinf =ni (D)

where d is the interplanar spacing, A is the X-ray wavelength, 0 is the diffraction angle, and n is
an integer representing the order of reflection.

The average crystallite size (D) was calculated using the Scherrer equation:

KA
- B cos6 (2)
where K is the shape factor (0.9), A is the X-ray wavelength (1.5406 A for Cu Ka radiation), B is the
full width at half maximum (FWHM) in radians, and 0 is the Bragg angle.
Crystallinity was evaluated by deconvolution of the XRD pattern into crystalline and

amorphous contributions to assess the degree of structural ordering. The crystallinity index (CI) was
computed as:

Total crystalin area

Crytallinity (%) = Totalaroa 3)
A higher crystalline fraction indicates greater structural ordering within the carbon framework,
reflecting the extent of graphitization achieved during pyrolysis [8].
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Figure 2. (a) Powder sample of BLG; (b) XRD pattern of BLG powder after baseline correction; (c)
Schematic visualization of BLG layered structure.

The raw XRD data were processed using Origin software, with baseline correction applied to
minimize background noise before calculating FWHM values, d-spacing, and crystallinity
percentage. The calculated crystallographic parameters of the synthesized BLG are presented in
Table 1 based on the XRD analysis.

The XRD analysis reveals two characteristic diffraction peaks of BLG at 20 = 23.71° for the
(002) plane and 20 = 44.54° for the (100) plane. The (002) reflection corresponds to the stacking of
graphene layers along the c-axis, which is directly related to the interlayer spacing (d-spacing). The
measured d-spacing of 3.749 A for the (002) peak is slightly larger than that of pristine graphite (=
3.35 A), suggesting partial exfoliation, turbostratic disorder, or the presence of heteroatoms/defects
that expand the interlayer distance.

The (100) reflection, with a d-spacing of 4.065 A, is associated with in-plane periodicity of
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the carbon lattice along the a-axis. This value indicates a certain degree of disorder in the basal plane,
likely due to defects, vacancies, or heteroatom doping, which can disrupt the ideal sp? bonding
network.

TABLE I. Calculated crystallographic parameters of BLG obtained from XRD analysis, including
diffraction angle (20), Bragg angle (0), interlayer spacing (d-spacing), full width at half maximum
(FWHM), crystallite size (D), and crystallinity percentage.

Paks  200)  00)  depacing(A) FWHME) (Yol T Cristliiy
(002) 23.71 12.005 3.749 7.811 0.995 46.80
(100) 44.54 22.27 4.065 5.195 1.415 )

The crystallite size (D), calculated via the Scherrer equation, is relatively small (0.995 nm for
(002) and 1.415 nm for (100)), indicating a nanoscale domain structure with significant edge effects.
Such small crystallites typically enhance surface reactivity, which is beneficial for electrochemical
applications but also signifies reduced long-range order.

The crystallinity percentage of ~46.80% suggests that the material has a mixed phase of
crystalline and amorphous carbon. This moderate crystallinity reflects a balance between graphitic
domains (providing good electrical conductivity) and amorphous regions (enhancing ion
accessibility). From a chemical standpoint, the presence of defects and expanded interlayer spacing
could facilitate ion intercalation/de-intercalation, making this BLG material potentially advantageous
for battery anode or supercapacitor applications [11].

3.2. FTIR Study

FTIR spectroscopy was employed to identify the surface functional groups on the
carbonaceous material and elucidate structural changes occurring during pyrolysis. FTIR spectra
were collected 649.893 — 4000.6 cm™. The spectrum exhibited characteristic absorption bands
corresponding to oxygen-containing functionalities,
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Figure 3. FTIR spectrum of BLG (649.893—4000.6 cm™), showing sp?> C=C at 1557 cm™! and CO-
at 2360 cm™.

As shown in Figure 3. The FTIR spectrum of the synthesized carbon material exhibits two
prominent absorption bands at approximately 2360 cm™ and 1557 cm™. The sharp feature at 2360
cm™! is attributed to the asymmetric stretching of atmospheric CO., which commonly appears as a
background artifact during measurement rather than a material-specific functional group. In contrast,
the intense band at 1557 cm™* corresponds to the skeletal C=C stretching vibration of sp>-hybridized
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carbon within aromatic domains, indicating the development of graphitic structures. The absence of
characteristic O—H stretching (~3400 cm™") and C=0O stretching (~1720 cm™) suggests an effective
removal of oxygen-containing functionalities during pyrolysis, consistent with the expected
deoxygenation promoted by the activated carbon additive [8]. A weak signal in the region of 1100-
1000 cm™ may indicate residual C-O stretching from ether or epoxy groups, which can enhance
surface wettability and facilitate electrolyte access without significantly compromising electrical
conductivity [12]. These observations confirm that the thermal treatment strategy successfully
produced a graphene-like structure with a low concentration of oxygen functionalities. This feature
is highly desirable for improving electron transport and maintaining defect sites that are beneficial
for electrochemical applications.

3.3. Scanning Electron Microscope Study

Figure 4 presents the SEM micrograph of BLG powder at 100.000x magnification, revealing
a smooth layered morphology characteristic of stacked graphene sheets. The observed surface texture
indicates well-developed planar structures with occasional wrinkles, typical for BLG materials
synthesized via carbonization and exfoliation routes. The relatively continuous layers with minimal
agglomeration suggest effective separation between graphene domains, promoting high surface area
accessibility for electrolyte penetration.

—
X 100,000 20.0kV SEI

Figure 4. SEM image of BLG at 100,000%, showing layered and wrinkled nanosheets.

This structural feature is consistent with the increased electrical conductivity at higher voltages
(Table 2, Figure 5a), as the interconnected graphene layers facilitate efficient charge transport
pathways. Moreover, the wrinkle formations may serve as additional active sites for ion adsorption,
contributing to the enhanced energy density values observed at 1.5 V (Table 3, Figure 2b). Therefore,
the SEM evidence supports the electrochemical data, indicating that the optimized morphology of
BLG enables a favorable balance between electrical conductivity and electrochemical storage
performance.

3.4. Conductivity Measurement

The electrical conductivity of BLG was evaluated under various applied voltages (0.5, 1.0, and
1.5 V) over a 60-minute measurement period, as summarized in Table 2. The results indicate a clear
dependence of conductivity on both the applied voltage and the measurement time. The
electrochemical performance of BLG was comprehensively evaluated through electrical
conductivity, power density, and energy density measurements under different applied voltages (0.5,
1.0, and 1.5 V). As shown in Table 2 and Figure 5(a), the electrical conductivity exhibited a clear
positive correlation with the applied voltage, reaching 368.67 uS-cm™ at 1.5 V after 60 minutes. This
enhancement can be attributed to the improved charge carrier mobility and interfacial contact within
the BLG network at higher driving potentials. Moreover, a slight time-dependent increase in
conductivity suggests gradual electrolyte infiltration and stabilization of conductive pathways within
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the electrode structure.
TABLE II. Electrical Conductivity (uS.cm™) of BLG.
Voltage Electrical conductivity (uS.cm™?) of BLG
(Volt) 10Min.  20Min.  30Min.  40Min. 50 Min. 60 Min.
0 118.5 108.63 128.38 118.50 138.25 148.13
1.0 286.38 286.38 301.19 306.13 311.07 320.94
1.5 355.50 362.09 362.09 365.38 365.38 368.67
TABLE III. Power Density vs Energy Density of BLG.
Power Density vs Energy Density of BLG
Time 0.5 Volt 1.0 Volt 1.5 Volt
(Minutes) Power Energy Power Energy Power Energy
Density Density Density Density Density Density
(WKg') (WhKg') (WKgh (Wh.Kg"h (WKg' (WhKgh
10 0.24 2.40 2.32 23.2 6.68 64.8
20 0.22 4.20 2.32 46.2 6.6 132.0
30 0.26 7.80 2.44 73.2 6.6 198.0
40 0.24 9.60 2.48 99.2 6.66 266.4
50 0.28 14.0 2.52 126.0 6.66 333.0
60 0.30 18.0 2.60 156.0 6.72 403.2
~ 700 20 T T T
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Figure 5. (a) Electrical conductivity (uS.cm™) of BLG; (b) Power density vs. energy density of

BIG.

The corresponding power density and energy density values, presented in Table 3 and Figure
5(b), follow the expected Ragone plot behavior, where an increased applied voltage significantly
elevates the energy density. In contrast, the power density remains relatively constant for each
voltage condition. At 1.5 V, the BLG sample achieved the highest energy density of 403.2 Wh-kg™
at a moderate power density of 6.72 W-kg™ after 60 minutes, demonstrating its potential for high-
energy storage applications. In contrast, the 0.5 V condition produced lower energy densities but
gradually increased power density over time, indicating improved charge transport efficiency during
prolonged cycling. These findings collectively reveal that BLG benefits from enhanced electrical
conductivity at higher voltages and maintains a favorable balance between energy and power outputs.
It is important to note that the energy and power density values presented here were derived from
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conductivity-based measurements and serve as indicative parameters. Therefore, they should not be
directly compared with literature values obtained from electrochemical cell testing of supercapacitors
or batteries, but rather provide a preliminary insight into the charge transport and storage potential
of BLG.

3.5. Antimicrobial Analysis

To further assess the potential antimicrobial properties of the prepared materials, the inhibition
zone diameter, minimum inhibitory concentration (MIC), and minimum bactericidal concentration
(MBC) were determined for both raw candlenut shell and its graphene nanosheet (BLG) derivative,
as summarized in Table 4.

TABLE IV. Antibacterial activity of candlenut shell and BLG from candlenut shell based on
inhibition zone diameter, MIC, and MBC

Samples Inhibition Zone Diameter (mm) MIC MBC
Candlenut shell 0 - -
BLG 10.76 = 0.23 + +

The antibacterial assay results in Table 4 clearly demonstrate the functional transformation
achieved by synthesizing BLG from candlenut shell biomass. The pristine candlenut shell exhibited
no measurable antibacterial activity, with a zero inhibition zone diameter and negative MIC/MBC
values, indicating that the material lacks active sites or reactive functionalities necessary to inhibit
bacterial growth in its raw form. In contrast, BLG derived from the same biomass showed a
pronounced inhibition zone of 10.76 + 0.23 mm and positive MIC and MBC values, signifying both
inhibitory and bactericidal effects.

The improved antibacterial activity can be directly linked to the morphological and electronic
changes observed in the material. SEM imaging (Figure 4) revealed a wrinkled sheet-like structure
with abundant edges and defects, characteristic of exfoliated graphene, which enhances the
interaction with bacterial membranes. Electrical conductivity measurements (Figure 5a) further
indicated that BLG exhibits high charge transport capability due to restoring the sp? carbon network,
facilitating electron transfer processes that can contribute to oxidative stress in bacterial cells.

The antibacterial activity of BLG can be further contextualized by comparing its performance
with reported values from antibiotics and other graphene-based nanomaterials. The inhibition zone
of BLG against Sa/monella typhimurium (10.76 £ 0.23 mm) is lower than that of standard antibiotics
such as ciprofloxacin, which typically produces inhibition zones greater than 20 mm [13]. However,
the antibacterial effect of BLG is comparable to or higher than several biomass-derived graphene
materials, which generally exhibit inhibition zones in the range of 7-12 mm [14]. In addition, the
positive MIC and MBC responses observed for BLG demonstrate both inhibitory and bactericidal
activity, highlighting its potential as a carbon-based nanomaterial with multifunctional properties.
Although not as strong as conventional antibiotics, the antibacterial performance of BLG is
significant considering its sustainable synthesis route from candlenut shell biomass and its dual role
as both a conductive and antimicrobial material.

Meanwhile, the Power Density vs. Energy Density profile (Figure 5b) confirmed that BLG
possesses an optimal balance between high energy storage capacity and rapid charge—discharge
capability. Although this metric is primarily used to evaluate electrochemical performance, the high
surface activity and defect-rich architecture responsible for such energy—power characteristics also
enhance antibacterial efficiency by providing more reactive contact sites and enabling efficient
charge transfer interactions with microbial membranes.

In fundamental terms, the antibacterial mechanism of BLG involves a synergy between
mechanical damage from nanosheet edges, oxidative stress via reactive oxygen species (ROS)
formation, and electron transfer—induced metabolic disruption in bacterial cells [15]. Collectively,
these findings establish that converting candlenut shell biomass into BLG yields superior
electrochemical materials and results in multifunctional nanostructures with significant antibacterial
potential, expanding their applicability to energy, environmental, and biomedical domains.
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4. CONCLUSIONS

We developed a scalable pyrolysis method to synthesize biomass-derived graphene nanosheets
(BLG) from candlenut shells, achieving defect-rich, low-oxygen sp? carbon structures with high
conductivity and electrochemical performance. BLG reached 368.67 uS-cm conductivity at 1.5 V,
with stable power and high energy density, while exhibiting potent antibacterial activity against
Salmonella typhimurium. These multifunctional properties position BLG as a sustainable
nanomaterial platform for next-generation energy storage and antimicrobial applications.
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