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ABSTRACT: Graphene nanosheets (GNS) have garnered sig-
nificant attention due to their exceptional properties and wide-
ranging applications. This research aims to synthesize GNS from
coconut shells and candlenut shells and to compare their
performance in Fe ion adsorption and electrochemical properties.
Both coconut and candlenut shells were used as raw materials, and
the pyrolysis method was chosen to produce large-scale GNS. The
GNS were characterized using Raman spectroscopy, X-ray
diffraction, FTIR, FESEM-EDX, AAS, and electrochemical
measurements, including CV and EIS on modified electrodes.
New findings from this study reveal that GNS derived from
candlenut shells exhibit thinner layers and fewer defects compared
with those derived from coconut shells. This structural advantage contributes to superior Fe ion adsorption efficiency and better
electrochemical performance, making the GNS from candlenut shells more suitable for applications in flexible electronics and
electrochemical devices. Furthermore, the synthesis method effectively reduces the amount of oxides associated with defects in the
GNS, enhancing the material’s potential for high-performance applications. The GNS produced from candlenut shells showed an Fe
adsorption effectiveness of 0.33 ± 0.012 mg/g, a charge transfer resistance of 0.78 kΩ, and a capacitance of 108.8 F/g, indicating
their promising role in future technological applications.

■ INTRODUCTION
Carbon nanoallotropes produce cutting-edge and multi-
application carbon materials such as carbon dots, graphene,
carbon nanotubes (CNTs), fullerenes, carbon nanoforms,
nanocapsules, carbon nanofibers, and carbon nanobuds.
Graphene is the thinnest 2D material with a thickness of one
carbon atom, and it possesses outstanding properties: high
electrical conductivity (1250 S/cm2), large surface area (2600
m2/g), and C-sp2. Graphene, as a material with unique
electrical properties, exhibits a lower sheet resistance than
many other carbon allotropes, typically around 96 Ω/sq, which
enhances its potential in various electronic applications.1

Graphene has a distinctive electronic structure where the
valence and conduction bands intersect at the Dirac points
within the hexagonal Brillouin zone, particularly at the K point.
This intersection results in graphene being a gapless material,
posing challenges for its direct use as a semiconductor.
However, this unique electronic structure also facilitates the
high mobility of electrons and metal ions within the graphene
lattice. Therefore, it is necessary to modify graphene by doping
heteroatoms of metallic elements such as Ni, Fe, Mg, and
Cu,2−5 and nonmetals like B, N, P, and S to overcome the zero
band gap.6 Graphene possesses a notably elevated theoretical
specific surface area, enabling the incorporation of additional

active sites to facilitate electrochemical reactions. In the
literature, the specific capacitance of graphene often falls
significantly short of its theoretical value of 550 F g−1. This
discrepancy can generally be attributed to two main factors.
First, during the implementation of supercapacitors, restacking
of graphene layers occurs due to π−π interactions, diminishing
the specific surface area and impeding ion diffusion within the
active material.7 Second, the conductivity of graphene is
hindered by structural defects such as imperfect graphene and
the introduction of heteroatom-containing groups during
synthesis.8 Consequently, these factors diminish the power
density and rate performance of graphene-based super-
capacitors. Additionally, graphene has been applied as an
electrochemiluminescence (ECL) sensor.9 Transistors, water
filtration, solar cells, drug delivery systems, biosensors, and
biomedicine notably impact the immune system,10−12
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The top-down approach from commercial graphite mostly
synthesizes graphene through various techniques, namely,
mechanical and chemical exfoliation methods. Previous
research has shown that graphene can be synthesized in
addition to graphite, namely, from coal and petroleum
(nonrenewable resources). On the other hand, graphene can
also be synthesized from coconut shells,13 coffee grounds,14

and rice husk,15 and other biomass (renewable resources) are
also sources of carbon in graphene synthesis. Many
manufacturing methods for graphene have been proposed for
waste sources, especially plant and biomass,16 one of which is
the chemical vapor deposition (CVD) method; a single layer of
graphene is produced, where the thickness of graphene
produced, namely, one carbon atom, has good quality and
good properties.5 However, this method has the disadvantage
of a small number of products due to the limited area of metal
substrate catalysts and the size of CVD reactors.17 Reduced
graphene oxide (RGO) is widely developed using the Hummer
modification method, where commercial graphite is oxidized
into graphene oxide using the oxidizing agents H2SO4, NaNO3,
KMnO4, and H2O2 and reduced again by a reducing agent and
then rinsed with water to obtain a reduced graphene oxide-
produced graphene multilayer. The modified Hummers
method involves graphene synthesis by oxidizing graphite to
break interlayer bonds, causing the formation of oxygen
functional groups, epoxy, hydroxy, and carboxyl groups due to
the release of positive metal ions from strong oxidizers,
followed by the removal of acidic compounds and the
production of graphene oxide. The large number of oxide,
epoxy, and carboxyl groups bound to graphene oxide results in
a low C/O ratio, low electrical conductivity, and low
mechanical properties due to structural distortion. The
reduction of graphene oxide (GO) is crucial for restoring
graphene’s intrinsic properties, including its high electron
mobility.18,19 We have previously employed the modified
Hummer method to synthesize GNS from graphite; however,
this approach has several limitations, including low production
yield (approximately 30−40% mass ratio), long processing
times (around 1 week per cycle), and the extensive use of
hazardous chemicals.20 Moreover, exfoliation methods have
developed for 2D materials such as electrochemical exfoliation,
mechanical exfoliation, liquid phase, or involving complex
methods to produce graphene; furthermore, each method has
distinct advantages and limitations, influencing the structural
properties; however, the material used is graphite, which will
be peeled off to produce a layer of graphene.
Graphene synthesis from biomass using the pyrolysis

method was carried out. Interestingly, the mechanism
underlying the synthesis process has not been fully elucidated,
and the deflagration phenomenon is interesting because the
pyrolysis process involves a transition in the form of
hybridization of C-sp3 carbon to C-sp2, and an increase in
the percentage of graphitic carbon influenced by increasing
temperature.21 This method has been widely studied using
biomass and other waste carbon sources because the pyrolysis
method is eco-friendly and has diverse applications. The
pyrolysis method successfully synthesized large-scale N-GNS
and GNS from coconut shells. The results validated by TEM
showed a flat surface with an N-graphene lattice distance of
0.36 nm and a graphene lattice distance of 0.34 nm. This
method is considered less expensive and more environmentally
friendly and could be applied on a large-scale production.22 In
a comparison of the graphene production method from

pyrolysis with other studies, this research stands out for
using biomass waste as the primary feedstock without involving
hazardous chemicals like strong oxidants, making it more
environmentally friendly and suitable for sustainable ap-
proaches. However, challenges remain in optimizing the
quality and controlling the structural integrity of the resulting
graphene. On the other hand, the intermediate-assisted
grinding exfoliation (iMAGE) method demonstrates advan-
tages in exfoliation efficiency, producing large lateral-sized,
high-quality graphene, but it requires specialized equipment
and intermediary particles (such as SiC), adding complexity
and production costs.23 Additionally, the review by Munuera et
al. emphasizes the importance of using life cycle assessment
(LCA) to evaluate the environmental impact of various
graphene production methods, including pyrolysis and liquid-
phase exfoliation, with a focus on using waste materials as
carbon sources.16 While this approach holds promise for
sustainability, certain methods, such as CVD, still face
challenges related to high energy consumption and scalability
issues. Overall, the method used in this study offers a more
eco-friendly and cost-effective solution, but further improve-
ments are needed to ensure consistent quality for broader
commercial applications.
Functionalized groups in graphene such as oxygen-

containing groups significantly impact the conductivity of
graphene. The introduction of oxygen functional groups leads
to a reduction in thermal conductivity due to enhanced
phonon scattering, limiting the phonon mean free path and
increasing phonon-defect scattering.24,25 Additionally, exposure
to oxygen can cause local oxidation of graphene, decreasing its
roughness, conductivity, mechanical resistance, and frictional
characteristics, ultimately affecting device performance.26,27

Hence, reducing agents play a crucial role in the synthesis of
graphene. Different reducing agents used in the reduction of
graphene oxide (GO) lead to variations in the carbon-to-
oxygen ratio, carbon lattice defects, and the distribution of
oxygen groups. Additionally, the reduction process affects the
stacking nanostructure, interlayer distance, and content of
oxygen groups, ultimately influencing its properties such as
specific capacitance and energy density in supercapacitors.
Various reducing agents like alkali rare earth metals, thermal
treatment, tetraethylenepentamine (TEPA), hydrazine hydrate,
hydroiodic acid, hydrazine, glucose, urea, and sulfur acid-
derived, are commonly used.24,28,29 In this study, a novel
reducing agent, namely, activated charcoal (AC), was used.
According to the results of research on activated commercial
charcoal containing chromium, cadmium, aluminum, and small
amounts of metals such as Pb, Zn, and Mn.30 Metals can react
with oxide groups to form metal oxides, making it possible to
reduce the number of oxide groups on the surface of carbon
materials with metal−oxide interactions, which is expected to
reduce the amount of oxygen. For instance, the use of AC as a
reducing agent will provide a simple and environmentally
friendly approach for reduction graphene synthesis. Overall,
the choice of reducing agent significantly influences the
efficiency, cost-effectiveness, and environmental impact of the
graphene synthesis process. Commonly, graphene synthesis
from graphite by each method has defects that may give unique
properties; however, lignocellulosic content in biomass has a
potential for graphene material.31,32

In materials, the candlenut shell is a waste from the
candlenut industry. Generally, candlenut seeds are used as
kitchen spices, candlenut oil, and traditional medicine; the
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discarded shells have a hard and dense texture. Research has
focused on utilizing carbonaceous agricultural waste, such as
candlenut shells, which are abundant in Indonesia. It has been
reported that Indonesia’s annual production of candlenuts has
reached 100,700 t. In addition to Indonesia, according to FAO
statistics, global candlenut production in 2020 amounted to
554,490 t. Given that approximately 66.1% of candlenut
comprises shells, considered solid biowaste, an estimated
366,518 t of waste are generated from candlenut production
annually.33 Agricultural waste is a cost-effective and environ-
mentally sustainable alternative source of carbon for the
production of nanoscale electronic devices.34 Utilizing candle-
nut shells to produce GNS offers dual benefits: it reduces
agricultural waste and lowers the cost of GNS production. The
properties of GNS derived from agricultural waste depend on
the preparation method. Biowaste-derived graphene shows
promise as an adsorbent for removing heavy metals from
aquatic environments due to its large surface area. Recent
studies of graphene synthesis through pyrolysis of candlenut
shells show promising results, where the resulting GNS is close
to commercial graphene;35 thus, the development under
pyrolysis environmental conditions can control the resulting
graphene’s properties.36 In this work, we conducted the
pyrolysis process at a vacuum level below 1 mbar to see any
changes in the crystal structure and performance of the
produced graphene.
Iron (Fe), a heavy metal found in soil, can dissolve in

rainwater, increasing the metal concentration in water.
Interestingly, graphene is more efficient in water filtration.37

The adsorption of Fe ions on graphene is driven by a complex
interplay of various physicochemical processes including
electrostatic interactions, ion−π interactions, and surface
complexation reactions. The mechanism of Fe ion adsorption
on graphene can be broadly divided into several stages: (1) the
initial transport of Fe ions from the bulk solution to the
graphene surface, (2) the adsorption of Fe ions on the
graphene surface through various binding mechanisms, and the
potential formation of secondary precipitates or complexes.
Previous studies on Fe-doped graphene generally utilize
graphite as the primary material.3,38,39 In contrast, our research
explores the synthesis of graphene from biomass sources,
which could lead to unique structural characteristics and
enhanced properties in adsorption and electrochemical
applications due to the specific defect structures inherent in
biomass-derived graphene. Therefore, it is important to explore
the synthesis, characteristics and development of our prepared
GNS. In this paper, GNS were synthesized from candlenut and
coconut shells; we also elaborate on the mechanism of our
synthesis method and the relationship between adsorption
ability and electrochemical properties

■ RESULTS AND DISCUSSION
Mechanistic Synthesis of GNS. GNS was synthesized

from biomass waste. According to previous research, coconut
shell biomass has abundant carbon sources, such as hemi-
cellulose (31.80%), lignin (44.7%), and cellulose (15.13%).40

Conversely, the candlenut shell has lignin (54.6%) and
cellulose (49.2%),41 which significantly affects the structure,
electrical, and electrochemical properties of the graphene-
synthesized. These feedstocks demonstrate significant potential
as carbon precursors for graphene synthesis. Previous studies
have utilized coconut shell waste through thermal and pyrolysis
methods to produce graphene.22,42 We emphasize the use of

candlenut (Aleurites moluccanus) as the biomass precursor for
the synthesis; candlenut produced the highest yield of 21% (w/
w) (from fresh biomass), as shown in Table S1. This is
comparable to other methods, such as the electrochemical
method yielding 20 wt %,43 chemical exfoliation achieving
100%,44 and ball milling with supercritical fluids yielding
90%.45 However, our method, which uses biomass without the
need for strong acid or base treatments, stands out as the eco-
friendly, cheap, and scalable approach, promising for large-
scale production. Biomass generally exhibits an amorphous
structure (Figure 8B). This approach involves the pyrolysis of
coconut shell charcoal, leading to the formation of carbon
materials, including graphite oxide. Subsequent reduction
processes are required to convert these oxides into graphene
nanosheets (GNS), making it a more environmentally friendly
(green) synthesis route. The main way to obtain GNS is
through pyrolysis and the reduction of oxide groups with AC.
First, the cracking process involves using aluminum foil as a
catalyst under low-temperature heating, facilitating electron
transfer from aluminum, which acts as a Lewis base.46 This
electron transfer promotes the reduction of carbon materials,
an irregular accumulation of electrons, and then cracking.42

During pyrolysis, the biomass undergoes thermal decom-
position in an Ar atmosphere; the shells were slowly pyrolyzed
at a temperature of 600 °C with a heating rate of 5 °C/min. In
this process, carbon compounds decompose into simpler forms
due to the breaking of organic bonds. As the temperature
surpasses 200 °C, water content evaporates, and further
heating breaks the oxygen bonds in cellulose and lignin,
releasing aldehydes, carboxylates, hydrogen, and volatile gases
as byproducts.47,48 Carbon decomposition and restructuring
occur, resulting in crystal phase changes, as shown in the XRD
data (Figure 8C). Several sharp and narrow peaks were
observed at 2θ = 27°, which closely aligns with the
characteristic peak of graphite at 2θ = 26°, indicating an
interlayer spacing of approximately 0.334 nm.49

Under the effect of AC, the second stage of pyrolysis was
conducted at the same temperature for a shorter time to
determine the effect of AC as a reducing agent. Energy is
provided so that the reaction occurs, where activated carbon is
used as a reducing agent. Interestingly, the active metal group
on carbon may bind to the oxide on graphite oxide, mostly
through inorganic chemical compounds that can reduce oxide
groups, such as Zn, Al, Fe, and Mg. The AC contained metals
such as Zn, Cr, and Cd.30 These various metals can reduce
oxygen functional groups; oxide must be reduced in order to
restore the π network, and the electrons of metals bind to free
electron oxygen functional groups. During pyrolysis, the
presence of impurities or functional groups such as oxygen,
which bind to metals as ligands,50 promotes the transition of
carbon atoms from sp3 to sp2 hybridization. This transition
alters various properties of the resulting carbon structure,
including interlayer spacing, defect density, elemental
composition, and the C/O ratio. The shift toward sp2
hybridization is driven by the elimination of oxygen groups
and structural reorganization. Additionally, reducing agents can
further influence these parameters, affecting the material’s
structure and electrical properties. Further characterizations,
including Raman spectroscopy, XRD, FTIR, FESEM, and
TEM, were conducted to investigate these properties.
Raman Study. Raman spectroscopy is a powerful and

reliable characterization technique that provides nondestruc-
tive and rapid information about the structure of nanomateri-
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als. It is commonly used to study defects, crystallite size, and
the number of layers of sp2 hybridized carbon and its
allotropes. In the case of GNS, Raman spectroscopy is
particularly useful to analyze their structural properties and
confirm the quality of the synthesized material. GNS has three
major peaks, namely the D band at ∼1350 cm−1, the G band at
∼1580 cm−1, and the 2D band at ∼2790 cm−1.13,51 Based on
Figure 1, GNS has the same point bands indicated structure

GNS approach to graphene structure;52 however, the 2D band
shows a broader band that indicates stacking graphene layers
on GNS much more thicker (multilayer). The displayed
Raman scattering spectra were measured within the range of
200−3200 cm−1. Specifically, the line corresponding to the 2D
band fell within the 2600−2900 cm−1 range. The average
domain size of sp2 carbon in GNS was calculated by relating
the ratio of the intensities of the D and G bands using the
Tuinstra and Koenig relation eq 1:53

I
I L

2x10 ( )D

G

10 4

=
(1)

where L is sp2 domain size, λ is the laser wavelength, which was
used for Raman spectroscopy measurement, and ID/IG is the
intensity ratio of the D and G peaks
Siburian et al. have synthesized GNS from coconut shells via

pyrolysis showing Raman analysis on GNS has low-intensity
2D and ratio ID/IG.

22 due to defects on graphene giving change
in weight, intensity, and even shift of peak. A defect on the
lattice makes the weight broader; according to Figure 1,
commercial graphene is narrower than GNS. GNS has defects
on the lattice or edges due to unclear pyrolysis; the feedstock
contains other functional groups such as hydroxyl, acetyl,
carbonyl, aliphatic hydrocarbon, aromatic functional, and few
metal traces such as Ca and K shown in Figures 3 and 4B, 5B.
To measure the defects among the materials, we have
calculated the full width at half-maximum (fwhm) number
via Lorentzian fitting, as tabulated in Table 1.

The investigation of fwhm is essential for comprehending
the structure properties of graphene, as it offers valuable
insights into several elements of this material. fwhm analysis
can be employed to assess the electrical properties of graphene,
including its surface conductivity.54 As seen in Table 1, GNS
coconut has a D fwhm of 271.8825 cm−1 and the GNS
candlenut peak has an fwhm number lower than coconut. This
number depends on the peak width. This is influenced by
interlayer coupling, edge roughness, strain, unintentional
doping, and lattice imperfection.55,56 We calculate the fwhm
number against each bands. In graphene, the existence of
defects in the crystal lattice of the materials led to the
attribution of the D band, indicating a broken symmetry in the
hexagonal carbon structure.57 The G band signifies the
presence of well-organized graphitic carbons, and the 2D
band is utilized to distinguish the number of layers of the
carbon structure.58 The ratio of the G and 2D band intensities
and the full width at half-maximum of the 2D band can
determine the number of graphene layers.59 The research
conducted by Nor et al. uses the ratio I2D/IG and the peak’s
fwhm values to estimate the number of layers in graphene,
ratio I2D/IG greater than 1 suggests a single-layer of graphene
sheet or flake for variation I2D/IG exhibits a range of fluctuation
from 1.12 to 0.89, indicating the distribution of graphene
nanoplatelets with a thickness of 2−6 layers.60,61 The
commercial graphene I2D/IG ratio of close to 0.89 indicates
that the reference graphene is few-layer graphene (FLG).
However, GNS has an I2D/IG ratio of 0.31 for candlenut and
0.28 for coconut, respectively, indicating these graphenes are
multilayer graphene (MLG) due to the decreasing ratio of I2D/
IG results in an increase in the number of graphene layers.62

This ratio confirms that number GNS candlenut’s ratio is
higher, which means relatively fewer layers more than coconut.
Interestingly, these GNSs possess a D+G band that is absent in
the reference material due to faults in the carbon material’s
graphitic structure.63,64 The ratio of ID/IG is a crucial indicator
of the degree of graphitization in carbon materials; it signifies a
higher level of disorder or defects in the carbon structure,
indicating a lower level of graphitization. Conversely, a lower
ID/IG ratio corresponds to a more ordered carbon structure,
reflecting higher graphitization levels.63 Based on the ratio ID/
IG shown in Table 1, the GNS candlenut shell is lower than the
reference but better than the GNS coconut, which suggests a
high degree of graphitization and a lower number of defects.
However, these defects not only offer a way to tune the
properties of graphene but also provide opportunities for novel
functionalities and applications, showcasing the versatility and
potential of defect engineering in graphene materials. XRD
studies were carried out to corroborate the evidence for
studying the crystal structure.
XRD Study. XRD analysis was carried out to compare the

phases of the GNS crystals synthesized from coconut shell to
those synthesized from candlenut shell under the same
conditions at 600 °C. The observed broad and weak peak
results suggested the existence of a nanoscale graphene layer

Figure 1. Raman spectra of GNS coconut (A); candlenut (B); and
commercial graphene (C).

Table 1. Summary of Raman Spectra Analysis of GNS and Commercial Graphene

Sample ID/IG I2D/IG D fwhm (cm−1) G fwhm (cm−1) 2D fwhm (cm−1) D+G fwhm (cm−1)

GNS Coconut Shell 0.6420 0.2820 271.8825 ± 2.5945 92.2714 ± 0.8826 493.7768 ± 21.7446 301.396 ± 18.2148
GNS Candlenut Shell 0.6167 0.3146 265.8653 ± 2.2070 85.4781 ± 0.6919 496.3931 ± 16.0278 265.8443 ± 20.3329
Commercial Graphene 0.1093 0.7261 60.6135 ± 12.222 28.9287 ± 0.8080 71.8613 ± 2.1197 -
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on the interlayer,65 both of which have the same C(002) peak.
The diffraction peaks should satisfy the Bragg equation eq 235

2dsin n= (2)

The lattice spacing, represented by d, the angle θ formed
between the inverse ray and the reflective crystal plane, the
wavelength denoted by λ, and the reflection series numbered n
all play crucial roles. The decreased spacing of the graphene
layers can be attributed to increased disorder and damage
within the crystal structure during the graphene preparation
process. This suggests that graphene comprises multiple layers.
As seen in Figure 2, the GNS, coconut shell, and candlenut

shell patterns, peaks at 2θ Bragg angles, C (002) diffraction

peak at 2θ = 24.9°, interlayer spacing = 0.357 nm, and C (100)
peak at 2θ = 44.24°, interlayer spacing = 0.409 nm confirmed
the formation of GNS,65−68 which is close to that of graphite at
2θ = 26° due to an interlayer spacing of 0.334 nm, JCPDS card
no. 00−052−1907. Shifting can happen for several reasons,
including exfoliation, graphite structural flaws, heating, the
presence of vacancies and interstitials, and intercalation with
other materials. The displacement of the (002) peak in the
diffraction pattern of graphene is affected by both the degree of
graphite oxidation and the thermal treatment.69 Interestingly,
GNS candlenut shells show lower intensity at C (100) than
GNS coconut shells, assuming a more intense peak at C(100)
due to decreased oxygen functional groups65 Furthermore, as
the layer number decreases,66 each biomass has a different
chemical quantity, and the candlenut shell is a feedstock with
high lignin content. This carbon is harder to decompose than
cellulose.70 These compounds were confirmed using FTIR, as
shown in Figure 3, so they also have different optimal
conditions for transforming organic compounds into GNS
structures.
FTIR Study. The functional groups were verified using

FTIR spectroscopy. The IR radiation in FTIR can influence
the impact of atomic vibrations on the specific adsorption and
transmission of energy, which is helpful in determining
particular molecular vibrations in a sample. The FTIR range
we used was 4000−600 cm−1. This study provides information
on the elimination of oxygen-containing functional groups after
and before the reaction and validates GNS functional groups.
Biomass has various functional groups such as −OH, −NH,
−CN, and so on. The presence of N-containing compounds
within proteins was detected by the presence of peaks at

3600−3000 cm−1 and 1600−1500 cm−1 in the spectrum.47 As
seen in Figure 3, coconut and candlenuts have lignocellulose

compound, which indicates from some of the spectra such as at
∼3317 cm−1 presence of O−H stretching of water, ∼2899
cm−1 presence C−H vibrations of aliphatic, ∼1714 cm−1

presence C�O stretching vibration of lignocellulosic carbonyl
groups, ∼1604 cm−1 presence C�C stretching vibration.
Interestingly, seen from the absorption of 1500−1600 cm−1,
the lignocellulose region shows significant differences between
coconut and candlenut, where the tendency of candlenut has
many lignin compounds so that the absorption intensity of
1500 cm−1 is sharper than 1600 cm−1, lignin has aromatic C�
C compounds that bind to other organic compounds. After
treatment, the functional groups significantly changed, and the
functional groups became flat peaks, which means the success
of the functional groups decreased. The product peaks at 1587
cm−1, indicating that C�C aromatics successfully exist in the
GNS coconut and candlenut shells.13,71 The C sp2 aromatic
peak at 1587 cm−1 is clear, and interestingly, the sharp C�O
and C−O peaks become weaker and disappear, confirming that
the method can release the oxygen functional groups contained
in the sample.
FTIR may be used to elucidate mechanisms based on

functional groups lost or changed before and after treatment.
First, coconut and candlenut shells have a broad band at 3364
cm−1. This band confirmed the presence of hydrate (H2O),
hydroxyl (−OH), or amino groups following the presence of
peaks at 1500−1000 cm−1. After the first stage of pyrolysis,
thermal treatment can eliminate water, CO, CO2, alcohol,
phenol, and CH4. Second, pyrolysis in small quantities still
produces gaseous products CO2, light C2+ aliphatic hydro-
carbons, and light aromatics. In this step, we added AC to
prevent excessive release of carbon gas and succeeded as a
catalyst for removing bound oxides, as evidenced by the XRD
results in Figure 2. The strong C sp2 aromatic peak and weaker
carbonyl functional groups indicate that impurities, such as
oxygen groups, are released, resulting in an electron-rich GNS.
Morphology and Elemental Studies. GNS coconut and

candlenut shells were characterized by using FESEM-EDX to
observe the morphology of the surface and to determine the
elemental distributions, such as carbon, oxygen, and other
elements, via EDX. GNS are conductive materials that can be
easily characterized via FESEM to study their morphology and

Figure 2. XRD diffractograms of GNS candlenut (A) and coconut
(B).

Figure 3. FTIR spectra of GNS coconut (A); coconut shell (B); GNS
candlenut (C); and candlenut shell (D).
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structural characteristics. FESEM was integrated with EDX to
analyze the chemical composition of the material. Energy-
dispersive X-ray spectroscopy (EDX) was used to identify the
elements present in the sample and determine the distribution
of the elements within the material; both our GNS contained
carbon, oxygen, potassium, and calcium, shown in Figure 4B
for candlenut and Figure 5B for coconut.

The percentages of C (92.95%), O (6.95%), K (0.65%), and
Ca (0.24%) in the GNS candlenut shell are shown in Figure
4B, and according to GNS coconut, we confirm the percentage
of C (90.06%), O (8.56%), K (0.93), and Ca (0.05%) is shown
in Figure 5B. Based on the EDX results, our product contains a
high amount of C, which is appropriate for use with GNS
composed of carbon; moreover, the sample contains other
impurities, such as K and Ca alkaline earth metals, due to the

Figure 4. SEM image of GNS candlenut (A); EDX GNS candlenut (B); 3D Image of SEM GNS candlenut (C); and TEM Image of GNS
candlenut (D) and mapping GNS candlenut (E).

Figure 5. SEM image of GNS coconut (A); EDX GNS coconut (B); 3D Image of SEM GNS coconut (C); TEM Image of GNS coconut (D) and
mapping GNS coconut (E).
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feedstock contains impurities. According to Kabir et al.
research, coconut shells contain abundant metals such as
potassium (42.5%) and calcium (17.4%).72 Compared to the
EDX of GNS coconut shown in Figure 5B, our result
successfully decreases the trace metals. Interestingly, our
method massively reduces impurities, and we assume that
AC binds other elements, such as C-sp3, which interact with
metal groups and are solved by a solvent to separate any
impurities attached to the surface of graphene. Focused on the
determination of the contained C element, candlenut, much
more than coconut, may influenced by the compound content
of raw material. This happens due to different degradation
temperatures of lignin, cellulose, and hemicellulose, which may
affect morphology and structure, as similarly conducted by
Chen et al.’s research. The temperature ranges for the thermal
degradation of cellulose, hemicelluloses, and lignin were 269−
394 °C, 170−776 °C, and 127−791 °C, respectively.73 It
means that GNS may be obtained from the degradation of
hemicellulose and lignin. Interestingly, candlenut has higher
lignin than coconut. This degradation compound may
influence the characteristic structural and morphology of
GNS candlenut shown in Figure 4D lignin that undergoes
decomposition, polymerization, aromatization, carbonization,
and graphitization during the treatment process,31 which is
more organized and less stacking than GNS coconut.
Both GNS coconut and candlenut have slightly similar

morphologies, which contain C, O, K, and Ca that are evenly
distributed on the surface, validated by mapping images shown
in Figures 4E and 5E, respectively. Transmission Electron
Microscopy (TEM) is an essential characterization technique
for analyzing graphene structure, providing insights into its
structural, mechanical, and electronic properties at the atomic
level.74 Figure 4D displays TEM images of GNS from
candlenut biomass, revealing a smooth, continuous sheet
structure with few defects, indicating good crystallinity. In
contrast, Figure 5D shows GNS from coconut biomass, which
also exhibits a layered structure but with more irregular edges
and thickness variations, suggesting a more heterogeneous
material, which may indicate variations in the properties of the
biomass or the extent of graphitization. TEM image reveals
areas with higher contrast in some regions, indicating
variations in thickness. Some layered structures can also be
observed, suggesting that the graphene in this sample is more
likely composed of multiple layers (multilayer graphene). The
variation in contrast and texture suggests a more heteroge-

neous thickness distribution compared to that of GNS
candlenut. The consistency in thickness across the samples,
particularly at nanoscale dimensions (as indicated by the 20
nm scale bar), reinforces that the material falls within the
graphene nanosheet range. Previous studies using High-
Resolution TEM analysis have shown that graphene nano-
sheets have a transparent, holey structure with an interlayer
spacing of about 0.34 nm.74,75 This aligns with our findings,
which also show that the GNS has a flat, thin-layered structure.
This morphology is consistent with the crystal structure
indicated by Raman and XRD data. Stacked graphene layers
can exhibit different electrical and optical properties based on
how they are arranged and other external factors affecting
them.64,76

Fe Adsorption Study. Adsorption is the phenomenon in
which ions from a substance stick to the surface of the material,
conducted to Siburian et al.’s research loading Pt metal to GNS
success deposit due to the interaction of chemicals on GNS.
This research proves GNS can change metal ions to pure
metal20 to confirm properties of GNS. We calculated Fe metal
using AAS.
From Figure 6, GNS is able to adsorb Fe metal. The percent

average adsorption of GNS for coconut shells was 32.65 ±
1.56%, and that for candlenut shells was 41.38 ± 1.94%. The
variation in feedstock mass did not result in significant
differences in adsorption; the average GNS concentration in
coconut was 0.26 ± 0.012 mg/g, and that in candelut was 0.33
± 0.012 mg/g. However, the use of 300 g of feedstock has
optimal absorption of GNS, which is the optimal mass for both
feedstocks and may increase the amount of energy available in
the system. GNS candlenut is better than coconut in terms of
adsorption because there are fewer layers of GNS, which is
elaborated by the Raman and XRD analyses in Figures 1 and 2.
Many factors affect metal adsorption on graphene. Metal
adsorption in graphene differs from other materials due to
unique mechanisms, that the adsorb metal ions are influenced
by factors like electronegativity, ion charge density, and the
presence of an oxygen-based functional group.77 Furthermore,
the surface has a more significant impact on increasing the
amount of contact metal with C−π interactions. The
adsorption of iron (Fe) onto the GNS in solution involves
electron transfer processes that are crucial for understanding
the interaction between the two materials. Interestingly, based
on the data, Fe adsorbs on graphene via C−π interactions,
which are where C−π as partial negative σ− and Fe as partial

Figure 6. Diagram of the percentage of adsorbed Fe metal on GNS (A) and the effect of adsorption on GNS (B).
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positive σ+, leading to a dipole moment. By stirring the
solution, the Fe ions that contact the GNS massively become
Fe metal; we assumed that interactive Fe/GNS ((π-d)(Fe-
(orbital-s)C−π)) formed ionic bonds. The adsorption of
metals on GNS involves a complex interplay; GNS binds Fe
physically through surface attraction (van der Waals forces)
and chemically by oxidation bonding (chemisorption). From
the Fe ion adsorption study, we propose an interaction model
of adsorption Fe/GNS. In the first step, Fe compounds are
ionized to produce Fe ions; second, when graphene comes into
contact with the metal, there can be a redistribution of charge
at the interface due to the difference in work functions between
the two materials. This charge redistribution can lead to
electron transfer from graphene to the metal.78 C−π
interactions with Fe ions change to Fe metal; second, Fe is
distributed on GNS; and third, supersaturated Fe metal
prevents GNS from absorbing more and releasing Fe metal
into the solution.
Electrochemical Analysis. The electrochemical character-

istics and electrical conductance of composites fabricated as
modified electrodes using graphene-based materials have been
examined, revealing the presence of oxidation and reduction
peaks corresponding to the redox couple [Fe(CN)]3−

/[Fe(CN)]4− shown in Figure 7A. The voltammogram
demonstrates the presence of oxide and reduction peaks in
the electrochemical response of the modified electrode. CV
and EIS analyses were carried out to explain the electrical
properties further. Cyclic voltammetry (CV) is a prominent
and widely used electrochemical technique that is often used to
explore molecular species reduction and oxidation processes.

This approach proves invaluable in investigating electron-
transfer-initiated chemical reactions, including catalysis. These
measurements were carried out in a 0.1 M KCl aqueous
solution, which included 5 mM [Fe(CN)6]3‑/4−. Moreover,
GNS was also conducted using a multimeter and power supply
to see the conductivity trend, as shown in Figure S1.
As shown in Figure 7A, [Fe(CN)6]3−/[Fe(CN)6]4− redox

couples on the bare glassy carbon electrode (GCE) and GCEs
modified with GNS derived from coconut and candlenut shells.
The redox process observed corresponds to the electro-
chemical reaction of the ferricyanide/ferrocyanide couple, as
presented in eq 3.

Fe(CN) e Fe(CN)6
3

6
4[ ] + [ ] (3)

The reaction is affected by the surface properties of the
electrode, such as the existence of functional groups, surface
imperfections, and the overall conductivity of the electrode
surface. The observed peak shifts can be attributed to the
disparities in surface characteristics between the GNS-modified
electrodes and the bare GCE. GNS obtained from candlenut
shells have thinner layers of graphene and fewer imperfections,
enabling a more effective transmission of electrons. This is
indicated by a decrease in the difference between the peak
potentials (ΔEp) and a movement of the oxidation and
reduction peaks toward lower potential values, suggesting a
more advantageous electron transfer process at the GNS
candlenut-modified GCE. On the other hand, the GNS
coconut shell-modified GCE, which has thicker layers and
more flaws, exhibits a greater ΔEp and peak shifts toward

Figure 7. CV curves of the bare GCE and GNS/GCE recorded in 0.1 M KCl containing 5 mM [Fe(CN)6]3‑/4− (A); EIS results of the bare GCE
and GNS/GCE recorded in 0.1 M KCl containing 5 mM [Fe(CN)6]3‑/4− (B) and CV curves of the bare GCE, GNS candlenut shell/GCE, and
GNS coconut shell/GCE recorded in 1 M KOH at 50 mV/s (C).
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higher potentials. This indicates a less effective electron
transfer process. Based on this curve, it can be concluded that
the GCE had a higher peak current and the response of the
modified GNS electrodes was poorer than that of the glassy
carbon electrode. However, the GNS candlenut shell is better
than the GNS coconut shell. Figure 7C shows the measure-
ment scan rates at 50 mV/s and under a stable potential
window of −0.2 to 0.4 V. Furthermore, the specific capacitance
(Csp) of the GNS electrode can be determined from the
galvanostatic charge and discharge using the following eq 4:79

C
I t

m V
F

x
x

/gsp =
(4)

where the applied charge−discharge current is represented by I
(A), the discharge time by Δt (s), the specific mass of the
material by m, and the potential window by ΔV (V). By cycling
the modified electrodes in 1 M KOH at 50 mV/s, we
calculated the capacitances of the bare GCE (50.4 F/g),
candlenut/GCE (108.8 F/g), and coconut/GCE (38.9 F/g)
were calculated. The capacitance of the candlenut is better.
These data are in line with those for the layers of GNS; the

Raman peak can be interpreted as the ratio of the ID/IG
number to the high graphitization on the other hand I2D/IG
indicates stacking layers of GNS candlenut slightly fewer layers
than coconut, as shown in Figure 1. As the research conducted
by Ni et al., the intensity of the 2D band in suspended
graphene is affected by charged impurities; the higher ratio
I2D/IG suggests low impurities and higher mobility.80,81 The
electrodes were fitted using a complex equivalent circuit, which
models the Nyquist plots using circuit elements. A comparison
of the Nyquist plots for the GCE, GNS coconut shell, and
GNS candlenut shell is shown in Figure 7B. The use of a small
applied potential amplitude and a wide frequency range
enables a comprehensive analysis of the electrical behavior of
GNS. The Nyquist plot is defined from Randal’s equivalent
circuit, as shown in the inset of Figure 7B; Rs represents the
resistance of the electrolyte, while Q is closely associated with
the double-layer capacitance at the interface between the
electrode and the liquid electrolyte. W denotes the Warburg
resistance, which arises due to ion diffusion in the electrolyte.82

The charge transfer resistances (Rct) of the bare GCE,
candlenut/GCE, and coconut/GCE were 0.30 kΩ, 0.78 kΩ,
and 1.94 kΩ, respectively. The CV and electrochemical
impedance spectroscopy (EIS) results were consistent. The
unmodified GCE shows more electrochemical activity than the
GCE treated with GNS since a lower Rct value indicates a
more rapid electron transfer rate. Nevertheless, the fact that
Rct increased after the graphene-synthesized change suggests
that this modification may have created a barrier to electron
flow. This might be because of the carbon material’s intrinsic
physical properties, such as its surface area, porosity, chemical
composition, and functional properties.83 However, sensing,
energy storage, and other electrochemical feature-based
technologies could benefit from GNS/GCE’s increased
efficiency in terms of current density and peak precision.

■ CONCLUSIONS
The aforementioned conclusions were derived from the
outcomes and subsequent analysis of the preceding studies.
GNS was effectively produced from coconut and candlenut
shells using a pyrolysis technique, showcasing its potential as a
sustainable and efficient method for large-scale manufacturing
from candlenut and coconut shells. GNS verified the structural

characteristics, flaws, and elemental makeup of the produced
GNS. The GNS showed a significant ability to adsorb Fe ions,
achieving adsorption efficiencies of approximately 32.65% for
GNS obtained from coconut shells and 41.38% for GNS
derived from candlenut shells. The adsorption mechanism
entails an intricate combination of physical and chemical
interactions, such as C-π interactions and surface adsorption,
resulting in the reduction of Fe ions to Fe metal on the GNS
surface. The observations led to the proposal of an interaction
model between Fe ions and GNS. This model emphasizes the
important steps in the adsorption process, mechanisms of
electron transfer, and production of Fe metal on the GNS
surface. The electrodes treated with GNS showed alterations in
their electrochemical activity, displaying different charge
transfer resistances (Rct) in comparison with the unmodified
electrodes. These findings indicate that GNS-modified electro-
des have the potential to be used in electrochemical sensing
and energy storage systems. Potential areas for future research
could involve refining the synthesis settings. This study
enhances our comprehension of the production and mod-
ification of graphene nanosheets derived from biomass waste as
well as their potential utilization in several domains. It
establishes a solid foundation for future progress in the
disciplines of materials science and nanotechnology.

■ METHODOLOGY
Materials. Coconut fruits of the Cocos nucifera L. and

candlenut shells of the Aleurites moluccana L. Wild varieties
were provided by a local farmer. Aluminum foil, (NH4)2Fe-
(SO4)2.6H2O (99%), H2SO4 (≥99.9%), HNO3 (≥90%),
activated charcoal (AC) powder, deionized (DI) water,
Whatman qualitative filter paper grade 1, and 96% pure
graphene were obtained from Sigma−Aldrich, USA.
Producing Biocharcoal. Candlenut shells were cleaned of

attached fibers, wrapped with aluminum foil, and placed on top
of the heater for 20 min. Then, the shell was separated from
the fibers, dried again, and heated in an argon atmosphere at
600 °C for 5 h. Then, the charcoal is cleaned from ash to
produce solid black charcoal
Producing GNS. The synthesized GNS were made by the

pyrolysis of charcoal-like graphene oxide, which is a reduction
oxide group, using AC to produce GNS through pyrolysis
under Ag atmosphere at 0.8 mbar and 600 °C. The mixture of
AC and GNS was separated by washing the sample using DI
water, dried in a vacuum oven at 80 °C for 12 hours, and then
ground into powder with 200 mesh schematic process shown
in Figure 8A. The sample XRD was used to confirm the
transformation of the crystal structure (Figure 8B−D)
Sample Characterization. The GNS were analyzed via

Raman spectroscopy (Renishaw inVia confocal Raman micro-
scope (UK)), X-ray diffraction (XRD) with a Cu/Kα radiation
monochromator (α = 1.5406) at 40 kV (Rigaku Corporation,
Japan), and field emission scanning electron microscopy
(FESEM) with an energy dispersive X-ray system (JEOL
JSM-7600F, Japan). A total of 20 kV for energy dispersive
spectroscopy (EDS) and 5 kV for imaging were used, and a
transmission electron microscope (JEOL 2100F, Japan) and a
Fourier transform infrared (FTIR) instrument (Agilent Cary
630 FTIR, USA) were used.
Fe Adsorption Analysis. Metal adsorption analysis Fe

measurements were performed using a single beam, Czerny-
Turner design grating monochromator with a measurement
range of 190−900 nm, a graphite furnace flame atomic
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absorption spectroscopy (AAS) instrument DW-200 DRA-
WELL spectrophotometer (China) and iron standards of 0
ppm, 1, 3, 5, 6, 7, 8, 9, and 10 ppm, and the following equation
was used: y = 0.065372 Conc + 0.035081, as shown in Figure
S2B. A total of 0.5 g of GNS samples from coconut shells and
hazelnut shells were put into a glass beaker that contained a
standard 4.0 ppm iron solution. The magnetic bar was placed
in a glass beaker and stirred for 70 min. Subsequently, the
solution was filtered using Whatman filter paper.
In our study, depicted in (Figure S2A), we investigated the

adsorption process, and a full adsorption experiment using a
regular iron solution was carried out. To create the acidic
environment we needed for our work, H2SO4 was added to
deionized (DI) water. This made it easier for (NH4)2Fe-
(SO4)2.6H2O to dissolve. This step was very important for
getting the medium ready for the next responses. Then,
KMnO4 was slowly added to start oxidation reactions that
changed Fe(III) ions to Fe(II) ions, which are important
building blocks for the next reduction step. When these ions
intercalated into the GNS, they were reduced to elemental
Fe(0), which showed that our adsorption mechanism worked.
After this reaction phase, the filtrate was carefully sorted, which
allowed us to measure our results accurately. Using atomic
absorption spectroscopy (AAS) instruments, we measured the
absorbance at λmax = 248.3 nm, which is a good way to tell
how much Fe metal is in it. The precise measurements that led
to this absorbance value were used to figure out the final
concentration of Fe in the sample. To make sure our results
were solid, we made GNS samples with different amounts of
fuel and measured them five times to make sure they were
accurate and reliable when testing Fe metal adsorption. We
used a special equation, eq 5, to measure how well our
adsorption process worked. This showed how the GNS
properties and the Fe metal adsorption efficiency are
connected in a complex way.85

C C
W

VW
( )o e

a
= ×

(5)

where W is the adsorption capacity at equilibrium (mg.g−1), Co
is the initial concentration (mgL−1), Ce is the concentration at
equilibrium (mgL−1), Wa is the amount of adsorbent (g), and
V is the volume of solution (L).
Electrochemistry Analysis. Electrochemical measure-

ments were conducted using a Potentiostat/Galvanostat
Autolab PGSTAT30, Eco-chemie (Netherlands) within a
three-electrode system. The electrochemical cells consisted of
a modified glassy carbon working electrode (GCE, diameter of
3 mm), a Ag/AgCl reference electrode, and a platinum rod
counter electrode.
The glassy carbon electrode (GCE) was polished using

alumina powder and washed extensively with distilled water
before being employed. A homogenized suspension of 1 mg/
mL GNS was prepared by dispersing the synthesized GNS in
distilled water through ultrasonication for 30 min. Sub-
sequently, 5 μL of this suspension was drop-casted onto the
surface of the GCE and allowed to air-dry at room
temperature, resulting in the formation of GNS/GCE.86
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