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 Abstract: This study explores the sustainable synthesis and structural characterization 
of carbon, graphite, graphene oxide (GO), and reduced graphene oxide (rGO) derived 
from coconut shells. The objective is to investigate the potential of biomass-based 
precursors to produce functional carbon materials through controlled chemical 
treatments. X-ray diffraction patterns of carbon and graphite exhibit broad peaks, 
indicating low crystallinity and amorphous characteristics, while GO and rGO show 
dominant peaks at 22° and 23°, corresponding to the (002) plane. Scanning electron 
microscopy confirms the disordered morphology of carbon and graphite, while high-
resolution transmission electron microscopy reveals wrinkled GO sheets and partially 
restacked rGO layers. Fourier transform infrared spectra identify O−H stretching at 
~3442 cm−1 in carbon and C=C stretching at 1630 cm−1 in graphite, along with various 
oxygen-containing functional groups in GO and rGO. Raman spectroscopy shows a sharp 
G band at 1580 cm−1 in graphite (ID/IG = 0.840), increased disorder in GO (ID/IG = 0.843), 
and partial graphitic restoration in rGO (ID/IG = 0.841). These findings confirm the 
successful transformation of coconut shells into valuable carbon-based materials and 
highlight their potential for use in sustainable energy and electronic applications. 
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■ INTRODUCTION 

The quest for sustainable and environmentally 
friendly materials has increased interest in utilizing 
agricultural waste as a raw material for advanced 
technological applications. Among various agro-waste 
products, coconut shells have gathered significant 
attention due to their high carbon content and abundant 
availability [1-2]. Indonesia has a coconut plantation area 
of 3.6 million hectares, which annually produces 15.3 
billion tons of coconuts. This amount of coconut shell 

waste produced is around 3.6 million tons annually. 
With a carbon percentage reaching 50–60% from 
coconut shell waste [3], coconut shells are a very 
promising source of carbon. As an abundant agricultural 
by-product, coconut shells offer a sustainable and cost-
effective source of carbon materials, reducing reliance 
on expensive and non-renewable commercial graphite 
precursors. The unique properties of carbon derived 
from coconut shells, such as their inherent structural 
disorder and tunable characteristics [4], make them 
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suitable for advanced material applications. The ecological 
benefits of utilizing biomass waste for high-value material 
synthesis align with global sustainability goals. 

Carbon materials like graphite, graphene oxide 
(GO), and reduced graphene oxide (rGO) have 
exceptional electrical [5], thermal and mechanical 
properties [6], making them ideal for various 
applications, including electronics [7], energy storage [8], 
and sensors [9]. GO is an oxidized form of graphene that 
contains various oxygen-containing functional groups, 
such as hydroxyl, epoxy, and carboxyl [10]. These 
functional groups make GO highly dispersible in water 
and other solvents, facilitating its processing and 
application [11]. Meanwhile, rGO is obtained by reducing 
the oxygen of GO, partially restoring the graphene 
structure and its conductive properties [12]. 

Although numerous studies have employed coconut 
shell as a carbon precursor, the novelty of this research lies 
in its systematic investigation of the structural 
transformation pathway from amorphous carbon to low-
crystallinity graphite, GO, and rGO. Unlike previous 
works that often focus on end-use applications or single-
stage synthesis, this study uniquely tracks and analyzes 
each intermediate phase using comprehensive structural 
characterizations such as X-ray diffraction (XRD), Fourier 
transform infrared (FTIR), scanning electron microscopy 
(SEM), high-resolution transmission electron microscopy 
(HRTEM), and Raman spectroscopy. Furthermore, this 
work highlights how the low crystallinity of biomass-
derived graphite affects the oxidation and reduction 
behavior of GO and rGO, leading to distinct structural 
and chemical features not typically reported in studies 
using commercial graphite. By combining sustainable 
synthesis with in-depth structural analysis, this research 
provides new insight into the fundamental material 
evolution and offers a scalable route for producing 
tunable carbon-based nanomaterials from biomass. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this research included HF 
(40%), H3PO4, H2SO4, KMnO4, and H2O2, all pro-analysis 
grade with high purity. 

Instrumentation 

Many measurements were conducted to 
investigate the structural evolution of carbon, graphite, 
GO, and rGO. The crystal structure evolution from 
carbon, graphite, GO, and rGO was investigated using 
XRD. XRD measurements were performed using a 
Model X’Pert MPD X-ray diffractometer. The 
diffractometer had a Cu Kα radiation source (λ = 1.5406 
Å). Diffraction patterns were recorded over a 2θ range 
of 10° to 55°, with a step size of 0.02° and a counting time 
of 1 second per step. The X-ray tube was operated at 
40 kV and 30 mA. 

Meanwhile, the functional groups of each sample 
were studied using FTIR. FTIR spectroscopy 
measurements were carried out using a Model 
ThermoScientific Nicolet iS10 FTIR spectrometer. The 
system was purged with dry air to remove CO2 and H2O 
interferences. Spectra were recorded in the mid-infrared 
region (4000–1000 cm−1) with a resolution of 4 cm−1. A 
background spectrum was collected before each sample 
measurement using a clean KBr pellet to account for 
atmospheric contributions. The spectra were 
automatically ratioed against the background to yield 
absorbance spectra. 

SEM analysis was performed using a Hitachi SU-
3500 model. The electron beam was operated at an 
accelerating voltage of 15 kV and a working distance of 
10 mm. HRTEM analysis was performed using a Tecnai 
G2 20 S-TWIN Transmission Electron Microscope. The 
instrument was equipped with a LaB6 electron source 
and a high-resolution CCD camera for image capture. 
The electron beam was operated at an accelerating 
voltage of 200 kV. The focus and alignment of the 
electron beam were meticulously adjusted to achieve 
optimal image resolution. Lastly, Raman spectroscopy 
measurements were conducted using a Horiba Type 
MFO Raman spectrometer. The laser beam was focused 
onto the sample using a 50× objective lens. The laser 
power at the sample was maintained at 10 mW to 
prevent sample degradation. Spectra were collected over 
a wavenumber range of 500 to 2500 cm−1 to cover the 
relevant vibrational modes of the samples. 
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Procedure 

Synthesis of carbon 
The synthesis of carbon began with the preparation 

of coconut shells as the raw material. The shells were 
mechanically cleaned to remove any organic residues or 
contaminants. Afterwards, they were crushed and ground 
into smaller particles to increase the surface area and 
ensure uniform carbonization. The ground coconut shells 
were then subjected to a carbonization process at 600 °C 
for 3 h. The high-temperature treatment decomposed the 
organic matter, leaving behind carbon-rich material. 
Once carbonization was complete, the material was 
cooled to room temperature without oxygen to prevent 
oxidation. The resulting carbon powder was collected and 
stored for subsequent processing. 

Synthesis of graphite 
The carbon powder obtained from the first stage was 

sieved through a 200-mesh sieve to ensure particle 
uniformity. Approximately 30 g of the sieved carbon 
powder was stirred in a 40% HF solution (100 mL) at 
45 °C for 3 h at 600 rpm—the acid treatment aimed to 
remove any remaining impurities and improve the purity 
of the carbon material. The treated sample was washed 
multiple times with distilled water until it reached a 
neutral pH to ensure no residual acids remained. After 
washing, the sample was dried at 110 °C for 12 h to 
remove residual moisture. Finally, the dried carbon 
powder was calcined at 750 °C for 5 h to facilitate the 
transformation into graphite powder. 

Synthesis of GO 
The synthesis of GO was carried out using a 

modified Hummers method. Initially, 3 mL of H3PO4 and 
27 mL of H2SO4 were mixed and stirred at 300 rpm for 
10 min in an ice bath to maintain a low reaction 
temperature. Subsequently, 1 g of KMnO4 was gradually 
added to the acid mixture, followed by the slow addition 
of 3 g of graphite powder while maintaining the 
temperature below 20 °C to prevent uncontrolled 
exothermic reactions. The mixture was stirred 
continuously for 3 h to ensure proper oxidation of the 
graphite layers. After oxidation, the reaction was 
quenched by slowly adding 200 mL of deionized water 
and 3 mL of H2O2 (30% w/w), which resulted in a 

noticeable color change to bright yellow, indicating the 
formation of GO. The suspension was washed multiple 
times with deionized water through centrifugation at 
4000 rpm for 10 min until the supernatant reached a 
neutral pH. Finally, the residue was dried at 60 °C for 
24 h to yield GO powder. 

Synthesis of rGO 
The synthesis of rGO involved the chemical 

reduction of GO. First, 0.5 g of GO powder was dispersed 
in 100 mL of deionized water using ultrasonication for 
30 min to ensure uniform dispersion of the GO sheets. 
The dispersion was then transferred into an acrylic 
autoclave reactor and heated at 160 °C for 6 h to facilitate 
the reduction process. After the heating process, the 
reactor was cooled to room temperature, and the 
resulting material was filtered and washed with deionized 
water to remove any residual by-products or unreacted 
chemicals. Finally, the product was dried at 60 °C for 
12 h in a vacuum oven to produce rGO powder. 

■ RESULTS AND DISCUSSION 

Crystal Structure Analysis 

XRD analysis was performed to investigate the 
crystal structure of all materials. The XRD patterns of 
carbon, graphite, GO, and rGO are presented in Fig. 1. 
The XRD pattern of carbon exhibits broad peaks (Fig. 
1(a)), revealing an amorphous structure. The lack of 
diffraction peaks indicates that carbon is primarily non-
crystalline. This is an expected result for carbonized 
biomass materials since the structure has no long-range 
order [13]. The XRD pattern of graphite powders (Fig. 
1(b)) shows two dominant mounds without sharp peaks, 
indicating a low degree of crystallization [14]. These 
results differ from several sources, which state that 
graphite has a crystalline phase [15-16]. This occurs 
because the graphite in this study was obtained from 
natural materials with a low crystallinity level. The 
sample’s amorphous nature prevents it from having 
well-ordered crystalline structures, which inhibits it 
from having identifiable diffraction peaks. Wachid et al. 
[13] reported similar results with the same XRD pattern. 
This approach demonstrates an eco-friendly and cost-
effective route for producing advanced carbon materials, 
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Fig 1. The XRD pattern of (a) carbon, (b) graphite, (c) GO, and (d) rGO 

 
contributing to the development of sustainable material 
science while offering tailored structural properties for 
specific applications. 

The XRD pattern of GO observed in this study 
shows a distinct peak at around 22° (Fig. 1(c)), which 
differs from many studies where GO typically exhibits a 
prominent peak at approximately 11° due to the (002) 
plane [17-18]. In this research, the peak at 22° suggests a 
reduced interlayer distance, which is more similar to 
patterns observed in graphite studies with a lower degree 
of crystallinity [19]. This difference is attributed to the 
starting material used in the synthesis process; graphite 
with high crystallinity leads to a well-defined GO 
structure. In contrast, the coconut shell-derived graphite 
in this study has a lower crystallinity degree, as confirmed 
by XRD analysis, with an estimated crystalline content of 
around 34%. This results in GO with a broader peak 
around 22°, reflecting less structural order and lower 
oxidation levels compared to GO synthesized from highly 
crystalline graphite. This suggests that the initial structure 
and crystallinity of the precursor graphite play a 
significant role in determining the XRD profile of the 
resulting GO. Meanwhile, the XRD pattern of rGO (Fig. 
1(d)) shows a broad peak centered around 23.3°, attributed 
to the (002) plane of rGO. The reduction process removes 

some of the oxygen-containing groups, decreasing the 
interlayer spacing and restoring the conjugated network 
of carbon atoms. These XRD data demonstrate that 
graphite may structurally convert into GO and rGO even 
with a low-crystallinity precursor. 

The XRD patterns of graphite, GO, and rGO 
derived from coconut shell biomass appear broad and 
partially overlapping due to the inherently low 
crystallinity of the precursor material. The 
transformation from graphite to GO and rGO is not 
marked by drastic shifts but by subtle and quantifiable 
changes in peak characteristics. The (002) peak of 
graphite is observed at 24.06°, with a full-width at half 
maximum (FWHM) of approximately 5.2° and a 
normalized intensity of 100%. After oxidation, GO 
exhibits a broad diffraction peak centered at 23.1°, with 
an increased FWHM of about 6.9° and a reduced 
intensity of approximately 64%, indicating interlayer 
expansion and structural disorder caused by the 
introduction of oxygen-containing functional groups. In 
rGO, the main peak reappears at 23.3°, with a FWHM of 
around 6.2° and relative intensity of about 70%, 
suggesting partial restoration of the graphitic structure 
through the removal of oxygen functionalities. These 
trends are consistent with previous reports, showing that 
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biomass-derived or low-crystallinity graphite precursors 
yield GO and rGO with broadened and less intense XRD 
peaks [20-21]. 

Functional Group Analysis 

The FTIR spectra of carbon, graphite, GO, and rGO 
are shown in Fig. 2. The FTIR spectrum of carbon (Fig. 
2(a)) reveals the O−H stretching vibrations at about 
3442 cm−1 and stretching vibrations of C=C at 1567 cm−1 
[22]. Meanwhile, the C−O stretching vibrations shown by 
the peaks at 1050 cm−1 are indications of some remaining 
oxygen-containing groups in the carbonized material 
[23]. The FTIR spectrum of graphite is shown in Fig. 2(b), 
and the spectrum is less prominent than that of the other 
samples, suggesting a lack of substantial functional 
groups. Weak bands at 3444 (O−H stretching) and 
1567 cm−1 (C=C stretching) indicate a graphitic structure 
that is primarily unfunctionalized and has few oxygen-
containing groups [24]. 

The FTIR spectrum of GO exhibits several 
distinctive peaks corresponding to various oxygen-
containing functional groups (Fig. 2(c)). The broad peak 
at approximately 3463 cm−1 is attributed to O−H 
stretching vibrations [22]. The 1720 and 1624 cm−1 peaks 
correspond to C=O stretching vibrations from carboxyl 
and carbonyl groups [25]. The peak at 1220 cm−1 is 
associated with C−O−H stretching, while the peak at 
1050 cm−1 is attributed to C−O stretching vibrations [26]. 
The carbon and graphite spectra appear similar due to 
overlapping peaks. However, the C=C stretching vibration 
around 1630 cm−1 in carbon appears broader and less 
intense. Meanwhile, the same C=C peak in graphite is 
sharper and more intense, indicating a higher degree of 
graphitization and more ordered carbon domains. These 
peaks confirm the successful oxidation of graphite to GO, 
presenting multiple oxygen functionalities in the structure. 

The FTIR spectrum of rGO (Fig. 2(d)) shows a 
significant reduction in the intensity of oxygen-
containing functional groups, particularly at 3462, 1713, 
1223, and 1117 cm−1, compared to GO. The FTIR spectrum 
of rGO demonstrates a notable reduction in O–H 
stretching vibrations near 3462 cm−1, consistent with the 
removal of hydroxyl groups during the reduction process, 
as previously  reported [20-21].  The C=O stretching peak  
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Fig 2. FTIR spectrum of (a) carbon, (b) graphite, (c) GO, 
and (d) rGO 

at 1713 cm−1, prominent in GO, is significantly 
diminished in rGO, indicating the effective removal of 
carboxyl groups. In addition, the C–O−H and C–O–C 
stretching vibrations at 1223 and 1117 cm−1, 
respectively, show decreased intensities, suggesting a 
partial restoration of the sp2 carbon network. These 
changes collectively confirm the successful reduction of 
GO to rGO. The observed spectral evolution is 
consistent with previous studies and aligns with the 
XRD results, which also reflect structural changes and 
partial graphitization during reduction [27-28]. 

Micro and Nanostructure Analysis 

Fig. 3 shows the micro and nanostructure of 
carbon, graphite, GO, and rGO. SEM images of carbon 
and graphite (Fig. 3(a) and 3(c)) exhibit a mostly 
amorphous structure. In this study, the SEM images of 
carbon and graphite exhibit irregular, disordered surface 
textures consistent with the low-crystallinity and 
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amorphous characteristics confirmed by XRD analysis. 
Thus, the SEM observations complement the diffraction 
data by visually reinforcing the structural disorder present 
in these materials. This lack of crystallinity is consistent 
with the broad peaks observed in the XRD analysis. The 
amorphous nature of the carbon suggests a disordered 
arrangement of carbon atoms, which is typical for 
carbonized biomass materials [29]. The SEM analysis 
reveals the amorphous nature of carbon and the relatively 
disordered structure of graphite, as evidenced by the 
irregular and rough surface features. The corresponding 
EDX spectrum of carbon (Fig. 3(b)) confirms the 
dominant presence of carbon as the primary element, 
with negligible signals from other components, indicating 
high purity of the synthesized carbon. This result supports 
the effectiveness of the carbonization process in removing 
most heteroatoms, consistent with the structural 
characterization results. 

The HRTEM images of GO (Fig. 3(d)) reveal thin 
and wrinkled sheets with a large surface area, characteristic 
of exfoliated graphene oxide layers [30]. The individual 

GO sheets are observed to be separated, confirming the 
successful oxidation and exfoliation process. The 
HRTEM images of rGO (Fig. 3(e)) show partially 
restacked layers that are less wrinkly and flawed than 
GO. The reduction process partially restores the 
graphitic structure, as the graphene layers in rGO appear 
better ordered and less wrinkled compared to GO. 
However, some residual defects and disordered regions 
remain, indicating that the reduction is incomplete. The 
thinner and more transparent sheets of rGO, as seen in 
the HRTEM image, suggest improved layer separation 
compared to the thicker, more wrinkled morphology of 
GO. This observation is consistent with previous reports, 
such as Zhang et al. [20], who observed similar wrinkled 
and exfoliated GO layers due to oxidation-induced 
structural disruption, and Stankovich et al. [21], who 
reported that rGO exhibits smoother and more compact 
features after chemical reduction. The microstructural 
evolution from carbon to graphite, GO, and rGO, as 
shown in the SEM and HRTEM images, demonstrates the 
significant impact of chemical treatments on morphology  

 
Fig 3. SEM images of (a) carbon (magnification: 5000×) with (b) the EDX results and (c) graphite (magnification: 
5000×), as well as HRTEM images of (d) GO, and (e) rGO 
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and structural ordering. The fragmented and amorphous 
structure of carbon transitions into a more layered 
arrangement in graphite, reflecting partial crystallinity. 
Oxidation during GO synthesis introduces functional 
groups and defects, while the subsequent reduction step 
partially restores the graphitic lattice, leading to more 
compact stacking and reduced defect density. 

Raman Spectroscopy Analysis 

The Raman spectra of graphite, GO, and rGO are 
presented in Fig. 4. The Raman spectrum of graphite, with 
a sharp and intense G band around 1580 cm−1, indicates a 
high degree of graphitization and fewer structural defects 
[31]. The lower intensity of the D band relative to the G 
band (ID/IG ratio) specifies minimal disorder in the 
material [32-33]. In contrast, the Raman spectrum of GO 
shows prominent D and G bands, but the ID/IG ratio is 
higher than that of graphite. This increased ratio points to 
a greater density of defects and disorder, primarily due to 
introducing oxygen-containing functional groups during 
oxidation. These functional groups disrupt the sp2 carbon 
network, leading to more defects in the GO structure [34]. 

A partial reduction of defects is indicated by the 
Raman spectra of rGO, which shows both D and G bands 
and a lower ID/IG ratio than GO. Based on these data, some 

of the oxygen-containing functional groups that cause 
the sp2 carbon network to break have been successfully 
eliminated throughout the reduction process, improving 
structural order. The ID/IG ratio reduction shows that the 
disorder has decreased, indicating the restored graphitic 
structure. The fact that the ID/IG ratio of rGO is still more 
significant than the ID/IG ratio of graphite suggests that 
the material still has some residual flaws [35]. 

In this study, graphite exhibits an ID/IG ratio of 
0.840, indicating a lower defect density and relatively 
ordered graphitic structure. For GO, the ID/IG ratio 
increases slightly to 0.843, reflecting the higher defect 
density caused by oxygen-containing functional groups 
introduced during the oxidation process. After the 
reduction process, rGO shows an ID/IG ratio of 0.841, 
suggesting partial restoration of the graphitic structure 
while retaining some structural defects. 

The Raman analysis reveals that the ID/IG values of 
graphite, GO, and rGO exhibit minimal variation, which 
can be attributed to the low crystallinity of the precursor 
graphite derived from coconut shells. Unlike highly 
crystalline graphite, where oxidation and reduction 
processes significantly alter the defect density, low-
crystallinity  graphite  already possesses  many  structural  
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defects. As a result, the introduction of oxygen-containing 
functional groups during the oxidation of graphite to GO 
and the subsequent partial reduction to rGO does not 
create significant changes in the overall defect density, thus 
resulting in similar ID/IG values across these materials. 

The yield at each stage of the synthesis process was 
determined by comparing the mass of the final product to 
the initial material after complete washing and drying. 
The synthesis of graphite from coconut shell-derived 
carbon resulted in a yield of approximately 85%. In 
comparison, the subsequent conversion to GO yielded 
around 70%, and the final reduction to rGO achieved a 
yield of 60%. These values reflect the effectiveness of each 
chemical treatment step in retaining material mass while 
introducing or removing functional groups. The relatively 
high yields throughout the process suggest that coconut 
shell-derived carbon is a viable and efficient precursor for 
producing graphene-based materials, supporting its 
potential for scalable and sustainable applications. 

■ CONCLUSION 

Using a biomass precursor that is both affordable 
and sustainable, this study effectively synthesized and 
thoroughly characterized carbon, graphite, GO, and rGO 
obtained from coconut shells. The structural 
characteristics of the synthesized materials were strongly 
influenced by the degree of crystallinity of the precursor 
graphite, as observed through comparative analysis of 
XRD peak sharpness, FTIR functional group intensity, 
and microstructural differences in SEM and HRTEM 
images. The existence of oxygen-containing functional 
groups in GO was confirmed by FTIR spectroscopy. 
These groups were considerably less in rGO, indicating a 
partial restoration of the graphitic structure. SEM and 
HRTEM investigations revealed partially recovered 
graphene layers in rGO, an amorphous structure in 
carbon, well-ordered stacked layers in graphite, and 
exfoliated sheets with flaws in GO. The sample defect 
density and degree of graphitization were revealed by 
Raman spectroscopy, with the GO having a high ID/IG 
ratio. Alongside, rGO showed a reduced ID/IG ratio, 
indicating a partial restoration of structural order. These 
results show that materials generated from coconut shells 

have the potential for advanced applications even in the 
presence of a lack of crystallinity in the precursor. 
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