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1. Introduction

The global demand for fast, efficient, and sustainable 
energy storage technologies is rapidly increasing, driven by 

the proliferation of portable electronics, electric vehicles, 
and integrating renewable energy into modern power grids. 
Supercapacitors have emerged as one of the most promising 
solutions due to their high power density, rapid charge-dis-
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The object of this study is a 
graphene-like material synthesized 
from coconut shell biomass via a sol-
vothermal process using ethylene gly-
col (98%) as the dispersing medium. 
Were examined are exfoliated car-
bon nanosheets intended for use as 
electrode materials in supercapaci-
tors. The research addresses the prob-
lem of improving biomass-derived 
carbon materials’ structural quali-
ty and electrochemical performance 
for energy storage. The solvother-
mal process was applied at varying 
ethylene glycol concentrations (1, 3, 
and 5 mg/ml), and the synthe-
sized samples were compared with 
an untreated control. The results 
show that the sample treated with  
3 mg/ml (SL-2) exhibited the most 
favorable characteristics, including 
reduced interlayer spacing (0.39 nm), 
formation of thin nanosheets, and 
decreased oxygen-containing func-
tional groups, as evidenced by TEM, 
FTIR, and EDS analyses. These struc-
tural improvements are attributed 
to the combined effects of thermal 
energy and solvent-assisted exfolia-
tion, which facilitated partial deox-
ygenation and reordering of carbon 
layers. BET analysis revealed a high 
specific surface area of 872.886 m2/g, 
contributing to enhanced ion acces-
sibility. Electrochemical measure-
ments demonstrated a specific 
capacitance of 31.50 F/g for SL-2, sig-
nificantly higher than the untreat-
ed sample (6.32 F/g), along with 
lower internal resistance (1.87 Ω) 
and prolonged charge-discharge 
time (39.90 s), indicating improved 
ion transport and conductivity. These 
results highlight the potential of this 
sustainable and tunable method for 
producing cost-effective, eco-friendly 
supercapacitor electrodes
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charge capabilities, long cycle life, and relatively low produc-
tion costs. These features make them well-suited for bridging 
the gap between conventional capacitors and batteries, par-
ticularly in applications requiring high power and reasonable 
energy density [1].

To achieve optimal performance, supercapacitor elec-
trodes must exhibit a large specific surface area, appropriate 
pore distribution to enable electrolyte ion diffusion, and ex-
cellent electrical conductivity to facilitate rapid charge trans-
port [2]. Among various materials studied for this purpose, 
carbon-based materials – especially graphene – have gained 
significant attention due to their outstanding electrical, me-
chanical, and chemical properties. Graphene is a two-dimen-
sional (2D) material composed of sp2-hybridized carbon atoms 
in a hexagonal lattice, which gives rise to its high electrical 
conductivity, large surface area, and mechanical strength [3]. 
These characteristics make graphene a leading candidate for 
next-generation electrochemical energy storage systems.

However, conventional graphene synthesis techniques – 
such as chemical vapor deposition (CVD), graphite exfo-
liation, and chemical oxidation – suffer from limitations, 
including high cost, complex processing, and environmental 
concerns related to hazardous chemical use [4]. As a result, 
there is a growing shift towards green and cost-effective 
synthesis methods using biomass-derived carbon precursors, 
such as rice husks, peanut shells, wheat straw, sawdust, palm 
oil waste, and coconut shells [5]. Coconut shells, particularly, 
are attractive due to their high carbon content, widespread 
availability, and potential for conversion into porous carbon 
materials through carbonization and chemical activation 
using KOH [5].

Despite the effectiveness of these methods in producing 
activated carbon, the resulting materials often lack the desired 
structural features of graphene. The solvothermal process 
has recently gained traction as a post-treatment strategy to 
improve graphitization and induce graphene-like properties. 
Organic solvents such as ethylene glycol function as reducing 
agents and dispersion media, promoting exfoliation and re-
arrangement of carbon sheets into thin-layered, high surface 
area structures with dominant sp2 bonding characteristics [6]. 
These graphene-like materials share functional similarities 
with pristine graphene, although they may differ in structural 
perfection, defect density, and surface chemistry.

Nevertheless, one underexplored aspect in this field is how 
variations in solvent concentration during solvothermal treat-
ment influence the transformation of biomass-derived carbon 
into graphene-like materials. Addressing this knowledge gap 
is crucial for optimizing the synthesis parameters and tailoring 
material performance for supercapacitor applications.

Therefore, research on developing graphene-like mate-
rials from coconut shell biomass via solvothermal process-
ing is highly relevant. It responds to the growing scientific 
and technological demand for environmentally sustainable, 
high-performance carbon materials in electrochemical ener-
gy storage systems.

2. Literature review and problem statement

Recent advancements in electrochemical energy stor-
age have underscored the importance of developing effi-
cient, cost-effective, and sustainable electrode materials. 
Carbon-based materials, particularly graphene, and its deriv-
atives, have been extensively investigated due to their high 

surface area, excellent electrical conductivity, and chemical 
stability [3]. Two-dimensional materials synthesized through 
layer-by-layer approaches have shown significant potential 
for energy applications owing to their tunable morphology 
and functional properties [7].

Despite these advantages, conventional graphene synthe-
sis methods such as chemical vapor deposition, mechanical 
exfoliation, and epitaxial growth face scalability limitations, 
high energy requirements, and dependence on expensive 
equipment [4, 8]. While practical, chemical approaches like 
the Hummers method involve toxic oxidizing agents and 
generate hazardous waste, raising environmental concerns 
for large-scale production [9]. These challenges are com-
pounded by the inherent complexity of biomass composition, 
low graphitization degrees, and difficulties in precisely con-
trolling porosity and microstructure at the nanoscale when 
using biomass-derived precursors.

To address these issues, biomass-derived carbon sourc-
es such as coconut shells, rice husks, and banana peels 
have been explored as sustainable alternatives [5, 10, 11]. 
Among these, coconut shells are particularly promising 
due to their high fixed carbon content and low ash levels. 
However, transforming these precursors into graphene-like 
materials with optimal electrochemical properties remains a 
significant challenge. Solvothermal processing has emerged 
as a potential solution, enabling improved exfoliation and 
structural modification. For example, nitrogen-doped re-
duced graphene oxide has been synthesized via solvothermal 
methods, though the influence of solvent concentration was 
not examined [6]. Similarly, graphene and reduced graphene 
oxides have been produced from coconut shell biomass with-
out comprehensive electrochemical analysis or optimization 
of process parameters such as solvent concentration [12, 13]. 

These limitations highlight unresolved questions re-
garding the role of solvent conditions in determining the 
morphology, surface area, and electrochemical performance 
of biomass-derived graphene-like materials. Specifically, the 
impact of ethylene glycol concentration during solvothermal 
processing has not been systematically investigated, leaving 
a critical gap in the development of scalable and environmen-
tally friendly synthesis routes. All this allows to assert that it 
is expedient to conduct a study on the influence of ethylene 
glycol concentration during solvothermal treatment on the 
structural and electrochemical properties of graphene-like 
materials derived from coconut shell biomass, particularly in 
the context of their application as supercapacitor electrodes. 

3. The aim and objectives of the study

The aim of the study is to identifying the influence of 
solvothermal processing using ethylene glycol (98%) as the 
dispersing medium on the structural and electrochemical 
properties of graphene-like materials derived from coconut 
shell biomass, particularly in the context of their application 
as supercapacitor electrodes. This will allow the identifica-
tion of optimal processing conditions for producing high-per-
formance, sustainable electrode materials, which can be 
practically applied in the development of cost-effective and 
environmentally friendly energy storage devices.

To achieve this aim, the following objectives are accom-
plished:

– to identify the structural, morphological, and chemical 
properties of the graphene-like materials using X-ray diffrac-



Eastern-European Journal of Enterprise Technologies ISSN-L 1729-3774; E-ISSN 1729-4061	 3/12 ( 135 ) 2025

8

tion (XRD), transmission electron microscopy (TEM HRTEM), 
Fourier-transform infrared spectroscopy (FTIR), and Brunau-
er-Emmett-Teller (BET) surface area analysis;

– to evaluate the electrochemical performance of the 
materials using cyclic voltammetry (CV), galvanostatic 
charge–discharge (GCD), and electrochemical impedance 
spectroscopy (EIS), in order to determine the optimal disper-
sion condition that enhances specific capacitance, reduces 
internal resistance, and improves charge–discharge behavior.

4. Materials and methods 

The object of this study is a graphene-like material synthe-
sized from coconut shell biomass via a solvothermal process 
using ethylene glycol (98%) as the dispersing medium. The study 
hypothesizes that varying the concentration of ethylene glycol 
significantly affects the crystalline structure, surface morpholo-
gy, chemical composition, and electrochemical performance of 
the resulting material. It is assumed that ethylene glycol acts not 
only as a dispersion medium but also as a structure-directing 
agent under solvothermal conditions. For simplification, the 
influence of other synthesis parameters such as reaction time, 
temperature, and biomass pretreatment was held constant to 
isolate the effect of ethylene glycol concentration.

This study was carried out experimentally using a bio-
mass-based material synthesis approach. Coconut shells were 
cut into pieces measuring 3–6 cm, cleaned from fibrous 
husk, washed with 98% distilled water, and dried at 105°C for 
2 hours using a laboratory oven (Mummert Oven UN 53 L). 
The dried shells were then carbonized and chemically ac-
tivated using a 90% KOH solution with a mass ratio of 
1:4 (carbon: KOH) to enhance surface area and develop po-
rous structures. The resulting activated carbon was rinsed 
with distilled water until neutral pH and subsequently dried 
at 100°C for 24 hours. The synthesis of activated carbon 
was carried out following a modified procedure previously 
developed by our research group [5]. The dry carbon pow-
der was dispersed in 98% ethylene glycol at concentrations 
of 0, 1, 3, and 5 mg/ml and stirred using a magnetic hot-
plate stirrer (Thermo Scientific SP88857105) at 500 rpm for 
4 hours to ensure homogeneous mixing. The dispersed sam-
ples were labelled SL-0 (no ethylene glycol), SL-1 (1 mg/ml),  
SL-2 (3 mg/ml), and SL-3 (5 mg/ml), respectively. Each sample 
was transferred into a 100 ml Teflon-lined stainless-steel auto-
clave and subjected to solvothermal treatment at 180°C for 16 
hours using a muffle furnace (PPF-1300, LIPI). This process 
aimed to evaluate the effect of ethylene glycol concentration on 
the reduction of oxygen-containing functional groups and the 
formation of graphene-like layered structures. 

Characterization of the synthesized materials was conduct-
ed using various analytical instruments. The crystalline struc-
ture was identified by X-ray Diffraction (XRD, SmartLab 3 kW, 
Rigaku), while functional groups were determined using Fou-
rier Transform Infrared Spectroscopy (FTIR, ThermoScientific 
Nicolet iS-10). Surface morphology and elemental composition 
were analyzed using Field Emission Scanning Electron Mi-
croscopy with Energy Dispersive Spectroscopy (FESEM-EDS, 
JIB-4610F), and the internal layered structure was observed 
through Transmission Electron Microscopy and High-Resolu-
tion TEM (TEM/HRTEM, FEI Tecnai G2 Supertwin). Specific 
surface area and pore size distribution were measured us-
ing the Brunauer-Emmett-Teller (BET) method with a Quan-

tachrome 11.03 surface area analyzer. The electrochemical 
performance was evaluated using a Corrtest electrochemical 
workstation by means of cyclic voltammetry (CV), galvanos-
tatic charge–discharge (GCD), and electrochemical impedance 
spectroscopy (EIS) in a three-electrode system comprising car-
bon paste as the working electrode, Ag/AgCl as the reference 
electrode, and platinum wire as the counter electrode in 1 M 
Na2SO4 electrolyte solution. All experimental procedures were 
conducted under consistent and controlled conditions to ensure 
the reproducibility and reliability of the results.

5. The results of studying the properties of graphene-
like materials synthesized from coconut shell biomass 

via solvothermal treatment with varying ethylene 
glycol concentrations

5. 1. The study results on determining the struc-
tural, chemical, and morphological characteristics of 
graphene-like materials

The structural characteristics of the synthesized 
graphene-like materials in this study were examined using 
X-ray diffraction (XRD). The resulting diffraction patterns 
are presented in Fig. 1. The XRD profiles of samples prepared 
with 0, 1, 3, and 5 mg/l dispersion concentrations reveal their 
crystalline features and phase composition.

The chemical characteristics of the graphene-like materi-
als were analyzed using Fourier-transform infrared spectros-
copy (FTIR). The FTIR spectra obtained for samples prepared 
with dispersion concentrations of 0, 1, 3, and 5 mg/ml are pre-
sented in Fig. 2. The figure shows the absorption bands corre-
sponding to various functional groups present in the materials.

The elemental composition of the graphene-like materials 
was examined using energy-dispersive X-ray spectrosco-
py (EDX). Fig. 3 presents the EDS spectra of samples synthe-
sized at different ethylene glycol dispersion concentrations, 
showing the presence and relative abundance of constituent 
elements in the materials.

The surface morphology of the synthesized graphene-like 
materials was analyzed using scanning electron microsco-

Fig. 1. Crystallinity and phase composition of graphene-like 
materials at various dispersion concentrations 	
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py (SEM). Fig. 4 shows SEM micrographs of the samples 
prepared with varying dispersion concentrations. The imag-
es display each sample’s surface texture and morphological 
features.

Transmission electron microscopy (TEM) and high-res-
olution TEM (HRTEM) analyses were performed to observe 
the internal structure and layer arrangement of the selected 
graphene-like samples. Fig. 5, a presents representative 
TEM images of SL-0 and SL-2 samples, Fig. 5, b presents 
representative HRTEM images of SL-0 and SL-2 samples 
highlighting differences in layer orientation and nanosheet 
formation.

Fig. 6 presents the nitrogen adsorption-desorption iso-
therms of the graphene-like materials synthesized at differ-
ent dispersion concentrations, illustrating each sample’s sur-
face area behavior. Table 1 provides the specific surface area 
values derived from the isotherms using the BET method.

Fig. 7 presents the pore size distribution of graphene-like 
materials as determined by the BJH method based on nitro-
gen desorption data.

Thus, the obtained data (Fig. 1–7 and Table 1) reflect 
the graphene-like materials synthesized at various disper-
sion concentrations’ structural, chemical, and morpholog-

ical characteristics. The differences in crystallinity, surface 
morphology, porosity, and functional group composition 
across the samples were experimentally established.

Table 1

The specific surface area of the studied samples

Sample 
code Slope (s) Intercept 

(i)
The volume of 

nitrogen gas (Vm)
Specific surface 
area SBET (m2/g)

SL-0 2.909 -0.01053 0.345 1201.710
SL-1 5.281 0.01466 0.188 657.570
SL-2 3.694 0.02570 0.268 872.886
SL-3 5.721 0.06569 0.173 601.815

Fig. 2. Identification of functional groups in graphene-like 
materials at various dispersion concentrations

SL-2

SL-1

SL-0Tr
an

sm
itt

an
ce

 (%
)

SL-3

Wavenumber cm-1

O-H C=C
C-H

C-O
C-H

40
00

35
00

30
00

25
00

20
00

15
00

10
00

50
0

Fig. 3. Elemental composition of graphene-like materials 
synthesized at different dispersion concentrations
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5. 2. The study results on determining the electro-
chemical properties of selected graphene-like materials

The charge storage behavior of the selected graphene-
like materials (SL-0 and SL-2) was evaluated through cyclic 
voltammetry analysis. Fig. 8 depicts the voltammograms 
recorded at a scan rate of 10 mV/s.

Using a galvanostatic technique, the charge-discharge 
characteristics of SL-0 and SL-2 were examined under dif-
ferent current densities. Fig. 9 displays the corresponding 
charge-discharge curves obtained from this measurement.

Fig. 10 shows Nyquist plots of SL-0 and SL-2 samples ob-
tained from electrochemical impedance spectroscopy (EIS) 
measurements. The curves indicate internal resistance and 
ion diffusion behavior.

The experimental data shown in Fig. 8–10 provide informa-
tion on the electrochemical responses of SL-0 and SL-2 samples. 

Fig. 6. Nitrogen adsorption-desorption isotherms of graphene-like materials prepared with different dispersion 
concentrations: a – SL-0; b – SL-1; c – SL-2; d – SL-3
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These include their capacitance behavior, charge-discharge per-
formance, and internal resistance characteristics as determined 
from cyclic voltammetry, galvanostatic cycling, and EIS tests.

6. Discussion of the study results on determining the 
structural, chemical, morphological, and electrochemical 

characteristics of graphene-like materials

Fig. 1 presents the XRD patterns of graphene-like materi-
als synthesized through solvothermal treatment with varying 
concentrations of ethylene glycol dispersion. The broad hump 
around 25–26° is characteristic of the (002) peak of graphene-
like materials, indicating the presence of thin carbon layers. In 
the sample without solvothermal treatment (SL-0), additional 
peaks were observed between 30° and 45°, associated with re-

sidual functional groups such as carboxylate, as confirmed by 
FTIR results. After the solvothermal treatment, the intensity of 
peaks associated with oxygen content between 30° and 45° de-
creased, indicating the reduction of residual functional groups 
such as carboxylate due to the solvothermal reduction process. It 
is supported by the FTIR characterization results, where solvo-
thermal-treated samples (SL-1, SL-2, and SL-3) exhibit a reduc-
tion in absorption intensity for functional groups such as C-H 
stretching (alkane), C-O stretching, and C-H stretching (alkene). 
Additionally, the SL-0 sample exhibited an average interlayer 
spacing (d-spacing) of 0.57 nm.

In contrast, the SL-2 sample, which underwent solvothermal 
treatment with a 3 mg/ml dispersion concentration, showed a 
reduced interlayer spacing of 0.39 nm, consistent with the val-
ues obtained from HRTEM analysis. The change in interlayer 
spacing after the solvothermal process suggests that thermal 
reduction leads to layer separation and the elimination of 
oxygen functional groups, such as hydroxyl, carboxylate, and 
epoxy, which were previously intercalated between the crystal 
layers [14, 15]. FTIR results further support it, which show a 
decrease in the absorption intensity of functional groups such 
as O–H, C–O, and C–H stretching in the solvothermal-treated 
samples (SL-1, SL-2, and SL-3). These findings are consistent 
with previous studies [16]. Among all variations, the SL-2 sam-
ple with 3 mg/ml ethylene glycol dispersion exhibited the most 
significant structural changes, characterized by forming thin 
carbon layers and a substantial reduction in oxygen content. 
These findings will be elaborated in the following sections.

Fig. 2 presents the FTIR spectroscopy results of the 
graphene-like materials, highlighting several key functional 
groups. The absorption band observed at 3417 cm-1 corresponds 
to the O-H stretching functional group, while the peak at 
1556 cm-1 is associated with the C=C functional groups, charac-
teristic of aromatic bonds. Additionally, wavenumbers at 1383, 
1028, and 695.44 cm-1 reflect the C-H stretching of alkanes, 
C-O stretching, and C-H stretching of alkenes, respectively. The 
FTIR spectrum effectively identifies the functional groups in 
each sample, from SL-0 to SL-3, demonstrating that aromatic 
C=C functional groups dominate the structure of the graphene 
material, with electrons in the π bonds generally delocalized 
across the aromatic ring [17]. After solvothermal reduction, 
namely samples SL-1, SL-2, and SL-3, show a decrease in absorp-
tion intensity in the O-H, C-H (alkane), C-O, and C-H (alkene) 
groups, indicating the reduction of hydroxyl and epoxy groups. 
This decrease confirms that the solvothermal process effectively 
reduced most oxygen functional groups [18].

The EDS spectrum (Fig. 3) supports the FTIR results (Fig. 2), 
confirming carbon dominance and oxygen reduction after sol-
vothermal treatment. The composition in the SL-0 sample, 
before solvothermal treatment, includes 93.7 at.% carbon and 
4.7 at.% oxygen, consistent with O-H and C-O groups observed 
in the FTIR spectrum. After solvothermal treatment (SL-1, SL-2,  
SL-3), the carbon content significantly increased to 98.3–98.6 at.%, 
with a reduction in oxygen and other impurities. The presence 
of elements such as K, Si, and Al in the samples is likely derived 
from the mineral residues naturally present in coconut shells 
used as raw material. Coconut shells naturally contain mineral 
ash composed of various elements, including potassium (K), 
silicon (Si), and aluminum (Al). These elements can persist 
during the pyrolysis or solvothermal, especially if not complete-
ly removed during the washing or initial purification stages. 
The presence of K, Si, and Al can influence the properties of the 
resulting material. For instance, K can act as a catalyst during 
the carbonization process, affecting the crystal structure and 

Fig. 9. Charge-discharge characteristics of graphene-like 
materials under various current densities: a – SL-0; b – SL-2
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morphology of the material. Meanwhile, Si and Al, which are 
typically bound in the form of silicate or aluminosilicate com-
pounds, can influence the thermal stability and adsorption ca-
pacity of the material due to the potential formation of addition-
al pores. This reduction aligns with the decreased absorption 
intensity of oxygen-containing groups in the FTIR spectrum, 
indicating that the solvothermal process effectively reduces ox-
ygen groups and increases carbon content, particularly in SL-2, 
which has the highest carbon content [19].

The surface morphology of graphene-like materials before 
and after solvothermal treatment at various dispersion con-
centrations was analyzed using FESEM. As shown in Fig. 4, 
the surface morphology of samples (SL-1, SL-2, and SL-3) after 
solvothermal treatment showed thin, crumpled sheet struc-
tures characteristic of graphene-like materials. These results 
are consistent with those reported by other researchers [20]. In 
contrast, samples that did not undergo solvothermal treatment 
displayed the formation of unevenly distributed porous struc-
tures. These findings confirm that solvothermal treatment 
significantly influences the morphology of the samples.

Fig. 5 illustrates the atomic structure images from TEM 
and HRTEM of samples prepared with and without the sol-
vothermal process at a specific concentration. Based on the 
TEM images, the SL-0 sample exhibits a darker contrast, 
indicating a graphene-like structure with stacked nanosheets 
and thick graphene sheets of multiple layers. In contrast, the 
SL-2 sample shows a lighter contrast, suggesting a thinner 
nanosheet structure typical of graphene-like materials. The 
more transparent regions prove that few-layer graphene 
nanosheets were successfully exfoliated due to the solvother-
mal treatment. The HRTEM results showed that the SL-0 
sample had an average interlayer spacing of 0.57 nm. After 
the solvothermal treatment at a concentration of 3 mg/ml,  
the SL-2 sample exhibited a reduced interlayer spacing 
of 0.39 nm. This reduction may indicate decreasing inter-
layer oxygen content and enhanced van der Waals interac-
tions between the graphene sheets. Although transparency 
and interlayer spacing changes may indicate differences in 
layer number, a more quantitative analysis would require 
additional techniques such as Raman spectroscopy or AFM. 
Therefore, this interpretation is primarily based on morpho-
logical indications from TEM rather than an exact estimation 
of the layer number. These findings are consistent with TEM 
and FESEM morphological observations, demonstrating that 
solvothermal treatment enhances graphene sheet exfoliation 
and can effectively modify graphene-like material structures 
for more optimal energy storage applications.

Fig. 6 presents the multi-point BET isotherm profile of 
the synthesized samples, demonstrating a linear correlation 
between adsorbed gas volume and relative pressure, charac-
terized by a defined slope (s) and intercept (i). These variables 
make it possible to determine the graphene-like material’s 
monolayer adsorption capacity (Vm). The BET analysis was 
performed using a Surface Area Analyzer (SAA) to determine 
key properties, including specific surface area (m2/g), pore di-
ameter, pore volume, and adsorption isotherm behavior, sum-
marized in Table 1. A higher specific surface area indicates 
enhanced surface interactions, directly influencing adsorption 
efficiency. This parameter quantifies the accessible surface for 
nitrogen (N2) adsorption, providing insights into mass trans-
port within the porous network and potential selectivity in 
catalytic applications. The adsorption isotherm was recorded 
over a relative pressure range (P/P0) of 0.05 to 0.3, following the 
BET model established in previous studies [5].

The results (Table 1) demonstrate that variations in sol-
vothermal dispersion concentration significantly influence 
the specific surface area of the samples, suggesting that 
fine-tuning these parameters can optimize the properties of 
graphene-like materials. This optimization is advantageous 
for developing electrodes in electrochemical energy storage 
systems. Sample SL-2 shows an increase in surface area due 
to the given dispersion concentration’s ability to optimize 
the reaction conditions between ethylene glycol solvent and 
precursor, resulting in better porosity than sample SL-1. The 
optimal sample, SL-2, exhibits the highest specific surface 
area, enhancing its suitability for electrode applications 
in energy storage systems. The findings are supported by 
XRD, FESEM, EDS, and TEM analyses, revealing that SL-2 
consists of thin carbon layers, reduced oxygen-containing 
groups, elevated carbon content, and well-defined sheet-like 
morphology.

The pore size distribution of the sample produced by 
nitrogen adsorption at 77.35 K is shown in Fig. 7. Most pores 
possess diameters between 0 and 10 nanometers. According 
to the International Union of Pure and Applied Chemis-
try (IUPAC) standards, pores with diameters ranging from 
2 to 50 nanometers are classified as mesopores, confirming 
the mesoporous nature of the synthesized graphene-like 
material. The pore size in materials is crucial and beneficial 
for various practical applications, particularly in fabricating 
eco-friendly supercapacitor electrodes. The ion transfer rate 
is a vital determinant for the effectiveness of supercapaci-
tor electrode applications, and high-performance materials 
exhibiting mesoporous properties have been demonstrated 
to facilitate rapid and efficient ion transfer. Therefore, mes-
oporous graphene-like samples with substantial specific 
surface areas are promising candidates for supercapacitor 
electrode applications.

The electrochemical charge storage behavior of graphene-
like material with solvothermal treatment at the optimal eth-
ylene glycol dispersion concentration (SL-2) and the sample 
without solvothermal treatment (SL-0) has been analyzed 
using cyclic voltammetry (CV). Fig. 8 presents the CV pro-
files obtained at scan rates ranging from 10 to 100 mV/s. The 
generated CV profiles exhibit characteristic redox features 
typical of an Electric Double-Layer Capacitor (EDLC), as 
reported in the literature.

The cyclic voltammetry (CV) profiles depict the variation 
in current as a function of the applied potential across a su-
percapacitor or electrode, enabling an evaluation of the ma-
terial’s energy storage capability. The CV curves for SL-0 and 
SL-2 display a quasi-rectangular shape at various scan rates, 
which indicates EDLC behavior. Generally, EDLC superca-
pacitors with rectangular CV curves demonstrate efficient 
performance and good energy storage capability.

The specific capacitance values were calculated based 
on the obtained CV data, and the results show a significant 
difference between the two samples. The SL-2 sample exhib-
ited a specific capacitance of 31.5 F g⁻1, while SL-0 reached 
only 6.32 F g⁻1. It indicates that the graphene-like material 
produced with solvothermal treatment has a superior energy 
storage capacity, making it an efficient and sustainable candi-
date for supercapacitor electrode applications. The enhance-
ment in charge storage efficiency for the SL-2 sample can be 
attributed to the improved pore structure and surface area re-
sulting from the solvothermal treatment, which strengthens 
the formation of electric double layers at the electrode-elec-
trolyte interface.
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The GCD characterization results in Fig. 9 show changes 
between the sample without solvothermal treatment (SL-0) 
and the sample with solvothermal treatment (SL-2). The 
SL-0 sample has a maximum charge-discharge duration of 
31.9 s at a current of 0.5 mA. In contrast, the SL-2 sample 
exhibits a maximum charge-discharge duration of 39.9 s at 
a current of 0.5 mA. It indicates that solvothermal treatment 
with a concentration of 3 mg/ml can enhance the electrical 
properties of the electrode material. The charge-discharge 
duration decreases as the applied current increases because 
the material stores or releases more charge per unit of time 
at higher currents. The material reaches the cut-off voltage 
faster at higher than lower currents, resulting in a shorter 
charge-discharge time.

Fig. 10 presents the Nyquist plot, which displays imped-
ance values in terms of real and imaginary impedance for 
each sample. The results show that the SL-0 sample has a 
resistance value of 4.287 Ω, whereas the SL-2 sample exhibits 
a lower resistance value of approximately 1.87 Ω. Low resis-
tance is a key parameter indicating good electrode quality. 
Low resistance is essential for supercapacitor electrodes as it 
enhances energy storage and release efficiency while improv-
ing their durability (lifespan). Regarding diffusion imped-
ance, the results show that the SL-0 sample has a diffusion 
impedance value of 210.8 Ω, while the SL-2 sample exhibits 
a significantly lower diffusion impedance of around 16.24 Ω. 
The solvothermal treatment with a concentration of 3 mg/ml 
applied to the SL-2 sample has been proven to enhance the 
diffusion capability of the graphene-like material, as indicated 
by the substantial reduction in diffusion impedance. Lower 
diffusion impedance facilitates greater ion mobility within the 
electrode structure. Ions can move more freely and quickly to 
and from the electrode surface during charge and discharge 
cycles, improving energy storage capabilities. Enhanced ion 
transport reduces the time required for charging and dis-
charging, making the supercapacitor more responsive to 
power demands. The solvothermal treatment with a concen-
tration of 3 mg/ml on the SL-2 sample has been confirmed to 
improve the electrical properties of the coconut-shell-derived 
graphene-like material as a supercapacitor electrode.

The material demonstrates significant potential for prac-
tical applications. The graphene-like material developed 
from coconut shell biomass in this study exhibits significant 
improvements in electrochemical performance, including 
high specific surface area, low internal resistance, and en-
hanced specific capacitance. These characteristics make it 
a promising candidate for electrode applications in energy 
storage devices, particularly supercapacitors. In the transpor-
tation sector, such materials can be utilized in energy storage 
systems for electric vehicles, which require fast and efficient 
charge–discharge capabilities. In the telecommunications 
field and portable electronic devices, this material has poten-
tial use in backup power systems and fast-charging technolo-
gies. Moreover, utilizing biomass waste such as coconut shell 
as a raw material supports the principles of sustainability and 
the circular economy, making this approach not only techni-
cally efficient but also environmentally friendly and feasible 
for industrial-scale implementation.

Despite the promising outcomes of the solvothermal 
method in enhancing the structure and electrochemical 
performance of coconut-shell-derived graphene-like mate-
rials, this study has several limitations and drawbacks. The 
reproducibility of the results is sensitive to slight variations in 
processing parameters, while the material’s long-term stabil-

ity and full-cell performance remain unverified. Key disad-
vantages include the absence of advanced characterization, 
such as Raman spectroscopy or XPS, which limits deeper 
structural insights. Moreover, the electrochemical analysis is 
restricted to CV/GCD/EIS without long-term stability tests. 
The study is also confined to a single biomass type and sol-
vent, potentially reducing its generalizability. 

Future work should explore other biomass sources and 
green solvents, integrate comprehensive structural and elec-
trochemical analyses, and validate the scalability of the 
process. Further development may encounter challenges in 
maintaining material uniformity, balancing porosity and 
conductivity, and modeling ion transport behavior. However, 
addressing these issues will be key to unlocking the full po-
tential of biomass-derived graphene-like materials in practi-
cal energy storage applications.

7. Conclusions

1. Graphene-like materials were successfully synthesized 
from coconut shell biomass through solvothermal treatment 
using ethylene glycol as a dispersion medium. The varia-
tion in dispersion concentration affected the structural and 
morphological properties, as indicated by reduced interlayer 
spacing, the presence of thin nanosheets, increased specific 
surface area (up to 872.886 m2/g), and decreased intensity of 
oxygen-containing functional groups.

2. Electrochemical analysis revealed that the sample 
treated with a 3 mg/ml dispersion concentration (SL-2) ex-
hibited enhanced performance, achieving a specific capaci-
tance of 31.50 F/g, reduced internal resistance (1.87 Ω), and 
extended charge–discharge time. These improvements are 
attributed to synergistic effects from structural modifications 
and increased electrochemically active surface area, indi-
cating the potential of dispersion-controlled solvothermal 
treatment for supercapacitor applications.
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