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Abstract
The performance of supercapacitors depends on the structural characteristics of electrode materials
and their interactions with electrolytes. In the present work, hard carbon (HC) and chemically treated
coconut rachis-derived activated carbon (AC) are comparatively studied for understanding the role of
porosity, surface area and electrochemical performance. Through chemical activation, the compact
structure of HC was converted to a hierarchically porous AC, resulting in an increased specific surface
area from 32 to ~1025 m² g⁻¹. Such AC provided rich electrochemical active sites along with efficient
transport of electrolyte ions. Structural and compositional changes induced by activation were
characterised using FESEM, BET, EDX, XRD, FTIR, and Raman spectroscopy. Electrochemical
performances of HC and AC were analysed using different aqueous electrolytes. In all electrolytes, AC
showed better capacitive behaviour than HC due to the developed hierarchical pore system and high
surface area. AC in 6 M KOH showed a maximum specific capacitance of 201 F g⁻¹. Besides, the
supercapacitor assembled using AC in 6 M KOH showed a high specific capacitance with ~93%
capacitance retention after 2000 cycles of charge-discharge. These findings demonstrate that
engineering the pore structure and surface area of biomass-derived carbon is essential for enhancing
supercapacitor performance.

1. Introduction
Energy demand across the globe has been increasing continuously in recent years due to the speeding
up of industrialisation, urbanisation, and a growing population. This has made the need for an
environmentally sustainable and secure supply of energy highly critical, especially since conventional
fossil fuels are on the decline, with their detrimental environmental impact becoming apparent [1–4].
Sources of renewable energy, including solar and hydro power, have started becoming viable alternatives
[5–9]. These energy sources, however, face difficulties with intermittency and storage efficiency..
Highlighting the very need for efficient storage technologies capable of storing and releasing energy in a
precise manner to ensure a steady power supply after renewables are not available.

Traditional energy storage systems, including batteries, are being extensively used; however, they suffer
from environmental hazards. Lithium-ion batteries bring about issues of material exhaustion, lack of
recyclability, and dangerous waste disposal[10, 11]. Extraction of materials, such as lithium, cobalt, and
nickel, causes destruction to the environment as well as human rights issues in certain locations. Also,
batteries have short-life cycles and low power density as compared to other energy storage devices [12].
All these factors have brought about research for alternative energy storage devices, and among them
are supercapacitors due to their numerous advantages.

Supercapacitors offer some decent advantages over conventional batteries, like a longer cycle life, high
power density, and a faster charge-discharge rate[13–15]. In contrast to the batteries that create and
discharge energy via different chemical processes, the supercapacitors generate energy electrostatically
due to charge accumulation at the interface between the electrode and electrolyte charge, allowing fast
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energy release and recharge. They quickly dissipate energy, thus making them suitable for situations
when short bursts of energy are needed, such as electric vehicles, portable electronics, and grid
stabilization[16, 17]. Furthermore, the supercapacitors are environmentally friendly since they use readily
available and sustainable materials [18, 19]. Added to that, their longer life cycle provides a further
decrease in the frequency with which they need to be replaced, making them yet another sustainable
option.

Supercapacitor efficiency is highly influenced by the choice of materials used in the fabrication of the
electrodes, which are made up of carbon materials due to high surface area, good electrical conductivity,
chemical stability, and adjustable pores [20–23]. Biomass-derived hard carbon (HC) is one of such
carbon materials that have gained much popularity due to its low cost, renewability, and stability. The
problem with such pristine material is that it has relatively low specific surface area and restricted pores
access, which affects its electrochemical efficiency. In order to address these challenges, a technique
called chemical activation has been identified as one of the techniques that can effectively convert hard
carbons into AC by developing large numbers of micro- and mesopores, enhancing the specific surface
area, and making more electrochemically active sites available. This makes it possible to have
electrolyte ions pass through at a much faster rate and store charges, making it ideal for use in
supercapacitors[24, 25]. While significant efforts have been devoted to optimizing the structural and
morphological properties of carbon-based electrode materials, the role of electrolyte parameters in
governing electrochemical performance remains comparatively underexplored. In electrical double-layer
capacitors, the process of energy storage is highly dependent on the interaction between electrolyte ions
and the surface of the porous electrode. Key electrolyte parameters, related to the electrolyte, including
the size of the electrolyte ions, ionic conductivity, concentration of the electrolyte, and solvation
characteristics of the electrolyte, have an important effect on the ion transport mechanism and their
ability to reach the active sites [26]. Understanding the combined influence of pore structure and
electrolyte properties is therefore crucial for optimizing the electrochemical behaviour of biomass-
derived carbon electrodes.

In the current study, the usage of hard carbon (HC) and activated carbon (AC) obtained from coconut
rachis was used as electrode material to study the influence of structural features on the
electrochemical performance. Characterization of physicochemical properties of HC and AC was done in
terms of their capacitive performance in three types of alkaline electrolyte (6 M KOH, 6 M NaOH, and 6 M
LiOH). Moreover, a symmetric supercapacitor cell was built with the use of AC to determine its practical
energy storage performance. This work provides valuable insights into how the transformation of hard
carbon into a high-surface-area activated carbon, together with the selection of a suitable electrolyte,
governs the electrochemical performance of sustainable biomass-derived supercapacitor electrodes.

2. Experimental Procedure

2.1 Preparation of coconut rachis activated carbon
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To synthesize activated carbon, coconut rachis, a biowaste material, was collected locally from Kollam,
Kerala, India. The coconut rachis was first washed with DI water to eliminate impurities and then dried
out under sunlight for 48 hours. After sun-drying, the sample was placed in a hot air oven for an
additional 48 hours to eliminate any remaining moisture. To break down organic compounds such as
cellulose and hemicellulose, the coconut rachis was annealed at 250°C for two hours. This pre-
carbonized sample was then additionally annealed at 450°C for two hours under an inert atmosphere to
break the lignin bonds, yielding HC from the coconut rachis. To enhance the properties of the
synthesized HC, activation using a chemical activation agent, potassium hydroxide (KOH). KOH was
mixed with the synthesized carbon in a 3:1 weight ratio and annealed at 600°C for 4 hours in a controlled
atmosphere. After activation, the sample was cleaned carefully with DI water until the pH of the wash
water became neutral. Finally, the activated carbon was dried in a hot air oven at 60°C overnight,
resulting in the production of coconut rachis activated carbon.

2.2 Characterization techniques
The morphology of the synthesized HC and AC was characterized by scanning electron microscopy
(SEM) using a JEOL JSM-IT200 microscope coupled with an Oxford Instruments JEOL LA6390LA
energy-dispersive X-ray spectroscopy (EDS) system. The specific surface area and pore characteristics
of the samples were determined by nitrogen adsorption–desorption analysis using a NOVA touch 4LX
surface area and pore size analyzer (Anton Paar/Quantachrome Instruments), and the specific surface
area was calculated using the Brunauer–Emmett–Teller (BET) method. Owing to its higher specific
surface area, the crystallographic structure of the activated carbon was analyzed by powder X-ray
diffraction (XRD) using a Rigaku MiniFlex II diffractometer with Cu Kα radiation over a 2θ range of 20–
80°. The surface functional groups of the samples were analyzed using a Thermo Fisher Scientific
Nicolet iS50 Fourier-transform infrared (FTIR) spectrometer. Raman spectroscopy was performed to
investigate the structural characteristics and degree of graphitization of the carbon samples using a
Renishaw Laser Confocal Raman Spectrometer with microscope attachment equipped with a 514 nm
excitation laser.

2.3 Electrode and device fabrication
Working electrodes were fabricated using the prepared HC and AC as the active materials. The electrode
slurry was prepared by mixing the active material, Super P conductive carbon, and polyvinylidene fluoride
(PVDF) binder in a weight ratio of 8:1:1 using N-methyl-2-pyrrolidone (NMP) as the solvent. The
homogeneous slurry was uniformly coated onto pre-cleaned nickel foam current collectors and dried
overnight at 60°C.

Electrochemical measurements were carried out in a three-electrode configuration using the prepared
HC or AC electrode as the working electrode, Ag/AgCl as the reference electrode, and a platinum mesh
as the counter electrode. The electrochemical performance was evaluated in 6 M KOH, NaOH, and LiOH
aqueous electrolytes. Cyclic voltammetry (CV) measurements were performed over a potential window
of 0–1.0 V at scan rates ranging from 10 to 100 mV s⁻¹. Galvanostatic charge–discharge (GCD)
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measurements were conducted within the same potential window at current densities of 1–10 A g⁻¹.
Electrochemical impedance spectroscopy was applied to examine the charge transfer properties and the
internal resistance of the electrode-electrolyte interface.

For performance evaluation, symmetrical supercapacitors were prepared utilizing AC as negative and
positive electrodes, respectively, in Swagelok-type cell arrangement. Glass fiber membrane (Grade GF/D,
Whatman®) was employed as the separator. The electrochemical performance of the fabricated
capacitor, such as specific capacitance, power and energy density, was estimated by GCD analysis.

3. Results and Discussions

3.1 Physicochemical Analysis
Morphology of the prepared HC and AC derived from the coconut rachis was studied via FESEM, and the
micrographs obtained are shown in Fig. 1(a&b). It is evident that there exist notable morphological
differences between HC and AC, showing how chemical activation has led to the creation of a highly
different structure. The HC sample exhibits a relatively compact and irregular carbon matrix with rough
surfaces, fractured domains, and sparsely distributed surface cavities. Although carbonization removes
a considerable fraction of the volatile constituents from the biomass precursor, the resulting structure
remains comparatively dense with limited pore connectivity. The pores observed can mainly be explained
by the thermal degradation of hemicellulose, cellulose, and lignin in pyrolysis, which causes the
production of volatiles and hence the development of initial pores in the carbon skeleton. Nonetheless,
without any chemical activation, the pores will be relatively independent in their operation, thus limiting
the development of an interconnected porosity structure[27, 28]. In the case of KOH activation, there is a
great change in morphology towards a hierarchical porous structure with interconnected pore networks.
This process allows for controlled etching of the carbon matrix, resulting in a high level of pores and
increasing porosity interconnection in the electrode. Consequently, it can be concluded that the activated
carbon has an easily accessible porosity structure, which indicates the efficiency of KOH activation in
controlling the properties of the biomass-derived carbon[29, 30]. A significant structural transformation
from HC to AC will allow us to significantly increase the textural properties of the material. The
hierarchical porous structure provides an increased electrochemically accessible surface area due to the
increased number of active areas for ions absorption from the electrolyte. Such an architecture is also
expected to contribute to the structural stability of the electrode by accommodating repeated ion
adsorption and desorption during continuous charge–discharge cycling without significant structural
degradation [31–33]. On the other hand, due to the higher density of the HC material structure, the ions
will not be able to penetrate easily and effectively, thus making the active sites less functional. To
quantitatively evaluate the structural evolution induced by KOH activation, the textural properties of HC
and AC were further investigated using nitrogen adsorption–desorption analysis[34, 35].

The structural features of HC and AC have been studied through Brunauer-Emmett-Teller (BET) method
for determination of the surface properties of the carbons in view of the effect of chemical activation on
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them. The values of BET parameters are presented in Table 1. For HC, there was found a relatively small
value of specific surface area (32 m² g⁻¹), total pore volume (0.027 cm³ g⁻¹), and an average pore
diameter (2.81 nm). After KOH activation, the specific surface area increased significantly up to 1025.43
m² g⁻¹, whereas the total pore volume became equal to 0.5685 cm³ g⁻¹ and the average pore diameter
was equal to 2.22 nm. The significant increase in surface area and pore volume indicates the efficiency
of KOH activation for the formation of porous network structure in carbon. The formed mesoporous
structure ensures sufficient electrochemical accessible sites and electrolyte ion diffusion, which are
supposed to influence on the electrochemical behavior. The significant improvement in the textural
parameters of AC is in agreement with the FESEM analysis, according to which chemical activation
converts the dense HC into hierarchical porous structure. The considerable enhancement in surface area
along with the increase in pore volume reveals the presence of sufficient adsorption sites and pore
channels, both being beneficial for easy electrolyte impregnation and charge accumulation. Thus, the
improved properties of the surface can be considered favorable for ion diffusion and electrochemical
activity in concentrated alkaline electrolytes. The nitrogen adsorption-desorption isotherms of HC and
AC are illustrated in Fig. 1(c-f). The HC material possessed a Type II adsorption isotherm without a clear
hysteresis loop that revealed insufficient pore development and presence of mainly non-porous
surface[36–38]. The N₂ adsorption-desorption isotherm for the AC is shown in Fig. 1(e). The isotherm
shows a characteristic Type IV adsorption behaviour along with an obvious H3 hysteresis loop in the
relative pressure range of P/P₀ ~ 0.40–0.99, implying that the material possesses a mesoporous
structure developed through the process of KOH activation. The continuous rise in the nitrogen content
with increasing relative pressures shows the capillary condensation phenomenon inside the
interconnected mesopores. From the pore size distribution plot (Fig. 1(f)), it can be seen that the pores
have been found to be distributed primarily in the range of 2–5 nm, which is consistent with the average
pore diameter found from BET analysis. Such surface characteristics are expected to facilitate
electrolyte penetration, increase the number of electrochemically accessible active sites, and promote
efficient ion transport during electrochemical operation.

For a further understanding of the composition variations caused by KOH activation, the composition of
HC and AC was determined through EDX analysis, and the corresponding plots are shown in Fig. 1(g&h).
The composition of the HC was dominated by carbon (77.94 wt %), oxygen (16.27 wt %), chlorine (1.30
wt %), potassium (2.23 wt %), and calcium (2.23 wt %). As a result of the activation process, the
percentage of carbon increased to 85.91 wt % while the percentage of oxygen, potassium, and calcium
decreased to 12.65 wt %, 0.25 wt %, and 1.19 wt %, respectively. These results suggest that the activation
process helped in purifying and enriching carbon composition, which will make the material a carbon-
enriched structure[39, 40]. Such compositional modification is expected to improve the electrical
conductivity of the electrode and contribute to enhanced electrochemical performance.
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Table 1
Comparison of the surface properties of coconut rachis HC and AC with commercial

activated carbon
Sample Sbet

(m2 ·g− 1)

Vtotal

(cm3 ·g− 1)

Av. pore size (nm) Ref

AC-C ~ 415 0.22 2.17 [41]

Coconut rachis- Carbon ~ 32 0.027 2.81 This work

Coconut rachis- AC ~ 1025.43 0.57 2.22 This work

The crystal structure of the HC and AC samples was studied by means of X-ray diffraction (XRD), and the
results of XRD are given in Fig. 2(a &b) [22, 30]. Distinct crystalline diffraction peaks of the HC sample
were recorded at 2θ = 28.38°, 40.65°, 58.56°, 66.52°, and 73.84° related to the (110), (200), (211), (310),
and (301) planes of the crystal, respectively, indicating the development of tetragonal carbon (space
group I4/mmm)[22, 42]. Following KOH activation, the sharp crystalline reflections were significantly
diminished and replaced by wide diffraction peaks centred at ~ 25.64° and 43.20°, which correspond to
the (002) and (100) planes of graphitic carbon. Broadening and the reduction of the maximum intensity
are evidence of a reduced level of crystallinity due to the conversion from an ordered tetragonal structure
of carbon to an amorphous carbon structure due to the chemical activation process. The reduction in
crystallinity was observed due to the restructure of the material and formation of pores due to KOH
activation, and this is in agreement with FESEM and BET analysis results, indicating that hierarchical
porous carbon structure was successfully synthesized. Surface functional groups of HC and AC have
been characterized using Fourier transform infrared (FTIR) spectroscopy, and FTIR spectra have been
shown in Fig. 2c. Both the materials showed typical absorption bands between the wave number of 1000
and 4000 cm⁻¹. The broad absorption bands at the wave number of 3443 and 3436 cm⁻¹ for HC and
activated carbon, respectively, are due to O–H stretching vibrations of the surface hydroxyl groups and
adsorbed water molecules. The O-H absorption peak was relatively higher on the activated sample, a
factor that could be attributed to the greater availability of surface functional groups as a result of the
activation by KOH. The absorption peak at around 2919 cm⁻¹ represents the asymmetrical C-H stretching
vibration; the decline in the intensity of this peak after the activation is an indication that hydrogen
containing groups were removed during the high temperature process. The absorption peak at 1634
cm⁻¹ is due to C = C stretching vibrations, while the absorption peak at about 1384 cm⁻¹ is attributed to
C-O stretching vibrations due to alcohols, phenols, and carboxyl functional groups [35, 43]. Apart from
the previously mentioned bands, another band at 1077 cm⁻¹ due to stretching vibrations of C–O was
present in HC; however, it vanished post-activation, implying the removal of oxygen-containing functional
groups from the material. The above-mentioned alterations in surface functional groups would assist in
improving the accessibility of the electrolyte in the material.

Raman study was done in order to provide additional information on the structure of HC and activated
carbon. The obtained Raman spectrum is shown in Fig. 2(d). As can be seen from the graph, both HC
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and activated carbon samples have two characteristic bands, which are called D and G. Specifically, the
first one (D) can be observed at 1329 cm⁻¹ in HC sample and at 1341 cm⁻¹ in the case of AC and the
second one (G) can be observed at 1577 cm⁻¹ in the case of HC and 1579 cm⁻¹ in the case of activated
carbon [44]. The D band reflects structural disordering, while the G band is associated with in-plane
vibrations of sp²-bonded graphitic carbon. Thus, ID/IG ratios for HC and AC were 1.44 and 1.26,
respectively[45]. The decrease in the ID/IG ratio of the AC material implies that there is some
enhancement in the graphitic ordering after the KOH activation, even though a porous network is formed.
This means that chemical activation leads to restructuring without damaging the graphitic planes for
electronic conduction.

3.2 Electrochemical Analysis
Electrochemical properties of HC and AC samples obtained from coconut rachis in 6 M KOH, NaOH, and
LiOH electrolytes were investigated to understand the effect of carbon structures and electrolyte types
on the charging behavior of supercapacitors. CV measurements were carried out within the scan rate of
10 to 100 mV s⁻¹ for a typical three-electrode electrochemical cell setup, where Ag/AgCl was used as
reference electrode and Pt wire as counter electrode. For HC, CV measurements were performed at 1.0,
0.8, and 0.6 V potential windows in 6 M KOH, NaOH, and LiOH electrolytes, respectively, while 1.0, 0.9,
and 0.8 V potential windows were measured for AC in corresponding electrolytes (Fig. 3a–f).

HC electrodes demonstrated distorted CV responses which did not follow the ideal quasi-rectangular
profile in all three electrolytes, showing poor capacitive nature and slow kinetic rates of
charging/discharging processes. The lack of clear rectangular CV response profile implies ineffective
formation of electric double layer, which is due to the presence of compact structure, smaller specific
surface area and insufficient accessibility of pores in HC. Therefore, only a portion of the electrode's
surface participated in the ions' sorption process, resulting in lower capacitance of the electrode.
Capacitances, derived from the areas of CV curves at the scanning rate of 10 mV s⁻¹, were equal to 60,
26, and 15 F g⁻¹ in the case of electrolytes 6 M KOH, NaOH, and LiOH, correspondingly. Among the three
electrolytes, HC showed the maximum capacitance value in 6 M KOH solution, while 6 M NaOH and 6 M
LiOH solutions followed.[46]. Conversely, the CV profiles of the AC electrodes were almost quasi-
rectangular at all scan rates, indicating capacitive characteristics due to electric double layer formation
and good reversibility in charge-discharge processes. The enhanced electrochemical performance of AC
can be ascribed to the highly developed porous structure and higher specific surface area of the
activated carbon due to KOH activation that provides many active sites for ion adsorption and fast
diffusion of the electrolyte. A schematic representation of electrolyte ion adsorption on the surface of
both HC and AC is shown in Fig. 4. At a scan rate of 10 mV s⁻¹, the activated carbon delivered specific
capacitances of 201, 88, and 61 F g⁻¹ in 6 M KOH, NaOH, and LiOH electrolytes, respectively. As the scan
rate increased from 10 to 100 mV s⁻¹, the specific capacitance gradually decreased for all electrolytes
because the electrolyte ions had insufficient time to diffuse into the internal pore network and fully utilize
the available active sites, thereby reducing the charge-storage capability at higher scan rates [47, 48].
The variation in specific capacitance with different concentrations of electrolyte is given in Table 2. Both
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HC and AC exhibited the highest capacitance in 6 M KOH, followed by 6 M NaOH and 6 M LiOH. The
superior electrochemical performance observed in KOH can be attributed to the smaller hydrated ionic
radius (3.31 Å) and higher ionic conductivity (73.5 S cm² mol⁻¹) of K⁺ compared with Na⁺ (3.58 Å and
50.11 S cm² mol⁻¹) and Li⁺ (3.82 Å and 38.69 S cm² mol⁻¹)[49, 50]. The small-sized K⁺ ions can easily
diffuse through the network of pores and reach more active electrochemical sites, and their higher ionic
conductivity allows for quicker charge transportation within the electrolyte [51]. In the case of Na⁺ and
Li⁺, their bigger radii and low ionic conductivities hamper the diffusion of the ions and thus lead to poor
utilization of the porous electrode and low specific capacitance. To study the charge storage
characteristics and rate performance of HC and AC in various alkaline electrolytes, galvanostatic charge
discharge (GCD) tests were conducted at different current densities. The relevant GCD graphs are shown
in Fig. 5(a-f).

Table 2
Comparison of the specific capacitance of HC and AC electrodes in

different 6 M alkaline electrolytes.
Material Electrolyte Specific Capacitance (F g⁻¹)

Hard carbon (HC) 6 M KOH 60

Hard carbon (HC) 6 M NaOH 26

Hard carbon (HC) 6 M LiOH 15

Activated carbon (AC) 6 M KOH 201

Activated carbon (AC) 6 M NaOH 88

Activated carbon (AC) 6 M LiOH 61

The galvanostatic charge–discharge (GCD) behavior of both HC and AC samples was studied at the
current densities of 1 to 10 A g⁻¹ in the potential windows used in the CV tests, and the resulting GCD
curves are shown in Fig. 5(a–f). The HC electrodes exhibited relatively short charge–discharge durations
in all three electrolytes, indicating limited charge-storage capability. The nearly symmetric triangular
profiles suggest predominantly electric double-layer capacitive behaviour, while the short discharge
times reflect the comparatively low specific capacitance of HC. The specific capacitances of HC in the
electrolyte of 6 M KOH, NaOH, and LiOH at the current density of 1 A g⁻¹ were determined using the
discharge curves as 59, 25, and 15 F g⁻¹, respectively. In turn, the electrodes fabricated from AC had
much larger and symmetrical GCD profiles, which confirmed better ability to store charges and good
electrochemical reversibility. The prolonged discharge is explained by the high porosity structure and
high specific surface area of activated carbon that gives a large number of adsorption centers for
electrolyte ions. Consequently, the activated carbon delivered specific capacitances of 199, 71, and 55 F
g⁻¹ in 6 M KOH, NaOH, and LiOH, respectively, at a current density of 1 A g⁻¹ [52].

To further understand the electrochemical behaviour of HC and AC in different alkaline electrolytes,
electrochemical impedance spectroscopy (EIS) measurements were performed over a frequency range
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of 0.01 Hz to 10⁵ Hz, and the corresponding Nyquist plots are presented in Fig. 6(a). The activated
carbon electrode exhibited a small semicircular feature in the high-frequency region, indicating a
relatively low charge-transfer resistance and efficient charge transport at the electrode/electrolyte
interface [53, 54]. In contrast, the HC electrode showed an indistinct or nearly absent semicircle,
reflecting its comparatively poorer charge-transfer characteristics. The bulk resistance (Rb),
corresponding to the electrolyte resistance between the working and reference electrodes, was
determined to be 0.13 Ω, 0.74 Ω, and 0.61 Ω in 6 M KOH, NaOH, and LiOH electrolytes, respectively. Of all
the electrolytes tested, 6 M KOH showed the least value of bulk resistance, implying that it has better
ionic conductivity and ion transfer inside the carbon electrode. This can be attributed to its higher ionic
conductivity.

Bode phase plots for HC and AC in various alkaline electrolytes have been presented in Fig. 5(c–f).
Maximum phase angle was seen to be of approximately 60° in case of the HC electrode, indicating
deviation from ideal capacitive behaviour. On the other hand, AC electrode in 6 M KOH electrolyte has
shown a phase angle of 80° that is very close to the ideal capacitive behaviour of 90°, showing excellent
charge storage capacity and faster ion transportation[55, 56]. The comparatively lower phase angles
observed in NaOH and LiOH electrolytes further confirm their reduced capacitive performance. The
results of EIS are consistent with the observations from CV and GCD experiments, which prove that the
porous structure of AC and better ionic conductivity of KOH electrolyte result in effective charge
transfer.Figure 5. (a) Variation in capacitance with current density ranging from 1–10 A�g− 1 for HC and
AC in different electrolytes (b) Nyquist plot of HC and AC from coconut rachis in the dissimilar
electrolyte, (c-h) Bode plots in HC and AC in 6M KOH, NaOH and LiOH electrolytes

3.3 Electrochemical properties of Symmetric
supercapacitor
Electrochemical properties of the symmetric supercapacitor made from coconut rachis-activated carbon
with respect to 6M KOH electrolyte have been successfully understood via CV, GCD, and EIS studies. CV
measurements performed on the device were conducted within a potential range of 0.7V with scan rates
varying between 0.01 and 0.5 V/s (Fig. 6(a)). Absence of any redox peaks in the CV curves proves the
working principle of the device is based on double-layer charge storage, which is an ideal capacitive
behavior [57]. Specific capacitance value obtained from the area of the CV curve was found to be 35.40
F·g⁻¹ at a slower scan rate of 0.01 V�s-1, indicating a highly efficient charge storage ability of the
material at a lower scan rate. Another evidence of ideal capacitive nature of the device comes from the
symmetric triangular shape of the GCD curve measured within a current density range of 0.1 A·g⁻¹ to 1
A·g⁻¹ (Fig. 6(b). The calculated capacitance value through the GCD analysis was consistent with the
results of CV analysis, thus boosting the credibility of the results. In addition, the energy density value of
2.41 Wh·kg⁻¹ was attained by the device, which indicated its applicability for energy purposes. In
addition, EIS analysis also had a relatively small charge transfer resistance value (Rct) of 0.78 Ω and bulk
resistance (Rb) of 0.41 Ω, which showed good ion mobility with less resistive losses, thus enhancing the
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electrochemical properties of the device, Fig. 6(c). Cyclic stability of the device was investigated over
2000 cycles through the GCD analysis at 1 A·g⁻¹, and the capacitance decreased from 20.5 to 19.1 F�g⁻¹
(Fig. 6(d)), implying ~ 93% capacitance retention. These results clearly confirm the high efficiency and
good energy storage capability of the coconut rachis-activated carbon in supercapacitors.

Conclusions
The present investigation clearly indicates that the performance of the coconut rachis-based carbon
materials is mainly dependent on their structural characteristics. The chemical activation with KOH
changed the hard carbon with dense structure to highly porous activated carbon with high specific
surface area (~ 1025 m² g⁻¹), which facilitated good electrolyte ion transportation as well as provided
sufficient electrochemically active sites. As a result, the activated carbon showed better capacitive
behaviour than the hard carbon in all types of the electrolytes studied. In particular, the 6 M KOH was
found to provide the highest specific capacitance of 201 F g⁻¹ due to the high ionic conductivity as well
as low hydrated radius of K⁺ ions. Moreover, the supercapacitor fabricated from the activated carbon had
the specific capacitance of 35.4 F g⁻¹, energy density of 2.41 Wh kg⁻¹, and ~ 93% capacitance retention
over 2000 charge-discharge cycles. The results obtained illustrate that optimization of the pore
characteristics of biomass-based carbon is important for improving the performance of
supercapacitors.
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Figure 1

SEM images of coconut rachis (a) HC, 50µm (b) AC, 50µm, (c) Nitrogen adsorption–desorption curve for
HC based on the BET method, (d) pore size distribution curve, (e) Nitrogen adsorption–desorption curve
for AC based on the BET method, (f) pore size distribution curve, (g &h) EDAX analysis of HC and AC
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Figure 2

Structural characterization of HC and AC (a) XRD pattern of HC, (b) XRD pattern of AC, (c) FTIR spectra
of HC and AC, and (d) Raman spectra of HC and AC
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Figure 3

CV curves of coconut rachis HC in 6M (a) KOH, (b) NaOH, (c) LiOH, coconut rachis-derived AC in 6M (d)
KOH, (e) NaOH and (f) LiOH electrolytes

Figure 4

Schematic representation of electrolyte ion adsorption on the surface of both HC and AC. The large pore
size on the HC leads to reduced ion adsorption compared to AC with a small pore size
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Figure 5

GCD curve of coconut rachis hard carbon electrode in 6M (a) KOH, (b) NaOH, (c) LiOH, GCD curve of
coconut rachis activated carbon in 6M (d) KOH, (e) NaOH and (f) LiOH
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Figure 6

(a) Variation in capacitance with current density ranging from 1-10 A�g-1 for HC and AC in different
electrolytes (b) Nyquist plot of HC and AC from coconut rachis in the dissimilar electrolyte, (c-h) Bode
plots in HC and AC in 6M KOH, NaOH and LiOH electrolytes
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Figure 7

Symmetric supercapacitor performance in 1M NaOH electrolyte (a) CV curve, (b) GCD analysis, (c)
Nyquist plot, (d) specific capacitance variation after 2000 cycles.
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