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ABSTRACT

ARTICLE INFO

Supercapacitors have become one of the potential solutions for efficient
energy storage, and the development of carbon-based electrodes from
biomass has received increasing attention due to their sustainability.
This study aims to produce carbon electrodes from crab shells (CS) as
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biomass materials by optimizing the carbonization process with
temperature variations of 600°C, 700°C, and 800°C for supercapacitor
cell applications. Material characterization shows that the carbonization
temperature of 700°C produces carbon electrodes with optimal
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semicrystalline structures and mesopore dominance, which supports giriz(l)lmzatlon
efficient ion diffusion. The CS-700 carbon electrode showed the highest

. . . . . Electrode
specific capacitance of 18.84 F/g in cyclic voltammetry tests with 1 M Supercapacitor

H,SO, electrolyte. These results indicate that carbonization at 700°C
provides the best electrochemical performance, making it the optimal
condition for developing efficient and environmentally friendly mud
crab shell biomass-based electrodes for supercapacitor cell applications.
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1. INTRODUCTION

Energy storage systems have been used for centuries and have experienced continuous
improvements due to using renewable energy and the limitations of fossil energy. To overcome these
limitations, the development of energy storage devices with high power density, short-term charging-
discharging fluctuations, and storing large amounts of energy is one of the right alternatives [1].
Energy storage devices are also important for electrical systems and are classified based on storage
period. Short-term energy storage usually involves storing energy for a few hours to a few days, while
long-term storage refers to storing energy from a few months to a season (3 — 6 months) [2].

Energy storage types have several categories: electrochemical, thermal, thermochemical,
flywheel, compressed-air, pumped storage hydroelectricity, magnetic, chemical, and hydrogen energy
storage. Electrochemical energy storage is a device that is being developed and is divided into fuel
cells, capacitors, batteries, and supercapacitors [3]. Supercapacitors are high-performance energy
storage systems with a storage capacity that can be used when energy sources run low or run out.
Supercapacitors are a breakthrough that is still being developed today. Supercapacitors are considered
one of the potential devices capable of energy storage due to their high power (charge) storage
capacity, long-term cycle stability, flexible operating temperature, and environmentally friendly [4].

The charge storage mechanism or cell configuration in supercapacitors consists of electric
double layer capacitors and pseudocapacitors. EDLC supercapacitors consist of electrodes,
electrolytes, separators, and current collectors capable of storing energy. These are determined based
on the quality of the carbon electrodes. EDLC supercapacitors are generally based on carbon
materials, such as activated carbon and graphene dioxide, as active electrode materials because they
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have a high surface area and electrical conductivity [5]. Activated carbon has high porosity, a
controllable porous structure, chemical stability, and high electrical conductivity. Almost 80% of
supercapacitor cells use activated carbon as the electrode material. Activated carbon materials can be
produced from various biomass, including red crab shells [6], shrimp shells [7], and fish scales [8].
This study used carbon electrodes based on mangrove crab shell biomass because they are
environmentally friendly and inexpensive.

Mangrove crab (Scylla serrata) is classified in the Portunidae family, living in almost all
coastal waters, especially on mangrove-covered beaches, shallow waters close to mangrove forests,
and muddy beaches that play an important role in various ecological functions. Mangrove crab shells
can reach around 40% — 60% of the total weight of the crab. The content of mangrove crab shells is
chitin (CgHy30s), protein (COOH-RH-NH,), and minerals such as magnesium carbonate (MgCO3) and
calcium carbonate (CaCOs), so it can potentially be used as a carbon electrode material for
supercapacitor cells [9].

This study focuses on manufacturing biomass-based carbon electrodes from crab shells for
supercapacitor cell applications by optimizing the carbonization temperature. The carbonization
process can decompose chitin, protein, and mineral compounds, which produce activated carbon with
a high surface area. The carbonization temperature and activating agent can be one of the factors that
affect the pore quality and electrochemical performance of the resulting activated carbon. Previous
researchers have used shrimp shell biomass to make carbon electrodes with variations in carbonization
temperatures of 700°C, 800°C, and 900°C. The carbonization temperature of 800°C produced the
highest specific capacitance value of 303.3 F/g [10]. Researchers Gao et al. (2020) conducted the
manufacture of carbon electrodes for supercapacitors with temperature variations of 700°C, 750°C,
and 800°C using shrimp shell biomass, which obtained the highest specific capacitance of 201.0 F/g at
a temperature of 750°C [11]. Researchers Vinhod et al. (2020) also conducted a study using crab shell
biomass for supercapacitor cell electrode applications with carbonization temperature variations of
700°C, 800°C, and 900°C, producing the highest specific capacitance at a temperature of 700°C,
namely 266.5 F/g [12]. In this study, the biomass used was crab shells with carbonization temperature
variations of 600°C, 700°C, and 800°C.

2. METHODOLOGY

The basic material of crab shells (CS) is collected and cleaned, then dried for 3 days in the
sun, which aims to minimise the water content. The next stage is the pre-carbonization process at a
temperature of 250°C for two h. CS is then ground into powder, and carbon is moulded into a coin-
shaped solid using a hydraulic press. The carbon in the form of a solid coin is then pyrolyzed. The
initial pyrolysis is the carbonization process using N, gas with temperature variations of 600°C,
700°C, and 800°C, and the final pyrolysis is the physical activation process using CO, gas at a
temperature of 900°C. The carbon electrode is neutralised by soaking in distilled water until the pH is
neutral.

Structural characterisation of CS was carried out using X-ray diffraction (XRD), Fourier
transform infrared (FTIR), and Brunauer-Emmett-Teller (BET) methods. XRD aims to determine the
microcrystalline structure using a Panalytical X-Pert Pro PW3060/10 diffractometer with a CuKa light
source and using a wavelength of 15.4 nm and a diffraction angle of 26 = 10° — 60°. FTIR testing was
carried out using a Shimadzu IR Prestige-21 tool at a wave number of 450 — 4500 nm. Furthermore,
BET characterization aims to determine the surface area, diameter, and pore volume of CS. BET
testing using Quantachrome Instrument Version 11.0, measuring the amount of gas absorbed by CS at
a temperature of 300 °c with a sample mass of + 0.015 g at 77.3 K.

Supercapacitor cells are made up of several components, namely symmetrical carbon
electrodes (CS), current collectors (Stainless steel 316 L), separators (chicken egg shell membranes),
and electrolytes (H,SO4 1 M). These components are arranged like a sandwich, and electrochemical
properties are measured using the cyclic voltammetry (CV) and galvanostatic charge discharge (GCD)
methods to analyse the electrochemical behaviour of CS. CV measurement aims to determine the
specific capacitance using a symmetrical electrode configuration at a scanning rate of 1, 2, 5, and 10
mV/s and a potential of 0 — 1 V. Furthermore, GCD uses the same configuration at a current density of
1, 2,5, and 10 A/g and a potential difference of 0 — 1 V.
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3. RESULTS AND DISCUSSIONS

Figure 1 shows the XRD pattern of CS, which shows two gentle peaks and several sharp peaks
at 20 angles around 22° — 24° and 42° in the (002) and (100) planes, indicating a semi-crystalline
structure.. (Farma, Valensia, et al., 2024). The sharp peaks reflected in Figure 1 indicate the presence
of crystalline compounds on the carbon electrode, namely (C,F;)n, SiO,, CaCOs, and CaO, which are
symbolized by ‘0’, ‘A’, ‘0’, and ‘0’ respectively. Polytetrafluoroethylene ((C,F;)n), at an angle of
18.04°, is a compound often found in EDLC supercapacitor cell electrodes, which is interpreted as
crystallinity [13]. Silicon dioxide (SiO;) compounds located at an angle of 26.06°-26.13° are
compounds from the basic mineral structure that are not completely decomposed during the
manufacture of CS activated carbon. Calcium carbonate (CaCQ3) is a mineral that forms CS material
at angles of 29.5°, 34.0°, and 39.48°. It shows the decomposition of CaCO; accompanied by the
formation of the CaO phase. Calcium oxide (CaO) is an inorganic crystalline compound in CS that is
seen at an angle of 47.15° [14].

The FTIR spectrum of the CS material is shown in Figure 1 (b). At wave numbers 3610.26
and 3629.17 cm™! and 2508.20 cm™, the presence of hydroxyl (O—H) functional groups was identified,
which showed stretching vibrations due to water evaporation or volatile high polarity characteristics
[15]. Absorption at 2970.83 cm™ was associated with asymmetric C—H functional groups representing
alkyl groups such as methyl and methylene. The presence of this group indicates the occurrence of sp2
hybridization on several carbon atoms in the amorphous structure. In addition, aromatic compounds
were identified at wave numbers 1456.64 cm™, which are C—C vibrations and are related to the
graphitization process, thus potentially increasing the conductivity of carbon. These C-H and C-C
functional groups originate from the release of volatile substances during the carbonization process
and reflect an increase in carbon content in the material [16]. Meanwhile, the wave number 1736.12—
1793.03 cm™ indicates the presence of carbonyl functional groups (C=0), and the range 1033.24—
1229.40 cm™ indicates ether functional groups (C-O) [17]. These C=0 (anhydride) and C-O
(carbonic acid) groups are related to the stretching of oxygen-containing phenol and alcohol groups,
which can increase the wettability of the material surface. This increase in wettability contributes to an
increase in the specific capacitance value and can affect self-discharge when carbon is used as a
supercapacitor electrode [18].
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Figure 1. (a) XRD pattern, (b) FTIR spectrum, (c) N, adsorption-desorption, (d) pore distribution of CS material.
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Table 1 is obtained from data processing using the Bragg and Debye-Scherrer law equations.
Increasing the carbonization temperature from 600°C to 700°C can increase the Lc value (graphite
plane stack length) because higher thermal energy encourages the improvement of the carbon
microstructure through the rearrangement of carbon atoms into more regular graphite stacks. However,
the Lc value decreases when the carbonization temperature exceeds 700°C. This is due to further
devolatilization and partial gasification processes, such as the formation of CO and CO: gases, which
produce pores and defects in the carbon structure. In addition, a temperature that is too high can cause
local over-graphitization, which results in non-uniformity of the graphite structure and reduces crystal
regularity. As a result, although high temperatures initially improve crystallinity, the graphitic
structure becomes disrupted at too extreme temperatures, causing a decrease in the L. value [19].

Table 1. Interlayer spacing and dimensions of the microcrystalline CS.

sample code 20 Interlayer spacing Dimensions of microcrystalline Np
002 100 doo2 (nm) digo (nm) 002 100
CS-600 23.652 42.682 3.759 2.117 9.857 9.926 2.622
CS-700 24.661 42.686 3.607 2.116 23.399 6.540 6.487
CS-800 22.986 42.641 3.886 2.119 7.316 9.048 1.892

Figure 1 (c) shows the isothermal adsorption-desorption curve between relative pressure (P/Po)
and adsorption volume (cm?3/g). Based on the IUPAC classification, this curve shows a significant
increase in adsorption on the material surface, indicating the presence of type I and type IV isotherms.
At P/Po < 0.2, an H1 type hysteresis loop is seen, while in the range of P/Po = 0.45 — 0.95, a wider H4
type hysteresis loop appears, indicating a combination structure between micropores and mesopores
[20]. The presence of mesopores, between 2-50 nm in size, is further confirmed through the pore size
distribution plot, which shows an average pore radius of 1.5 nm and a dominant pore size of around 15
nm, as shown in Figure 1(d). The significant increase in specific capacitance is associated with
increasing mesopores in the carbon electrode structure [21]. Mesopores function as ion reservoirs,
which can shorten the ion transport path and accelerate the ion diffusion rate towards the microporous
structure. This ultimately increases the electrolyte conductivity and accelerates the charging process in
forming an electric double layer capacitor (EDLC) [22].
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Figure 2. (2) CV curve, (b) CS-700 CV curve, (c) GCD curve, (d) CS-600 GCD curve.
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The resulting CV curve shape is quasi-rectangular, a characteristic of an ideal EDLC [23], as
shown in Figure 2 (a). CS-700 shows the widest charge-discharge curve area, while CS-600 has the
smallest curve area. The greater the charge-discharge current, the wider the resulting curve, which is
caused by the increasing number of electrolyte ions participating in the charging and discharging
process. This condition results in a higher specific capacitance (Csp).

CS-700 has the highest specific capacitance of 118.84 F/g, while the lowest specific
capacitance, with a value of 79.24 F/g, is owned by the CS-600 sample as presented in Table 2. The
carbonization temperature of 700°C in the CS-700 sample can produce a large density shrinkage,
resulting in high density and multiplying the pore channels, forming many pores. The formation of
pores indicates a high capacity to accommodate and absorb anions and cations, increasing the number
of ions trapped in the pore channels, which can increase the specific capacitance value of the
supercapacitor cell [24].

Table 2. Electrochemical properties test data for supercapacitor cells using the CV method.

Sample code I. (A) Iy (A) Cy (Flg) Psp (W/KQ) Es, (Wh/Kg)
CS-600 0.000128 -0.000070 79.24 39.66 11.01
CS-700 0.000122 -0.000180 118.84 59.48 16.51
CS-800 0.000159 -0.000101 103.96 52.03 14.44

Compared with CS-600 and CS-800 samples, the CS-700 sample showed the best
electrochemical performance, characterized by the highest specific capacitance (Csp) value. This
achievement is closely related to its optimal physical properties and microstructure. The carbonization
temperature of 700°C is considered the best condition in this study because it can optimize the balance
between the formation of graphitic structure and the development of porosity. At this temperature, the
carbon structure undergoes partial crystallization, which produces an L. value of 23.399 nm (based on
XRD data), indicating an increase in graphite regularity. Based on BET analysis, the formation of
abundant mesopores also supports faster ion transport pathways. If the carbonization temperature is
too low (as in CS-600), pore formation and crystallization are not optimal, so the structure's regularity
decreases. Conversely, temperatures that are too high (as in CS-800) can cause degradation of the
micropore and mesopore structures due to shrinkage or sintering. Therefore, 700°C is the optimum
temperature for producing carbon electrodes with an ideal combination of graphitic structure regularity
and complex pore networks, synergistically enhancing specific capacitance and conductivity stability
[25]. In addition, FTIR analysis confirmed the presence of high oxygen (O) content on the surface of
carbon electrodes, which plays an important role in increasing surface wettability. This increase in
wettability accelerates the diffusion of electrolyte ions, increases self-discharge, and supports the
creation of good and stable conductivity [26].

Figure 2 (b), A High scan rate will cause the CV curve to become wider and larger. Increasing
the scan rate accelerates the charge and discharge process, which causes the electrolyte ions to move
faster towards the electrode. High charge and discharge rates increase the reactivity of the electrode,
which can produce a larger current in a shorter time. Conversely, at a low scan rate, the charge-
discharge process takes place more slowly, so the resulting curve will be narrower and smaller [27]. A
low scan rate gives the electrolyte ions more time to diffuse to the electrode, resulting in a more
controlled response and a more compact curve. The asymmetric triangular curve without a significant
voltage drop, formed from the relationship between voltage and time at a constant current density of 1
Alg for all samples, shows good EDLC capacitive performance [28], as seen in Figure 2 (c). Charging
and discharging on the electrode surface for a longer period (CS-700) results in excellent charge-
discharge reversibility, so that the number of electrons and electrolyte ions diffuses maximally, which
can increase the specific capacitance of the supercapacitor cell by the CV analysis [29]. Figure 2 (d)
shows the GCD curves of CS supercapacitor cells with current densities of 1, 2, 5, and 10 A/g. The
curves maintain an asymmetric quasi-triangular shape even though the current density increases,
which is an ideal characteristic of EDLC [30]. At low current densities, the charge-discharge time
becomes longer, which results in a larger curve area. This is due to the optimal diffusion of electric
charge and electrolyte, which can be well absorbed into the internal pores of the material. On the other
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hand, at high current densities, the charge-discharge time becomes shorter, which causes the electric
charge and electrolyte not to be optimally absorbed into the material, making the GCD curve smaller.

4. CONCLUSION

This study shows that activated carbon from crab shells, through a carbonization process at a
temperature of 700°C, produces carbon electrodes with excellent electrochemical performance. The
carbonization temperature of 700°C is the optimal condition that improves the pore structure, with
abundant mesopore dominance, and the highest specific capacitance at a value of 118.84 F/g. In
addition, the characteristics of the semicrystalline CS material and the presence of functional groups
that increase surface wettability support high supercapacitor performance. These results indicate the
great potential of using crab shell biomass as an environmentally friendly and efficient raw material
for supercapacitor cell electrode applications, and open up opportunities for developing biomass-based
carbon materials with more controlled carbonization temperatures.
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