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ABSTRACT

Supercapacitors have gained much attention in recent years due to their promising
characteristics, such as high specific capacitance, high power density, long cycle life, and
environment-friendly nature. Usage of natural sources for activated carbon synthesis is
a major focus by many researchers worldwide for discovering a replacement of existing
supercapacitors. This review summarizes the methods used to synthesize activated carbon
(AC) from various natural fiber, their physical and electrochemical characteristics, and
the improvement of supercapacitor electrode performance. Previous research studies
indicate the practicability of activated carbon derived from various natural fibers with
superior electrochemical properties. The effect of activating reagents and temperature
on the electrochemical performance for supercapacitor applications are also highlighted
in this paper. Since the nature of activated carbon from fibers and its synthesizing
methods would result in different properties, the Cyclic Voltammetry (CV) study is

also thoroughly discussed on the specific

capacitance together with charge/discharge

test to observe the capacitance retention after

several cycles. Finally, a detailed approach
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INTRODUCTION

Supercapacitors are devices used to store electrical energy undergoing frequent charge-
discharge cycles at high currents in short time duration. It can be used in various applications,
including electric vehicles, power grids, and wearable devices, due to its high specific
capacitance (Zequine et al., 2017). In the 1950s, the first few ideas of storing electrical
charges in an electric double layer were patented. There was much interest in the fact that
charge could be stored with the interface between a solid and an electrolyte back then.
Standard Oil Company developed the technology in Cleveland, and it was then licensed
to Nippon Electric Company (NEC) in 1971. After that, NEC started to manufacture low-
powered devices for memory backup with the name “Supercapacitor.” Then the technology
was developed for military use by the Pinnacle Research Institute (PRJ) in 1982. The
development of supercapacitors is carried out till today, where electrochemical double-layer
capacitors (EDLCs) are commercially available from several sources (Namisnyk & Zhu,
2003). In the current era, the development of supercapacitors offers a promising method
to encounter the growing demands of conventional energy storage applications. With
higher power density than batteries and larger energy density compared to conventional
capacitors, supercapacitors have an important position to narrow the gap between batteries
and conventional capacitors (Liu et al., 2019).

Supercapacitors (SCs) have gained interest in energy storage applications due to
renewable energy sources. The burning of fossil fuels causes environmental concerns,
and it is non-renewable energy that will eventually get used up. Therefore, renewable
energy is being focused on countering the depletion of fossil fuels (Thulasi et al., 2019).
Conversely, most renewable energy sources are unstable and continuous, such as wind and
solar energy. Therefore, a promising energy storage system is crucial to use these energy
sources optimally (Wu et al., 2015). The conventional technique for electrical energy
storage uses batteries owing to their high energy density. However, batteries possess low
power density, unlike supercapacitors with the superior power density and cycling stability
but low energy density. One of the important properties of SCs is the rapid charging and
discharging of electrical energy, which makes it a perfect tool for the instant storage of
energy (Chowdhury & Grebel, 2019). The advantages of using supercapacitors compared
to batteries are its high power density, rapid charging, and discharging abilities, longer life
cycles, and safer contrasted to batteries (Enock et al., 2017). Besides high power density
and rapid charge-discharge properties, SC also has wide operating temperatures that make
it more flexible to be used for various applications (Wei et al., 2019). There are three main
supercapacitors categories: electric double-layer capacitors (EDLC), pseudocapacitors, and
hybrid capacitors (Rawal et al., 2018). In the case of EDLC, the capacitance is produced
as a result of a build-up of static charge at the electrode and electrolyte interface, whereby
absorption and desorption occur by charged ions.

352 Pertanika J. Sci. & Technol. 30 (1): 351 - 376 (2022)



Review of Natural Fibers for Supercapacitor Application

Hereafter, large specific surface area
(SSA) and high porosity are essential |
to obtain excellent capacitance for a I
supercapacitor (Lu et al., 2020). In the case |
of pseudocapacitance, it attains capacitance
by surface-level rapid redox reactions of

an electroactive material; meanwhile, the
working principle for hybrid supercapacitors
is by the combination of electric double-
layer capacitors and pseudocapacitors. The
electrode materials used in pseudocapacitors
are metal oxides and sulfides (Chime et al.,
2020; Shinde & Jun 2020). However, the
supercapacitors encounter some issues,
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such as low conductivity of electricity and Figure 1. Cross-sectional view of EDLC
deprived charge-discharge cycles. Therefore,

various research projects are conducted to improve the electrochemical performance of the
material used for supercapacitor electrodes. One of the ways to maximize the performance
of EDLCs is by using carbon electrodes, as shown in Figure 1.

Carbon-based materials that are commonly used for the preparation of electrodes are
activated carbon (AC), carbon nanotubes (CNT), aerogels, graphene as well as carbon
fibers (S. Chen et al., 2020; Lyu et al., 2019; Tsang et al., 2020; Yar et al., 2020). AC is
among the highly chosen active materials for supercapacitor electrodes, attributed to high
thermal stability and electrical conductivity, corrosion resistance, high surface area after the
carbonization process, and low cost (Luo et al., 2021). In addition, AC has a long history
of'usage and production for various purposes. For example, some of the activated carbons
are used for the removal of heavy metals and chromium from solution, carbon dioxide
capturing, hydrogen gas storage, air pollution control, and electrical energy applications
(Ahmed et al., 2019). In general, the process of producing activated carbon from biomass
materials is comparatively easy and cheaper contrasted to other carbon materials (Morali
et al., 2018).

The process of producing activated carbon comprises carbonization and is followed
by activation. Carbon activation is performed to progress the surface area of the carbon,
which increases adsorption and desorption of electrolyte ions from the active surfaces of
the activated carbon during the charging and discharging process. In addition, a high degree
of randomness and defective graphite structure in the AC leads to the development of a
broad range of its porosity. The pore size of AC ranges from visible cracks and crevices
to molecular dimensions (Yu et al., 2019). Activating agents are used to increase the pore
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numbers in the carbon materials and to remove debris. As a result, the interaction between
the active material and the electrolyte is enhanced as the active surface area increases (Musa
etal., 2015; Tounsadi et al., 2016). Figure 2 shows the effect of the activating agent before
and after the activation process. It can be observed that the fibers are cleaner without the
presence of debris, and porosity increases after the activation.

Figure 2. Scanning electron microscopic images of the activated carbon after KOH activation

Considering the recent advancements in technology for the development of
supercapacitors, abundant potential renewable sources, and huge demand from various
industrial sectors, this review serves to summarize the previous works related to the
fabrication of supercapacitor electrode materials from natural fibers and elaborate on the
findings obtained during the past five years. In addition, common types of supercapacitor
electrodes are also briefly discussed and mainly focused on EDLCs with the usage of
activated carbon as active material.

SUPERCAPACITORS CLASSIFICATION

Supercapacitors can be characterized depending on the energy storage system, primarily
alluding to faradaic and non-faradaic electrodes. In non-faradaic electrodes, the
electrochemical reaction does not occur; however, only charge adsorption/desorption arises
at the interface when charging and discharging take place. On the other hand, faradaic
capacitors undergo a fast reduction and oxidation process to store and release charge during
charging and discharging of the supercapacitor (Arunachalam et al., 2020).

Electric Double-Layer Capacitors (EDLC)

EDLC is a non-faradaic capacitor based on an electrolyte and a double layer at the electrode
interface. It functions with the build-up of electrostatic charges at the electrolyte/electrode
interface, and the charge storage for a high capacitance supercapacitor is very much
dependent on the escalation of surface area (Tan & Lee, 2013). Overall, 1000-2000 m? g!
is the range for a high surface area of carbon electrodes. In comparison with traditional
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capacitors, the pore size distribution of EDLC has an increasing effect on the energy
density (Gu & Yushin, 2014; Xiong et al., 2014). Furthermore, since EDLCs use aqueous
electrolytes, such as H,SO,, KOH, or organic electrolytes, this could enhance the cycle
stability during the charge-discharge processes (Bhat et al., 2021).

Pseudocapacitor

Pseudocapacitors are faradaic capacitors that store charges through the rapid transfer of
charges between the electrolyte and the active material of the electrode (Devillers et al.,
2014). The pseudocapacitors charge storage mechanism contrasts with EDLC, whereby
the transfer of charge occurring is by voltage-dependent redox reaction, desorption, and
adsorption or intercalation of ions. The redox reaction process in pseudocapacitors would
result in superior energy density and capacitance. On the other hand, the Faradaic process
occurs in dissimilar behaviors whereby the ions in the electrolyte are adsorbed to the metal
surface in the initial stage. It was then followed by a reversible redox reaction (reduction
and oxidation process) in the oxides/hydroxides of transition metal. The pseudocapacitor
electrode surface area is crucial for these two reactions (Sayyed et al., 2019). The third
stage involves bulk reversible doping and de-doping processes in the conducting polymers,
which are less dependent on the surface area (Devillers et al., 2014).

The faradaic and non- faradaic processes are the primary dissimilarity between EDLCs
and pseudocapacitance. Pseudocapacitors have rapid and reversible redox reactions between
electrolyte and active material (Simon & Gogotsi, 2008). Therefore, a pseudocapacitor’s
charge transfer process is similar to a battery during the charging and discharging process.
Hence, the capacitance of a supercapacitor can be illustrated as shown in Equation 1.
Capacitance (C) is defined as the ratio of stored charge(Aq) to change in potential (AV)
(Raju & Ozoemena, 2015).

Aq
C=— [1]
AV

Hybrid Supercapacitors

The merging of the Faradaic process and non-Faradaic process forms hybrid supercapacitors.
The combination of high pseudocapacitance with capacitance from the electric double layer
enables high power density and ensures long cycle life. The hybrid capacitors, which have
combined EDLCs and pseudocapacitors, have greater electrochemical performance than
EDLCs and pseudocapacitors (Afif et al., 2019). Improved devices can be obtained through
the energy storage mechanism of a hybrid supercapacitor, which has a combo of Faradaic
and Non-Faradaic processes (Bogeat, 2021). The common types of hybrid supercapacitors
and their active materials are as shown in Figure 3 (Saini et al., 2021).
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Hybrid Supercapacitors

Battery type hybrid
(capacitive//Faradaic)
Ni(OH), // AC

Asymmetric capacitor . .
( // ) Lomposite based hybrid
Pseudo//EDLC Composite based hybrid

MnO,@AC//CNT
ST, WO, @AC//Graphene
TiO, @ rGO//CNT
RuO,@rGO//CNT

Graphene // MnO,
TiO, // rGO
AC // RuO,

Li,Tis0,, //rGO
PbO, // Graphene
PbO, // AC

Figure 3. Types of hybrid supercapacitors

RECOVERY OF CARBON FROM NATURAL FIBRES

Commonly, the process of creating activated carbon is simpler and inexpensive compared
to other carbon materials, specifically from biomass materials (Morali et al., 2018).
Thermal treatment of biomass material demonstrates a change in porosity, surface area,
and pore structures (Ioannidou & Zabaniotou, 2007). Some research works have proven
that AC from natural fibers has adsorption rates of 2 to 50 times faster than AC from coal.
It is explained that the fibers with a small diameter (about 10pum) show a larger external
surface area (Rombaldo & Lisboa, 2014). The two main steps involved in producing AC
are carbonization and activation. Some of the natural fibers discussed in this review are
shown in Figure 4.

Carbonization is the process of converting organic matters like natural fibers into
carbon. There are two types of activations, which are chemical and physical activation.
In physical activation, steam or CO, is used to boost the porosity of the AC. Steam is
extra effective in producing AC with a practically higher surface area than CO, as the
smaller molecular size of water molecules helps to enable diffusion within the carbon’s
porous structure (Im et al., 2019; Qin, 2019). Steam activation is testified to have a faster
conversion degree than CO, activation (Lei et al., 2018; Ma et al., 2020). On the other
hand, chemical activation uses chemical agents, such as KOH (W. Chen et al., 2020; Zhu
et al., 2019), ZnCl, (Chen et al., 2018; Sun, 2019), NaOH (Hu et al., 2018; Zhang et al.,
2019), and H;PO; to synthesize activated carbon (Yakout & Sharaf El-Deen, 2016). In
addition, chemical activation occurs at lower activation temperature compared to physical
activation (Nor et al., 2013).
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Figure 4. a) Cucumis melo, b) coffee grounds, c) Albizzia flowers, d) Banana fibers, e) Argan seed shells, and
f) Waste tea leaves

Peng et al. (2013) extracted carbon from waste tea leaves (WTL), and the images in
Figure 5 show the process involved in the synthesis of activated carbon. Five types of
WTL were used to prepare AC, and the recovery process started with soaking the dried
tea leaves in boiling water until room temperature. The WTL was then pyrolyzed at
600°C for 2 h with argon flow to produce carbonated products. Next, chemical activation
was conducted using KOH solution followed by evaporation at 80°C in a vacuum. The
dried carbonized product was then heated at 800°C for one h in an argon atmosphere and
was further neutralized using 1 M HCI solution (Peng et al., 2013). The highest specific
capacitance achieved was 330 F/g at 1 A/g from the electrode fabricated from WTL AC.

Another study with a similar method was conducted using Albizzia flowers (AF) as a
precursor, and the process is shown in Figure 6. The carbonization process was done on
the dried AFs at 600°C at a rate of 3°Cmin’' for three h in an argon gas atmosphere. It was

Activation
Carbonization 800 °C
600 °C KOH as activating
2 hours agent

Argon gas 1 hour
environment Argon gas
environment

Figure 5. Two-step synthesis of activated carbon from waste tea leaves (Peng et al., 2013)
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followed by an activation process using KOH with a ratio of 1:3, KOH: Precarbonized AF
(PCAF). The activation temperature used was 700, 800, or 900°C at a rate of 5°C min-'.
The achieved activated samples were washed with 1 M HCL and deionized water until Ph
7 before it was dried at 80°C for ten h. The fabricated electrode produced 406 F/g at 0.5
A/g in a 6M KOH electrolyte (Wu et al., 2019).

1. Washed with
deionized water
and ethanol to

remove Srgas
impurities

. Dried in vacuum
oven at 60 °C 1. Pre-carbonization at 600 °C

2. KOH activation at 700/800/900 °C

!

1. Washed with 1M
HCl and
deionized water
until neutral pH

. Dried at 80 °C for
10h

Supercapacitor

electrode
fabrication

Figure 6. Process of preparing activated carbon from A/bizzia flowers (Wu et al., 2019)

Apart from that, activated carbon from oil palm kernel shells (PKS) was synthesized
by Misnon et al. (2015) to observe the effects of the activation method. Recycling PKS
for value-added products is useful as they are abundantly available. This work used two
types of activation methods: chemical activation by KOH and physical activation using
steam. The PKS was pyrolyzed in a furnace for four h at 500°C, under an oxygen deficit
environment. Activated carbon was then produced through chemical activation (AC-C)
and physical activation (AC-P). In chemical activation, Pyrolyzed carbon was stirred with
KOH in the ratio of 1:4 for four h at 100°C. Another sample was prepared using physical
activation through steam. Both samples were then heated in a furnace at 500°C for four
h and subsequently washed in 1 M HCI followed by distilled water until pH was neutral
before they were further tested as electrodes (Misnon et al., 2015). AC-C and AC-P-based
supercapacitor electrodes produced a capacitance of 210 F/g and 123 F/g at 0.5 A/g,
respectively in 1 M KOH (Misnon et al., 2015).

Other than two-step synthesis, which is carbonization followed by activation, there is
also a one-step synthesis whereby activation and carbonization are done simultaneously.
Figure 7 illustrates the difference between one and two-step synthesis.
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as N, gas
Two- step N g :> 28
Synthe5|s

Carbonization at 450 °C Activation at 700 °C

% N, gas
One-step -
Synthesis

Carbonization and activation at 700 °C

Figure 7. The process of one-step and two-step synthesis of activated carbon (Chiu & Lin, 2019)

One-step synthesis was done to recover carbon from waste coffee grounds and studied
the effects of different activation agents on the structural properties of the activated carbon
(Chiu & Lin, 2019). First, they dispersed waste coffee grounds in 1 M KOH and stirred
for 6 hours. It was followed by washing the prepared powder with deionized water and
subsequently drying it in a vacuum oven. Next, the dried powder was dispersed in aqueous
solutions containing activating agents and stirred for 15 min during the activation process.
The resultant solution was filtered, and the prepared powders were then annealed at 700°C
in N, for two h. The KOH-activated carbon electrode from coffee grounds resulted in a
specific capacitance of 19.28 F/g and obtained the highest energy density of 6.94 Wh/kg
at the power density of 350 W/kg (Chiu & Lin, 2019).

Jiang et al. (2013) demonstrated ginkgo shells to produce AC for supercapacitor
application. The partially graphitized ginkgo-based activated carbon (GGAC) was prepared
by pyrolysis, activation process using KOH, and heat treatment with cobalt nitrate as
graphitization catalyst. Ginkgo shell-based activated carbon preparation was initiated by
drying the ginkgo shells at 60°C for 24 h. The dried ginkgo shells were then pyrolyzed
at 600°C at a rate of 10°Cmin' under nitrogen atmosphere for one h in a tube furnace.
Finally, the pyrolyzed ginkgo shells were mixed with KOH at a ratio of 1:2 and heat-
treated in a nitrogen gas environment for one h at 700°C. The HCL was used to neutralize
the carbonized sample and subsequently rinsed using deionized water a few times until
neutral pH was achieved. The product was denoted as ginkgo shell-based activated carbon
(GAC). The authors used the same method to produce graphitized ginkgo-based activated
carbon (GGAC), with an additional step to impregnate the GAC using cobalt nitrate in a
diluted solution form. The GAC was impregnated for 12 h and subsequently heated treated
at 900°C at a rate of 10°Cmin’' for two h. The findings showed a specific capacitance of
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178 F/g at a potential scan rate of 500 mV/s for GGAC, which is significantly higher than
commercial activated carbons and ordered mesoporous carbons (Jiang et al., 2013).

Activated carbons from natural fibers are cost-effective. Hence, they have a great
advantage in producing electrodes for supercapacitor applications. Simple pyrolysis and
activation can produce activated carbon from cheap biomass sources like the Paulownia
flower (PF). The PF is a widely planted flower in China and is ample with volatile oil
and pharmaceutical materials. Generally, PF is disposed of and left to rot without further
utilization. For the recovery of activated carbon, the matured PF was collected after it had
fallen from Paulownia trees. The PF was pyrolyzed for two h at 600°C under a nitrogen
atmosphere. The activation process took place after pyrolysis, whereby the carbonized
Paulownia flower (PFC) was mixed with KOH as an activating agent. In this work, the
PFC was mixed with different ratios of 2:1, 3:1, or 4:1 to the KOH to study the effect of
activation agent concentration on the properties of supercapacitors. After mixing with
KOH, the mixture was further pyrolyzed at 800°C in a nitrogen atmosphere for one h. The
activated Paulownia flower was washed with 1 M HCI followed by deionized water until
neutral pH was achieved. Electrodes were fabricated using the activated carbon from PF
by mixing it with active materials, acetylene black, and polytetrafluoroethylene binder in
the percentage of 85mw%, 10mw%, and Smw%, respectively. The supercapacitors were
formed via sandwiching hydrophilic cellulose separator between two identical electrodes
and immersed in 1 M H,SO, electrolyte. The symmetric supercapacitor based on a-PFC3
(3 mass ratios of KOH) resulted in a specific capacitance of 297 F/g at a current density
of 1A/g within a potential range of 2-3V (Chang et al., 2015).

Subramanian et al. (2007) conducted another study on the electrochemical performance
of supercapacitor electrode material using activated carbon from banana fibers. First, they
have started to synthesize the activated carbon by washing and drying the banana fibers.
Next, they have treated the fibers using KOH or ZnCl, at 110°C for five days. The ratio
of banana fiber to activating agent was 1:5. After treatment with the activation agent, the
samples were pyrolyzed for one h at 800°C with a heating rate of 10°C/min in a nitrogen
gas atmosphere. The obtained AC was mixed with 20 wt% of carbon black and five wt%
PVdF using NMP as a solvent to form a slurry. The slurry was then coated onto Ni mesh
using the brush coating method. After drying for 30 min at 110°C, the mesh was pressed
to cohere the active electrode material to the Ni mesh thoroughly.

The coated Ni mesh was used as a working electrode, saturated calomel electrode as
reference electrode, and PT wire was used as a counter electrode during the electrochemical
performance test. From CV and GCD studies, the highest specific capacitance has produced
the sample produced using ZnCl, as an activating agent with the capacitance of 74 F/g at
0.5 A/gin 1 M Na,SO, electrolyte. In addition, 88% of Coulombic efficiency was exhibited
by this sample after 500 Cycles at 0.5 A/g. On the other hand, KOH treated AC produced a
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capacitance of 66 F/g at 0.5 A/g. The BET surface area of ZnCl, and KOH treated activated
carbons are 1097 m*/g and 686 m?/g, respectively (Subramanian et al., 2007).

EFFECTS OF ACTIVATION TEMPERATURE ON ELECTROCHEMICAL
PERFORMANCE

The performance of activated carbon can be significantly enhanced under appropriate
conditions. The initial step in producing activated carbon is carbonization to produce char
from the pyrolysis process. Throughout the process, moisture and volatile compounds are
removed from the biomass (Ioannidou & Zabaniotou, 2007). The AC can be synthesized
using physical and chemical activation after the carbonization process. Physical activation is
generally done with gas activating agents, such as CO, and steam, while chemical activation
involves chemical agents, such as acid, metal oxide, and alkali metal. The activation process
finally results in activated carbon with a large surface area, high porosity, and high pore
volume (Nor et al., 2013).

Teo et al. (2016) used rice husk as a precursor for AC, and the surface area was studied
in detail. The authors varied the activation temperatures and compared the findings with
the current data similar to their work. The study also portrayed current studies on the
effects of activation temperature on mesopores and micropores of the AC, as shown in
Table 1. The rice husk (RH) was treated with 1 M NaOH for 24 h at room temperature and
was subsequently dried in the oven. The carbonization was done on the RH in a furnace
for four h at 400°C. Silica traces were removed from the carbonized rice husk (RHC)
by mixing the RHC with 1 M NaOH solution for 20 minutes to achieve a purer form of
RHC. The activation process was initiated by impregnating RHC with KOH. The mass
ratio used for the activation process was 1:5 (RHC: KOH), and the mixture was stirred
for 30 minutes before leaving it to dry overnight at 100°C. After drying, the mixture was
activated at different temperatures, which were 750°C, 850°C, and 950°C in a nitrogen
gas atmosphere. Then, the achieved activated carbon was washed until neutral pH was
achieved (Teo et al., 2016).

The results indicated that samples activated at higher activation temperatures were
porous. However, it must be noted that porosity is an important factor in the production
Table 1

Raman spectral values of current studies on activated carbon with different activation temperatures (Teo
etal., 2016)

Sample Sper (Mg Vore (Total) Vpore (Micro) Vpore (Mes0) t-plot micropore area

(cm’g™) (cm’g™) (cm’g™) (m’g")
AC750 2121 1.022 0.589 0.243 1426
AC850 2696 1.496 0.274 0.691 486
AC950 1592 1.293 0.052 1.056 -

Note: Sger, Brunauer-Emmett-Teller (BET) surface area, V., pore volume
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of activated carbon as it would improve the specific capacitance of the supercapacitor
electrodes. Nonetheless, AC850 with the largest BET surface area produced the highest
specific capacitance of 147 F/g at 0.1 A/g.

Another investigation was carried out for supercapacitor application using argan seed
shells. Argan tree is regularly found in Morocco in the southwest region, and the plant
seeds are commonly used to extract oil for cosmetic and culinary uses. A large quantity
of argan seed shells (ASS) residues were produced during the oil extraction. The ASS
was collected and carbonized for three h at 500°C under a nitrogen gas atmosphere. After
carbonization, chemical activation was done using KOH. The ratio for chemical activation
used was 1: 4 (sample: KOH). After chemical activation, the samples were heated for 12 h
at 60°C; then, the temperature was increased to 110°C to dry the sample. The process was
followed by pyrolysis at 300°C for two h. Then, the temperature was increased to 800°C
for three h at the rate of 10°Cmin'. In the final stage, the prepared activated carbon was
washed using 0.1 M HCI then rinsed using deionized water until no chloride ions were
detected (Elmouwahidi et al., 2012). The electrochemical studies were conducted in three
electrodes setups with 1 M H,SO, as electrolyte. The highest capacitance achieved was
355F/g at 125mA/g, while the highest retention was 93% at 1 A/g.

Another potential precursor of activated carbon used in supercapacitor application is
oil palm empty fruit bunches that have been studied by Farma et al. (2013). The advantage
of using oil palm empty bunches is that it is abundantly available in Malaysia as the oil
palm industry is one of the major agricultural sectors in Malaysia. The industry mainly
focuses on producing cooking oil from oil palm fruits. During this process of extracting
oil, many empty fruit bunches (EFB) were produced and could potentially pollute the
environment without a proper disposal method. The burning of EFB for the production
of fertilizers is also creating environmental hazards by emitting greenhouse gases from
combustion. Therefore, in their study, the EFB was used as a raw material to produce
monolithic nanoporous activated carbon for supercapacitor electrodes (Farma et al., 2013).
The authors made some comparisons on the specific capacitance achieved with other types
of precursors, as presented in Table 2.

The conversion of EFB to activated carbon was initiated by pre-carbonization of
EFB fibers at a low temperature of 280°C. It was followed by ball milling for 18 h and
subsequently sieved to obtain self-adhesive carbon grains (SACG) powder. The SACG was
mixed with KOH in wet conditions using distilled water and stirred for one h to obtain a
homogeneous mixture. Green monoliths (GMs) of the SACG and green monolith (GMK)
of the KOH-treated SACG were prepared in a mold before it was further carbonized in a
nitrogen gas environment at 800°C at a rate of 1.5 liters per minute (Farma et al., 2013).

Elaiyappillai et al. (2019) recovered precursor for AC from Cucumis melo (Cm)
fruit peel by adapting two stages method (carbonization and activation). First, the Cm
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Table 2

Comparison of specific capacitance between other precursors (Farma et al., 2013)
Biomass precursor Activation method Sger (M’g) C,, (Fg"
Firewood KOH 2821 95
Coffee bean waste ZnCl, 1019 368
Cherry stones KOH 1624 174
Coffee shell ZnCl, 842 156
Recycled wastepaper KOH 417 180
Cassava peel waste KOH + CO, 1352 153
Sugar cane bagasse ZnCl, 1788 300
Apricot shell NaOH 2335 348
Coffee endocarp CO, 709 176
Sunflower seed shell KOH 2509 311
Rubber wood sawdust CO, 912 138
Argan seed shell KOH 2062 355
Camellia olleifera shell ZnCl, 1935 374
Poplar wood HNO; 416 234
Fibers of palm oil empty fruit bunches KOH + CO, 1704 149

was heated for four h at 300°C at a rate of 5°Cmin’! under vacuum conditions. Then, the
sample was left to cool to room temperature before being crushed into fine powder form
(Elaiyappillai et al., 2019). In the second stage, KOH was used for chemical activation.
The authors varied the activation temperature from 600-900°C, and samples were heated
for three h. The activated carbon from Cm-900 produced the highest specific capacitance
of 404 F/g at 1 A/g with 1 M KOH as electrolyte. As a result, the power density of Cm-900
was 279.78 w/kg, whereas the energy density was 29.30 Wh/kg. Meanwhile, the charge
retention obtained after 8000 cycles of charge/discharge was 91%.

Research by Cheng et al. (2020) produced AC from Laminaria japonica, a type of
seaweed known as brown algae plant and mostly grown on ropes in the sea between Korea
and Japan. The synthesis of AC was done using two steps syntheses; pre-carbonization
followed by activation using KOH. The varied carbonization temperature was 600°C,
800°C, 1000°C and 1200°C. Most of the previous studies chose activation temperature as
the manipulated variable to study its effects on the characteristics of the activated carbon
produced. After pre-carbonization, the mixture was activated at 700°C and 800°C under a
nitrogen gas atmosphere for two h and subsequently neutralized using 1 M HCL solution
and deionized water (Cheng et al., 2020). The overall process is shown in Figure 8. The
specific capacitance of the supercapacitor electrode fabricated from L. japonica activated
carbon was 192 F/g at 0.1 A/g, and the electrode exhibited almost 100% of capacitance
retention after 10000 cycles at 1 A/g.
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Figure 8. Synthesis of activated carbon from L. japonica (Cheng et al., 2020)

Another precursor was discovered from  Table 3
Analysis of S. spontaneum (Samantray & Mishra,

Saccharum spontaneum by Samantray 2019)

and Mishra (2019), containing 48.91% of
carbon, as shown in Table 3. Zinc chloride

Analysis Stem

N . Proximate (wt%
was used as the activating agent in a one-step (we%)

. . . Moisture 9
synthesis process with precursor ratio to the Volatile matter .
activating agent, 0.5:1. The carbonization — , 3
temperature used was 400°C to 600°C  gixed carbon 16
under a nitrogen gas environment. After  Ultimate (wt%)
carbonization, the samples were neutralized  Carbon 48.910
using 0.1 M HCI solution and deionized  Hydrogen 8.341
water. Figure 9 shows the flow chart of ~ Nitrogen 0.905
activated carbon synthesis. The results from ~ SUIur 0.18

Oxygen 41.664

Taguchi analysis in this research prove that
optimal conditions to produce high surface area carbon are 600°C, chemical ratio of 1 and
60 min holding time for carbonization process (Samantray & Mishra, 2019).

CHARACTERIZATION OF ACTIVATED CARBON-BASED
SUPERCAPACITOR ELECTRODE

The commonly used method for characterization of activated carbon is X-ray diffraction
(XRD), Field Emission Scanning Electron Microscopy (FE-SEM), Transmission electron
microscopy (TEM), Fourier Transform Infrared Spectroscopy (FTIR), Raman spectroscopy,
and Brunauer-Emmett-Teller (BET) surface area (Tobi et al., 2019). Meanwhile, the
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Figure 9. Activated carbon synthesis from S. spontaneum (Samantray & Mishra, 2019).

common electrochemical properties are characterized by using Cyclic Voltammetry (CV),
galvanostatic charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS).

KOH activation and phosphoric acid-treated carbon derived from the banana stem were
compared with other hard carbons derived from corn cob and potato starch. From Raman
spectroscopy of these four carbons, it was noted that partial graphitization is observed on
all these samples. KOH activated banana stem (KHC) has a more disordered nature. For
energy storage applications using carbon, this disordered nature is advantageous owing to
the existence of active surfaces. SEM of KHC, phosphoric acid-treated banana stem (PHC),
and corn-cob derived carbon (CHC), as shown in Figures 10 (a), (b), and (c), respectively,
shows more visible porous structure compared to potato starch derived carbon (SHC),
which did not show any evidence of porosity, based on the SEM images as shown in Figure
10 (d). Similar to the conclusions made with SEM, TEM images additionally show that
the pore diameters are in the nanometer range except for SHC. When the carbonization
temperatures were increased, a greater amount of micro range crystallites were present
by various carbon layers. In addition, the micropores and mesopores facilitate the charge

Figure 10. FE-SEM images of (a) KHC, (b) PHC, (c) CHC and (d) SHC (Yao et al., 2015)
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transferring process in carbons and subsequently increase the electrochemical performance
of the supercapacitor electrode fabricated.

Table 4 shows the specific capacitance achieved by these four samples with the BET
surface area of each sample. Based on the BET surface area results, The larger surface
area possessed by KHC and CHC attributes to improved performance of supercapacitors.
KHC achieved the highest specific capacitance as the improved surface area, lower pore
diameter and increased pore volume helped electrochemical performance. The improved
surface area is caused by the pore diameter, which is about 1nm as based on literature, better

supercapacitor performance is achieved as the pore diameter is close to Inm (Chmiola et
al., 2006; Yao et al., 2015).

Table 4
Specific capacitance with surface porosity analysis (Yao et al., 2015)
Sample S!)eciﬁc BET Surface area Afverage pore Average pore
Capacitance (F/g) (m?/g) diameter (nm) volume (cc/gm)

KHC 479.23 @1mV/s 567.36 1.205 0.175
CHC 309.81 @2mV/s 215.42 1.199 0.107
PHC 202.11 @2mV/s 177.72 1.789 0.091
SHC 99.9 @2mV/s 4243 1.363 0.099

The CV curves, as shown in Figure 11, show evident redox peaks for all the samples
in 6M KOH electrolyte, especially by KHC. These redox peaks indicate that faradaic
reaction related to pseudocapacitance occurs during the charge/discharge process. The
samples also exhibit EDLC behavior as the CV curves have quasi-rectangular shapes.
These EDLC attributes are caused by the hydrophilic nature of the micro-ordered sheets

-0.3 -0 2 -0 1 0. 0 0. 1 0. 2 -0.2 -0.1 0.0 0.1 0.2 0.3
Il 1 L 1 A
24
b L
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Figure 11. CV curves of (a) KHC, (b) PHC, (¢) CHC and (d) SHC (Yao et al., 2015)
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Carbonization at 270°C for 2 h and KOH activation at
750°C for 3 h

.

Figure 12. Process of synthesizing AC from pistachio nutshell with a)SEM of natural pistachio shell, b)
SEM of C-SPN, c¢) and d) HRTEM of AC-SPN-3 at different magnification (Xu et al., 2014)

with oxygen on the edge of the structures.
In the galvanostatic charge-discharge curve, AcsPNa bband C.band
the EDLC behavior causes a triangular AN n
shape, whereas the pseudocapacitance gives =
a smooth curvilinear shape nearing the | =
triangle’s peak (Yao et al., 2015). Z
Pistachio nutshell was activated at | =
the different mass ratios with KOH as an
activating agent with a pyrolysis temperature , , .
of 750°C (Xu et al., 2014). The samples were 1000 12°°Raman1s‘$gt (cm'1)1 600 1800

labeled as AC-SPN-X, where X denotes the —
. . Figure 13. Raman spectroscopy of samples after

mass ratio between KOH and carbonized g oH activation (Xu et al., 2014)
pistachio nutshell (C-SPN). The process of
synthesizing activated carbon is described in Figure 12, together with the morphology of
the sample at each stage. From the SEM analysis, C-SPN exhibits a 2D lamellar structure
similar to a natural pistachio shell; however, some shrinkage is observed. From HRTEM
analysis, AC-SPN-3 possesses interconnected porous structures with a 0.5-1nm pore
diameter. The Raman spectroscopy results shown in Figure 13 confirms that all the samples
have defective graphitic structures as the peaks are present about 1320 cm™ and 1580 cm’!
(Kimetal.,2011; Li et al., 2013; Shimodaira & Masui, 2002). The degree of graphitization
depends on the ratio of I and I, which also indicates higher electrical conductivity with a
higher ratio value (Bogeat, 2021; Dresselhaus et al., 2005; Mhamane et al., 2011).

Based on Nyquist plots, AC-SPN-3 exhibits the highest electrical conductivity among
the other samples, which is supported by the relatively high I/l value of AC-SPN-3
compared to AC-SPN-1 and AC-SPN-5. Hence, AC-SPN-3 has the most graphitic layers
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compared to other samples, although it has disordered carbon structures (Shimodaira
& Masui, 2002). From the CV curves of AC-SPN-3, as shown in Figure 14(a), a quasi-
rectangular shape is observed. Furthermore, AC-SPN-3 has the highest specific capacitance
of 313 and 215 F/g in 6M KOH and TMABF, electrolytes, respectively, compared to other
samples as shown in Figure 14(b).

Gupta et al. (2021) synthesized activated carbon from Desmostachya bipinnata (Kusha
grass) and studied its electrochemical performance as a supercapacitor electrode (Gupta et
al., 2021). The description of steps involved in the DP-AC synthesis is as shown in Figure
15. From the XRD and Raman spectroscopy, as shown in Figure 16, characteristics of
activated carbon were confirmed, and an amorphous carbon structure is present (Ghosh

7) 80 400
a) b) —=—C-SPN
—8—AC-SPN-1
—&—AC-SPN-3
40+ £~ 300+ —y—AC-SPN-5
— =] ——AC-SPN-3-0
o 4 w -—
@
< 8
E s o
—e
@ -40 =
= G 1001
3 = 2mVs' —50mVs’ S o o
-804 —5mV s =100 mVs’ 8 v
—10mVs' =——200mVs” 0+ —a
——20mV s’ =500 mV s
-12 -0.9 -0.6 -0.3 0.0 0 100 200 300 400 500
Voltage (V) Scan rate (mV s'1)

Figure 14. a) CV curve of AC-SPN-3 and b) Specific capacitance of all samples at different scan rates (Xu
et al., 2014)

: Cut and wash
Kusha grass L e o |EH Add KOH
(w:w=1:4)

Carbonization at 700°C

Cooling at room
temperature
——————— ]
AC powder
collected
SEM image of DP-AC Activation at at 700°C under

Argon atmosphere

Figure 15. Synthesis of activated carbon from D. bipinnata (Gupta et al., 2021)
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Figure 16. a) XRD pattern and b) Raman spectrum of DP-AC (Gupta et al., 2021)

et al., 2019; Pang et al., 2016). In Raman spectroscopy, the D peak is positioned at 1346
cm™ and G Peak at 1587 cm™.. It proves activated carbon with graphitic structure and edge
imperfection (Zhang et al., 2013). Another two peaks at 2678 cm™! and 2840 cm™! prove the
existence of a few layered carbon materials (Purkait et al., 2017). From SEM analysis, it
was observed that there is a large, disordered porous structure as a result of an etching by
KOH during activation. The BET surface area of DP-AC is 738.56 m?/g with an average
pore diameter of 3.3 nm. The electrochemical study was performed in the three-electrode
system with 6 M KOH as electrolyte. DP-AC achieved the highest specific capacitance
0f 220.7 F/g at 10 mV/s from the CV study and 218 F/g at 0.7 A/g from the GCD study.
A maximum energy density of 19.3Wh/kg was achieved at a power density of 277 W/kg.

CONCLUSION

From the findings obtained in previous research works, it was found that there are various
sources of carbon that can be converted to activated carbon and used for supercapacitors
application. Most of the works used a similar method of activation and carbonization to
prepare the AC. Some of the parameters that can be manipulated during the preparation of
AC are activation temperature, type of activating agent, the ratio of activated carbon to the
activating agent, and activation method. These parameters would vary the electrochemical
properties of the electrode in terms of its specific capacitance and capacitance retention.
The literature has shown a variety of materials synthesized from heterogeneous natural
fiber precursors for supercapacitors based on carbon electrodes. An in-depth comparison
has given some indications that natural fibers possess a high potential to be used for high-
performance supercapacitor electrodes. Additional studies are essential to minimize the
main knowledge gaps in the field of sustainable materials for energy storage applications.
This review shows that relatively inexpensive and renewable resources from plants are
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highly porous carbon and can be converted into useful products, such as supercapacitors
for energy storage applications, which are expected to be in great demand in the future.
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