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Abstract

Electrode materials for supercapacitors are reviewed. Supercapacitors have gained a lot of attention due
to their unique features like high power, long cycle life and environment-friendly nature. They act as a
link for energy-power difference between a traditional capacitor (having high power) and fuel
cells/batteries (having high energy storage). The focus has been on materials like carbon-based
nanomaterials, metal oxides, conducting polymers and their nanocomposites.
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1. Introduction

The capacitance which is a ratio of electric charge stored inside a capacitor to an electric
potential difference between the two conducting plates can be increased by various ways: 1) By
increasing the surface area of the two conducting plates or electrodes on which the charge is stored.
Merely increasing the charge results in proportionate increase in the voltage so that the resulting
capacitance remains same. Capacitance in Farads F= Q(Coulombs)/V(voltage). Hence physical
alteration of the conducting plates is necessary. Capacitance can be varied by 1) altering the area of the
electrode 2) By decreasing the distance between the plates which leads to decrease in the voltage
between the plates. 3) By employing materials with improved dielectric constant. A similar equation to
be considered is R = V/I (the Ohm’s law). Just as resistance is a fixed constant for any material so is
the capacitance. There is a linear relationship between current and voltage. In some Electrodes such as
NiO/Ni(OH),, the current does not vary linearly with voltage and the capacitance is not constant. The
physical alteration of electrodes and introduction of an electrolyte gives rise to many types of capacitors
hereby referred to as supercapacitors due to increased value in capacitance. An ordinary parallel plate
capacitor with the classical solid dielectric such as a paper has a capacitance of few microfarads while
that of supercapacitor (with pseudocapacitance (faradaic reactions) and Electric double layer (non-
faradaic reaction or electrocapacitive behaviour) can go up to values of hundreds of farads. The earliest
supercapacitors showed electro capacitive behaviour with activated carbon as electrodes; activated
carbon being coated on aluminum sheets and dipped in an electrolyte such as Sodium sulphate and with
a separator being a material such as Barium Titanate or polyvinylchloride felt. This supercapacitor gave
capacitance up to few tenths of Farad.

The history of supercapacitors can be traced to early 1950s when engineers of General Electric
motors used activated charcoal as electrodes. It can be traced through a series of US patents; the first of
which was filed by The Standard Oil Company in 1972 (US patent 3648126). The basic mechanical
design eventually evolved into a capacitor in which two aluminum foils are covered with chemically
etched Carbon (to increase the surface area) dipped in an electrolyte and separated by thin, porous ion
selective insulator. Supercapacitors were first used as back-up power in computer in 1978 during which
period, the capacitance reached one Farad. From 1980 onwards there was a great deal of research with
ruthenium oxide-based electrodes pioneered by Brians Evan Conway [1]. He first coined the term
supercapacitor in 1999. Prior to the oxide-based electrodes, electrons were solely stored by the
mechanism of Helmholtz double layer (as in activated carbons). The oxide electrodes were able to store
charge by reversible surface redox reactions with faradaic charge transfer between electrodes and ions.
This capacitance resulting from faradaic charge transfer is called as Pseudo-capacitance. The word
pseudo distinguishes the classical electro-capacitance (non-faradaic) from other capacitances
originating from faradaic redox reactions. In Figure 1.1 the electrodes are activated carbon exhibiting
the electro-capacitance resulting from the Helmholtz double layer [2]. Transition metal oxides when
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used as electrodes give both types of capacitances: that resulting from the electrical double layer and
the redox faradaic reactions occurring at the surface and in the bulk of the electrodes. After such type
of electrode is used, the resulting capacitor is called as Hybrid capacitor because the resulting
capacitance is due to combination of faradaic and non-faradaic reactions [3]. The terms symmetric and
asymmetric capacitors are used when both electrodes show similar capacitance in the former and
dissimilar capacitance in the latter. Examples of asymmetric capacitors [4] may have these types of
electrodes: 1) Redox//Redox: two different oxide materials or one oxide and one polymer for anode and
cathode. 2) Redox//EDLC: Activated Carbon and an oxide 3) EDLC//EDLC: Graphene and Nitrogen —
doped Graphene or Activated Carbon of two different weights.

The electric double layer is made up between the interface of two conducting media (solid-solid
or liquid -liquid or solid -liquid) and consists of equal and opposite charge. For instance, an electric
double layer is formed at the interface when p- and n-type conductors come together, when two metals
with different work function are joined together or when a metal electrolyte is in contact with an
electrolyte solution. Another way of creating a double layer is to apply potential difference across an
interface of two electrodes which are dipped in an electrolyte creating two electric double layers giving
a cathodic and anodic capacitor. The fat droplets of milk represent an electric double layer. A milk
droplet is a heterogeneous system where fat droplets are dispersed in aqueous medium. At the interface
is the double layer made up of positive charges on fat molecules and negative charges on the protein
micelles. In a supercapacitor, the interface is the region between an electrode and the electrolyte (solid-
liquid type). A charge is induced on the electrode by applying a potential and equal and opposite charge
is built up on its surface by adsorption of ions (of opposite polarity) from the electrolyte. Here the charge
separation is of the order of few angstroms as compared to the charge separation in a conventional
supercapacitor where it is of the order of few millimeters. The double layer replaces a conventional
dielectric. Capacitance becomes proportional to the surface area of the double layer. Greater the surface
area of an electrode, greater will be the area of the double electric layer and greater will be the
capacitance. Any electrode with large porous structure will tend to have more surface area. Activated
Carbon is the material of choice for electrodes in supercapacitors not only for their large surface area
but also for their cheap availability [5-6]. The source of carbon can be various plants such as coconut
shells [7], corn husk [8] or hemp fibers [9]. This biocarbon is converted to premium grade carbon by
removing impurities. The abovementioned sources of biocarbon generates activated carbon for high
performance supercapacitors. The charge — discharge cycles consist of adsorption-desorption of the ions
from the electrolyte on the surface of activated electrode. There is no chemical reaction or electron
transfer between the electrode and the electrolyte. Moreover, the ions from the electrolyte that form a
double layer are solvated. There is no solid dielectric material as there is in a conventional parallel plate
capacitor. Instead, the role of dielectric is played by the solvent molecules of the electrolyte. The
separation between the two layers is only a few angstroms. A separator separates the two electrodes
from touching each other. The anode and cathode capacitances are connected in series and the
equivalent circuit is shown below.

Interelectrode resistance

Anode capacitor Cathode capacitor

| 1| | |
1| 1T

Electrode resistance A hr r Electrode resistance

Resistance of insulation

Resistance of insulation
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The mechanism is shown schematically in Fig.2. The adsorption of ions leads to charging of the
capacitor and desorption leads to discharging.

AC

—
Charging Discharging

The electric double layer capacitors differ from Redox supercapacitors also called as Electrochemical
pseudo capacitors in that the total capacitance in the latter come from the electrochemical pseudo
capacitance and electric double layer capacitance. More often, the redox supercapacitors tend to give
higher capacitance than EDLCs. The redox pseudo capacitors cover mostly these types: 1) Redox
reaction occurring with metal oxide being used as cathode electrode and carbon as anode electrode or
both electrodes are made up of two different metal oxides. 2) Redox reaction where one of the electrodes
is made up of intercalating material such as a layered oxide or graphene sheets and the other electrode
is a carbonaceous electrode: like Li-ion battery. The resulting capacitance is called as Intercalation
pseudo capacitance. The layered metal oxides are used for cation intercalation and perovskites are used
for oxygen anion intercalation. 3) Redox reaction occurs through underpotential deposition, for instance
deposition of lead ions as lead on a gold electrode. The mechanism for electrochemical pseudo
capacitance is the reversible faradaic redox reactions. The faradaic redox reactions can also occur on
the surface of the electrode. The contribution to the total capacitance is from the surface faradaic redox
reactions, the intercalation faradaic redox reactions and the electrical double layer.

2. Electrode material for Pseudo-capacitance and faradaic redox capacitance

The redox reactions that occur in supercapacitors are different from those that occur in batteries.
Firstly, the redox reactions are not accompanied by phase changes in the electrode material. Secondly,
there is no making or breaking of chemical bond. The de solvated ions are physically adsorbed on the
surface of the electrode. The reactions with these physically adsorbed ions are faster and they leave
only traces of by-products. The source of the electrons is always from the electrode material. In case of
transition metal oxides, the electrons are the valence d orbitals of the transition metal ion. The electrode
material must have affinity for the adsorbed ion. Just as in the case of EDLCs, here too there is no
chemical reaction between the electrode and the electrolyte. The electrode preferably should have large
surface area or a porous structure. The material of choice for the cathode are the transition metal oxides.
They are intrinsically conducting and hence they need to be doped with a conducting material such as
an activated carbon/graphene to increase the electrical conductivity. These oxides are very difficult to
process into their nanostructures. Therefore, compositing them with activated carbon achieves greater
porosity. Transition metal Oxides can show multiple oxidation states that favour redox reactions. The
source of electrons is the partly filled d valence shells of these metals When the electrode material is a
conducting polymer (for example, polyaniline, polypyrrole or polyacetylene), it is coated on the
carbonaceous electrode surface. The polymer can also be doped with secondary dopants such as m-
cresol. Doping with polyethylene oxide has also been reported and the process is referred to as
electrospinning. The transition metal oxides such as ruthenium oxide (RuO;), manganese oxide (MnQO,),
cerium oxide (CeOy), vanadium pentoxide (V20s), nickel oxide (NiO), and cobalt oxide (C0.03) have
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been examined as electrode materials for supercapacitors [10-13]. These TMOs are generally
characterized with low conductivity and poor ion diffusion thereby reducing the cyclability of the
electrodes. They are valued for their abundance, low toxicity as in MnO, and varied structural forms.
For batteries, MnO- has been the most researched material as cathode for Li ion batteries. Activated
carbon and MnO; are the representative materials for EDLCs and pseudocapacitors respectively. Lee
and Goodenough began pioneering work on MnO, electrodes.

The reactions with these TM oxides are the intercalation and deintercalation of protons and alkali metal
ions (from the electrolyte) in the bulk of the oxides. There is also the adsorption and de-adsorption of
these ions on the surface of the electrodes. The intercalation and adsorption processes are the reduction
reactions which take place during charging. The deintercalation and de-adsorption are the oxidation
processes which take place during discharging. The valence state of the metal ion in these metal oxides
undergo changes such that the valency is decreased during charging process. Examples are given below:

RUuO; + xH" + x&© — RuO2x(OH)x
MnO; + C* + & — MnOOC

The charge-discharge cycles are accompanied by changes in the phase of the oxides. These phase
changes may disturb the morphology and structure of an electrode and in turn the life of the device in
terms of charge-discharge cycles. When two electrodes are made of the same material, they have the
same resistance, and the potential of the capacitor varies symmetrically over both the electrodes. For a
material to qualify as a redox electrode in a supercapacitor, it should show linear dependence on current
versus voltage curve. Electrodes such as NiO or Co3O, show non-linear relationship and are referred to
as battery type electrode. The redox process occurs solely by faradaic charge transfer reactions between
the electrode and the electrolyte and in the bulk of the electrode. There is no formation of double layer.
There is a chemical reaction between electrode and electrolyte and there is a change in the oxidation
state of the metal ion. The capacitance depends on the number of electrons that participated in the
reaction between the electrode and the electrolyte. For this type of electrodes, capacitance is not reported
because in these diffusion-limited faradaic processes (faradaic processes follow diffusion-controlled
kinetics while non-faradaic processes follow surface-controlled kinetics), the capacitance is a
meaningless quantity as it is changing constantly in the given potential window of charging and
discharging. What is measured is the capacity or charge for these electrodes. Due to non-linear
relationship between the voltage applied and the charge stored, the cyclic voltammograms will show
distinct oxidation and reduction peaks. Integration is required to calculate the total amount of charge
stored. On the other hand, a material such as activated carbon containing a double layer capacitor-like
response will show a linear voltage versus time response in CV resulting in a rectangular curve where
the oxidation and reduction peaks are clearly demarcated. These are categorised as capacitance
electrodes [14-16]. The nature of peaks in the cyclic voltammograms will decide whether the electrode
is capacitance or battery type. For electrodes which show capacitance (electric double layer) and
surface/bulk faradaic redox capacitance, the CV curves will incorporate the features of both as shown
below. CV curves are good indicators to categorise an electrode. With TMOs, a collector electrode is
required to collect the current. This material can be an activated carbon or a metal such as Nickel.

www.ijmer.in 178


http://www.ijmer.in/

InternaTionaL JournaL oF MutnipiscipLinary Ebucamional Researc é‘-’h
ISSN:2277-7881; Impact Factor—6.014; IC Vawe:5.16; ISI Vawe:2.286
Vouwnme 8, Issue8(6), Aucust 2019 il

Battery-type electrode

TN

Current

S
Potentiaf

="

Conventional capacitor

Electrode with
Psuedocapacitance

Graphene which are one atom thick sheets of graphite are light weight with very good mechanical
strength and electrical conductivity [17-18]. Its theoretical capacitance is 550F/g. Since its electrical
conductivity is better than that of Activated Carbon, there is no need to use a collector material with
Graphene electrodes. The 2D structure of graphene sheets with vertical orientation helps the charge
carriers to move in and out of the electrode material quickly. Graphene supercapacitors are already on
the market, and several companies, including
SkeletonTechnologies, CRRC, ZapGoCharger,and Angstron Materials are developing graphene based
solutions. Materials that can compete with Graphene are: hemp which was used by Canadian
researchers to develop hemp fibres that are at least as efficient as graphene ones in supercapacitor
electrodes, Cigarette filters, which were used by Korean researchers to prepare a material for
supercapacitor electrodes that exhibits a better rate capability and higher specific capacitance than
conventional activated carbon and even higher than N-doped graphene or N-doped CNT electrodes.
Supercapacitors based on graphene has the potential to be lighter and faster, but graphene comes with
its own set of challenges. First and foremost, synthesis of pristine graphene sheets is extremely costly.
There is no option which is commercially viable. Secondly, as Geim put it:” Graphene leaks like hell”.
It is so good as an electrical conductor that it still may leak electrons when we do not want it to.

Conducting polymers are an important class of electrodes [19-21]. Examples are polyaniline,
polyacetylene, polypyrrole, polythiophene and PEDOT (poly 3,4-ethylenedioxythiophene). They are
intrinsically conducting with a semiconducting bandgap of 2-3 electron volts: in the same range as that
of inorganic semiconductors. They need to be doped (oxidised or reduced) to transform from
semiconducting/insulating to conducting or metallic state. The conductivity can change from say 10 S
cm™ to 10° S cm™. The Dopant ions changes the properties of the conducting polymer. These properties
are mechanical, optical, electrical, and chemical. During the doping process, deformation takes place
around the charge (soliton, polaron, bipolaron) because the elastic energy and electronic energy will try
to reach an equilibrium state. This lattice deformation can be 20 units long. A lattice deformation can
accommodate a single charge called as polaron or two charges called as bipolaron. In a bipolaron the
two charges repel each other but they are still bound by a single lattice deformation. This lattice
deformation changes the spectroscopic properties and new bands at longer wavelengths appear in the
electronic spectra. The deformation also leads to volume changes. The expansion and contraction during
charging and discharging process hampers its cyclic stability by damaging the polymer structure.
Conducting polymers offer the possibility of spin coating over large surface areas. This kind of
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processability is not seen with other materials. During the synthesis, care must be taken that the
conjugation in the polymer length is not affected. CVD (chemical vapour deposition) method ensures
that the polymer film is one atom-thick and the conjugation is undisturbed. CVD on large scale is a very
expensive method. Other cheaper methods such as thermal exfoliation, mechanical and chemical
procedures introduce defects which disturb the conjugation and in turn, the conductivity. To compensate
for these features which may reduce the conductivity of polymers, they are often composited with highly
conducting carbon-based materials. Conducting polymers have higher theoretical specific capacity than
most inorganic materials and activated carbon. Polymer based electrodes give pseudo-capacitance
resulting from surface active redox reactions. In a typical set up, the polymer forms a cathode and a
metal, or an activated carbon forms an anode. The polymer is p-doped and carries a positive charge
while charging and accepts an electron while discharging. An example of an all conducting polymer-
based supercapacitor would be PEDOT as anode and PANI as cathode. These are coated on collector
electrode.

Carbon based materials are activated carbon, graphene, and carbon nanotubes. These are composited
with Transition metal oxides, polymers, and small molecules. Examples of such electrodes are the
following: RuO./graphene [22], RUO2/CNT [23], MnO./Carbon composites [24], CosO4/graphene [25],
CNT/graphene [26], PANI/Graphene [27], PANI/AC [28], PEDOT/Graphene, PEDOT/AC and so on.
Among Plant materials, Lignin is one such substance which contains high amount of redox active
quinone groups. It is found in barks and woods and is the second most abundant organic material after
cellulose. One disadvantage with Lignin is that it is electrically insulating. Graphite is added to make
composite paste with Lignin and Polyprrole is polymerised with Lignin or its water-soluble form:
Lignosulphonate (LS). Lignosulphonate is water soluble and obtained from paper mills as waste
product. The resulting composite materials are composites of quinone/graphite or quinone/AC hybrid
material and LS or quinone/polypyrrole [29-32]. Without going through the biomass route, quinone-
based small molecules can directly be used to make hybrid electrodes. These small molecules are
Hydroquinone, 1,4-Benzoquinone, 1,4-Naphthoquinone, 5-hydroxy-1,4-naphthoguinone (5-OH NQ or
juglone), 2-hydroxy-1,4-naphthoquinone (2-OH NQ or lawsone), 5-amino-1,4-naphthoquinone (ANQ),
anthraquinone (AQ), l-aminoanthraquinone (AAQ), 2,6-diaminoanthraquinone (Diamino AQ),
alizarin, syringic acid, sinapic acid, and synthetic-lignin polymerized from phenolic functional groups
(syringol and guaiacol) [33]. Composite materials allow for weight reduction of the supercapacitor with
optimum surface area and conductivity of the electrodes.

An essential difference between ordinary parallel plate capacitors and supercapacitors is the presence
of electrolyte. For critical analysis see the review of Pal et al [34]. These electrolytes are made up of
cations and anions. The electrodes are porous with some pore size. The ions of the electrolyte should
be able to fit into this pore size. This will increase the energy density of the capacitor. During
discharging these ions should not be jammed in the pores. Instead, they should be able to smoothly
return to the electrolyte. This will increase the current output and hence the power of the capacitor. For
high power density, the internal resistance should be as low as possible. Commonly there are three types
of electrolytes: Aqueous, Organic liquid and lonic liquids. A good electrolyte will offer a wide voltage
window, high conductivity, low viscosity, low toxicity, and non-flammability. Electrochemical stability
of the decomposition potential of the electrolyte decides the working voltage of the capacitor. Aqueous
electrolytes give a voltage window of 1.5 to 2.0 volts since water splitting will occur at potentials
ranging from 1.5 to 2.0 volts. This is because at the cathodic limits water is oxidized to give oxygen
gas, and at the anodic limits, water is reduced to give hydrogen gas. Aqueous electrolytes can be acidic
such as H,SOq solution), alkaline solutions (such as KOH solution) and neutral solutions (such as
Li,SO4 and Na.SOs solutions). For Organic liquids it is up to 2.5 to 3.0 volts. For instance, the
electrolyte tetraethylammonium tetrafluoroborate (TEABF4) in acetonitrile has a voltage window
greater than 4 V versus a platinum electrode or ~2.7 V versus a carbon electrode. This leads to realizable
energy densities almost 5 times greater for organic electrolytes than aqueous electrolytes. The greatest
range of voltage is offered by lonic liquids which is 3.5 to 4.0 Volts. Unfortunately, they have high
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viscosity, may be toxic and flammable. Using ionic liquid-based electrolytes has the benefit of further
increasing the energy density.

3. Parameters in supercapacitors

Supercapacitors incorporates the functions of both — a battery and a capacitor. A battery stores
energy and takes a long time to charge and discharge. A capacitor discharges (with consequent decrease
in voltage) and charges rapidly but does not store energy as much as a battery. A battery runs over a
constant voltage. Unlike a battery, a supercapacitor is light weight and since there are no chemical
reactions, the charge-discharge cycles are greater. Unlike a capacitor, a supercapacitor holds a very
large amount of charge due to increased electrode surface area and molecule-thin electrolyte. In essence,
a supercapacitor seeks to include the features offered by a battery and a capacitor and at the same time,
exclude their disadvantages. The parameters given below aids in quantifying the performance of a
supercapacitor [35].

Supercapacitor Parameters.
e Charge/Discharge Time: Milliseconds to seconds
Charge/Discharge cycles: about 1L to 10L cycles
Operating Temperature: -40°C to +85C°
Operating Voltage: Agueous electrolytes ~1V; Organic electrolytes 2 — 3V
Capacitance: 1mF to >10,000F
Operating Life: 5,000 to 50,000 hrs (a function of temperature and voltage)
Power Density: 0.01 to 10 kW/kg
Energy Density: 0.05 to 10 Wh/kg
Pulse Load: 0.1 to 100A
Surface area: 500 to 2000 m? gm™
Electrical Conductivity:

Commercial supercapacitors have life of 10-15 years after which their capacitance decreases, and
internal resistance increases. A 30% increase in internal resistance signifies that the supercapacitor is
nearing the end of its lifecycle. The charge-discharge cycles of an ordinary capacitor are unlimited. A
supercapacitor can have a cycle of 1L to 10L cycles. The percentage amount of capacitance retained
after say 1000 cycles is determined. This percentage goes down with loss in conductivity of the
electrode material. For comparison, a laptop battery can be charged up to 500 times. The energy stored
in a capacitor can be expressed in three ways: E=QV/2=CV?/2=Q?/2C, where Q is the charge, V is the
voltage, and C is the capacitance of the capacitor. The energy is in joules when the charge is in
coulombs, voltage is in volts, and capacitance is in farads. Energy density is energy stored per unit
volume or per unit mass in each system and specific energy is used for energy density per unit mass. In
case of capacitors, the energy is stored in the electrical field, and it needs an electrical reaction, namely,
the displacement of the charges to release this energy. In an ideal Capacitor the energy stored is equal
to QV. That is, all the work done on the charge in moving it from one plate to the other would appear
as energy stored. Half of the energy (supplied by the battery in charging the capacitor) is dissipated as
heat. The SI unit of specific energy is joules per kg or in case of batteries and capacitors, it is watt-hours
per kg. It is abbreviated as kwWh or kilowatt-hours. One must use 1 kilowatt of power for one hour to
use 1 kwh. Suppose a light bulb has a power of 100 watts. To use 1 kWh of energy, the bulb would
take 10 hours. 1kWh energy is equal to 1000 joules used for 3600 seconds, that is, 3,60,00,00 joules or
3.6 million joules. Hence 1kWh/kg = 3.6MJ/kg. Variations of the unit may be used. It could be Wh/g
or kJ/kg. If the specific energy is per volume (volume between the parallel plates), the unit is Wh/L or
kWh/L. Commercially available lithium-ion supercapacitors (anode: Carbon electrode pre doped with
Li ions and cathode: Activated Carbon) offered the highest specific energy, reaching 15 Wh/kg
(54 kJ/kg).

www.ijmer.in 181


http://www.ijmer.in/

InternanionaL Journat of Muttipiscipuinary Ebucational Research é‘-’h
ISSN:2277-7881: Impact Factor —6.014; IC Vawe:5.16; ISI Vawe:2.286
Vouwnme 8, IssueB(6), Aucust 2019 i

1000
o
x
:
Py Li fon Battery
B NiMH Battery
8 ~Lead-Acid Battery | Lithium Ion Capacitor
2
<
w EDLC
1 5
10 100 1000 10000

Power Density W/Kg

Commercial EDLCs with organic electrolytes have energy density between 5 — 10 Wh/kg. The power
density refers to the amount of energy that can be discharged per unit of battery of capacitor. It is the
rate at which energy is transferred or rate at which work is done. One watt is equal to one joule of work
done per second. If P represents power in watts, E is the change in energy (number of joules) and t is
the time taken in seconds, P=AE/At. The Ragone plot above in Fig. 4 gives the big picture. A Li-ion
capacitor will have a power output of 300 to 136000 W/kg. The capacitance is an important parameter
and defines the application of that supercapacitor. For a parallel plate capacitor, the capacitance can be
of the order of nano, micro or milli Farads. To have a capacitance any greater than these, the parallel
plates would have to have an abnormally large surface area of the order of more than 10 kilometres x
10 kilometres (over 6 miles) square. That’s practically impossible to design and that’s why when
capacitance exceed these values of milli, micro, nano and pico farads, we enter the regime of
supercapacitors where the electrodes are designed with larger surface area to accommodate this huge
amount of charge and nanomaterials which promise a larger surface area for greater storage of charge.
Conductivity of electrodes based on activated carbon is about 0.003% of metals but it is enough for a
capacitor.

Carbon can be sourced from agricultural waste, wood processing industry, petroleum residue, coal
(lignite), forestry and food industry, carpentry etc. This source of waste biomass is sustainable both
economically and ecologically. Examples could be bamboo, banana peel, cotton stalks, almond stone,
olive stone, sugarcane, walnut shells, waste tea leaves, peanut shells, rice husk, oil palm shell, jatropha
hull, corn cob etc. The biomass is washed with deionised water to remove soil impurities. It is then
dried between 65 and 105 C. The biomass then undergoes milling to give uniform particles. Thereafter
the biomass is subjected to carbonisation or pyrolysis, carried out in inert atmosphere at 500-1000 C.
At this stage the existing vapours and gases form the basic pore structure giving a carbonized
homogeneous mass. In the second stage of activation, the mass is heated at 800-1000 C in an oxidising
atmosphere. To obtain high quality carbon, physical activation maybe carried out by chemical
activation. The chemical agents are phosphoric acid, potassium hydroxide, zinc chloride and sodium
amide. Even with chemical activating agents the temperature is required to be above 400C. The weight
loss is between 10% to 40% and greater weight loss leads to greater development of pore structure in
terms of completion of the pore forming process and smaller pore size. Biomass contains cellulose,
hemicellulose, and lignin. Cellulose is straight-chain polysaccharides which are insoluble in water
while hemicellulose is a cross linked polymer with water soluble sugars such as glucose, mannose,
galacturonic acid, xylose, arabinose, O-methyl-glucuronic acid, and galactose. Lignin is a natural
insoluble polymer and contains aldehydic and carbonyl groups. Lignocellulosic biomass such as coir,
contains 10%-30% lignin and even up to 45%. It contains B-1,4-Glycosidic bonds and is highly
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hydrophobic. Thermal decomposition of hemicellulose begins at 250 C while that of cellulose begins
around 400 C. Lignin-rich biomass needs chemical activation. For production of AC for electrodes, the
two-step activation procedure is followed.

4. Conclusion

With decreasing pore size of the activated carbon, the capacitance increases. Capacitance is
maximised when the pore size matches with the ion size of the electrolyte. As pore size decreases
surface area increases. Experiments have shown that smaller pore size does not guarantee higher
capacitance. Rather the accessibility of the pores for the ions from the electrolyte is important [36].
Usually, electrodes with surface area around 2500m?/g and pore size around 2nm will give optimum
performance for a given electrolyte. Decreasing the pore size below 2nm decreases the accessibility of
the ions thus reducing the capacitance. The electrical energy stored can be effectively utilised and the
capacitor can be charged and discharged at a higher current density if the carbon electrodes show a good
conductivity. The intrinsic conductivity depends on the degree of graphitization of the activated carbon
which in turn can depend on the feedstock and method of activation. Conductivity can be increased
with, for instance, doping with 4% Silver nanowires which not only increased the conductivity but also
imparted mechanical strength [37]. Surface morphology also determines the electrical conductivity.
According to the International Union of Pure and Applied Chemistry (IUPAC), pores are classified as:
macropore if the pore width is greater than 50 nm; mesopore, if the pore width is between 2 to 50 nm;
and micropore, with a pore width is less than 2 nm. The surface area and porosity are influenced by the
nature and quality of the precursor materials, the method and temperature of activation.
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