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Abstract

Supercapacitors (also known as ‘ultracapacitors’) offer a promising alternative approach to meeting the increasing power demands of energy-
storage systems in general, and of portable (digital) electronic devices in particular. Supercapacitors are able to store and deliver energy at relatively
high rates (beyond those accessible with batteries) because the mechanism of energy storage is simple charge-separation (as in conventional
capacitors). The vast increases in capacitance achieved by supercapacitors are due to the combination of: (i) an extremely small distance that
separates the opposite charges, as defined by the electric double-layer; (ii) highly porous electrodes that embody very high surface-area. A variety
of porous forms of carbon are currently preferred as the electrode materials because they have exceptionally high surface areas, relatively high
electronic conductivity, and acceptable cost. The power and energy-storage capabilities of these devices are closely linked to the physical and
chemical characteristics of the carbon electrodes. For example, increases in specific surface-area, obtained through activation of the carbon,
generally lead to increased capacitance. Since only the electrolyte-wetted surface-area contributes to capacitance, the carbon processing is required
to generate predominantly ‘open’ pores that are connected to the bulk pore network. While the supercapacitors available today perform well, it is
generally agreed that there is considerable scope for improvement (e.g., improved performance at higher frequencies). Thus it is likely that carbon
will continue to play a principal role in supercapacitor technology, mainly through further optimization of porosity, surface treatments to promote
wettability, and reduced inter-particle contact resistance.
© 2006 Published by Elsevier B.V.
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1. Introduction

Supercapacitors, ultracapacitors and electrochemical double-
layer capacitors (EDLCs) are commonly used names for a class
of electrochemical energy-storage devices that are ideally suited
to the rapid storage and release of energy. The term ‘supercapaci-
tor’ is adopted in this paper. Compared with conventional capac-
itors, the specific energy of supercapacitors is several orders of
magnitude higher (hence the ‘super’ or ‘ultra’ prefix). Superca-
pacitors also have a higher specific power than most batteries,
but their specific energy is somewhat lower. Through appro-
priate cell design, both the specific energy and specific power
ranges for supercapacitors can cover several orders of magni-
tude and this makes them extremely versatile as a stand-alone
energy supply, or in combination with batteries as a hybrid sys-
tem. This unique combination of high power capability and good
specific energy, allows supercapacitors to occupy a functional
position between batteries and conventional capacitors (Fig. 1
and Table 1).

Supercapacitors are particularly useful because their parame-
ters complement the deficiencies of other power sources such as
batteries and fuel cells. Due to their highly reversible charge-
storage process, supercapacitors have longer cycle-lives and
can be both rapidly charged and discharged at power densities
exceeding 1 kWkg~! [1]. These features have generated great
interest in the application of supercapacitors for a wide, and
growing, range of applications that include: consumer electron-
ics, hybrid electric vehicles, and industrial power management
[2-4].

Research into supercapacitors is presently divided into two
main areas that are based primarily on their mode of energy
storage, namely: (i) the redox supercapacitor and (ii) the elec-
trochemical double layer capacitor.

107
CAPACITORS |
108 T
= 10°
=
2 100
o]
2 3
o 10°% ELECTROCHEMICAL
Q - CAPACITORS _
‘g 100f
a 4 BATTERIES
] ! FUEL CELLS |
10k
i L | | .
0.01 0.050.1 05 1 5 10 50 100 5001000
Specific Energy (Wh/kg)

Fig. 1. Specific energy and power capabilities of capacitors (electrostatic), elec-
trochemical capacitors (supercapacitors), batteries and fuel cells [13].

In redox supercapacitors (also referred to as pseudocapaci-
tors), a reversible Faradaic-type charge transfer occurs and the
resulting capacitance, while often large, is not electrostatic in
origin (hence the ‘pseudo’ prefix to provide differentiation from
electrostatic capacitance). Rather, capacitance is associated with
an electrochemical charge-transfer process that takes place to
an extent limited by a finite amount of active material or avail-
able surface [5]. The most commonly investigated classes of
pseudocapacitive materials are transition metal oxides (notably,
ruthenium oxide) and conducting polymers such as polyaniline,
polypyrrole or derivatives of polythiophene [6-9]. Given that
charge storage is based on a redox process, this type of superca-
pacitor is somewhat battery-like in its behaviour.

By comparison, the EDLC stores energy in much the same
way as a traditional capacitor, by means of charge separation.
Supercapacitors can, however, store substantially more energy
(per unit mass or volume) than a conventional capacitor (by sev-
eral orders of magnitude) because: (i) charge separation takes
place across a very small distance in the electrical double-
layer that constitutes the interphase between an electrode and
the adjacent electrolyte [5]; (ii) an increased amount of charge
can be stored on the highly extended electrode surface-area
(created by a large number of pores within a high surface-
area electrode material). The mechanism of energy storage
is inherently rapid because it simply involves movement of
ions to and from electrode surfaces. In batteries, additional
steps, such as heterogeneous charge-transfer and chemical phase
changes, introduce relatively slow steps into the process of
energy storage and delivery. For similar reasons, EDLCs exhibit
a very high degree of reversibility in repetitive charge—discharge
cycling—demonstrated cycle lives in excess of 500,000 cycles
have been achieved [10].

A number of reviews have discussed the science and technol-
ogy of supercapacitors for various configurations and electrode
materials [5,11-13]. The EDLC version of the supercapacitor is
the most developed form of electrochemical capacitor. Carbon,
in its various forms, is currently the most extensively examined
and widely utilised electrode material in EDLCs with develop-
ment focusing on achieving high surface-area with low matrix
resistivity. A number of carbon manufacturers are now targeting
supercapacitors as a market for their products [14,15].

Carbon materials have long been incorporated into the elec-
trodes of energy-storage devices as: electro-conductive addi-
tives, supports for active materials, electron transfer catalysts,
intercalation hosts, substrates for current leads, and as agents
for the control of heat transfer, porosity, surface-area and capac-
itance [16]. For these reasons, carbons are of course also well
suited as electrode materials for EDLCs.

It is clear that the ultimate performance of carbon-based
supercapacitors will be closely linked to the physical and chemi-
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Table 1

Comparison of typical capacitor and battery characteristics (adapted from Ref. [36])

Characteristic Electrolytic capacitor Carbon supercapacitor Battery

Specific energy (Whkg™!) <0.1 1-10 10-100

Specific power (Wkg™!) >>10000 500-10000 <1000

Discharge time 107 t0 10735 s to min 0.3-3h

Charging time 107%t0 1073 s s to min 1-5h

Charge/discharge efficiency (%) ~100 85-98 70-85

Cycle-life (cycles) Infinite >500000 ~1000

Max. voltage (Vimax) determinants Dielectric thickness and strength Electrode and electrolyte stability window Thermodynamics of phase reactions
Charge stored determinants Electrode area and dielectric Electrode microstructure and electrolyte Active mass and thermodynamics

cal characteristics of the carbon electrodes. Due to the enormous
range of carbon materials that are available, an understanding of
carbon materials and their properties is desirable for matching
carbon characteristics with supercapacitor applications. In this
study, we describe the role of carbon in EDLCs and discuss the
implications of carbon structure on the physical and chemical
properties of these devices.

2. Energy storage in electrochemical double-layer
capacitors

The concept of the double layer has been studied by chemists
since the 19th century when von Helmholtz first developed and
modelled the double layer concept in investigations on col-
loidal suspensions [17]. This work was subsequently extended
to the surface of metal electrodes in the late 19th and early-
mid-20th centuries [18-22]. In 1957, the practical use of a
double-layer capacitor, for the storage of electrical charge, was
demonstrated and patented by General Electric [23]. This early
patent utilised crude porous carbon electrodes in an aqueous
electrolyte. Not until the granting of a patent to SOHIO in
1966 [24] was it acknowledged that these devices actually store
energy in the electrical double-layer, at the interphase between
electrode and solution. The first commercial double-layer super-
capacitors originated from SOHIO [25] who went on to patent
a disc-shaped device that consisted of carbon paste electrodes,
formed by soaking porous carbon in an electrolyte separated
by an ion-permeable separator [26]. SOHIO also utilized non-
aqueous electrolytes in their early devices, but, a lack of sales

saw them license their technology to NEC in 1971; who further
developed and successfully marketed double-layer supercapaci-
tors, primarily for memory backup applications [27]. These early
devices typically had a low voltage and a high internal resistance
[28].

By the 1980s a number of companies were producing
double-layer capacitors, e.g., Matsushita (Gold capacitor), Elna
(Dynacap) and PRI (PRI ultracapacitor), although the last-
mentioned incorporated relatively expensive metal oxide elec-
trodes, primarily targeted for military applications. Today, a
number of high-performance EDLC devices, based on porous
carbons, are commercially available from a range of manufac-
turers and distributors around the world (Table 2, [29]).

3. EDLC construction

Supercapacitors are constructed much like a battery in that
there are two electrodes immersed in an electrolyte, with an ion
permeable separator located between the electrodes (Fig. 2). In
such a device, each electrode—electrolyte interface represents a
capacitor so that the complete cell can be considered as two
capacitors in series. For a symmetrical capacitor (similar elec-
trodes), the cell capacitance (Cce), will therefore be

11 n 1
Ccat C1 G2
where C and C; represent the capacitance of the first and second

electrodes, respectively [10]. (Note: literature values of specific
capacitance often quote the capacitance of a single carbon elec-

6]

Table 2

Commercially available EDLCs?*

Company name Device name Capacitance (F) Cell/module voltage (V) Type

Asahi Glass EDLC 500-2000 3, 14/42 Carbon/non-aqueous
AVX Bestcap 0.022-0.56 3.5-12 Carbon/polymer/aqueous
Cap-XX Supercapacitor 0.09-2.8 2.25-4.5 Carbon/non-aqueous
Cooper PowerStor 0.47-50 2.3-5 Aerogel/non-aqueous
ELNA Dynacap 0.333-100 2.5-6.3 Carbon/non-aqueous
Epcos Ultracapacitor 5-5000 23,25 Carbon/non-aqueous
Evans Capattery 0.01-1.5 5.5, 11 Carbon/aqueous
Maxwell Boostcap/PowerCache 1.8-2600 2.5 Carbon/non-aqueous
NEC Supercapacitor 0.01-6.5 3.5-12 Carbon/aqueous Carbon/organic
Nippon Chemi-Con DLCAP 300-3000 23,25 Carbon/non-aqueous
Ness NessCap 3-5000 23,27 Carbon/organic
Matsushita/Panasonic Gold capacitor 0.1-2500 2.3-5.5 Carbon/organic
Tavrima/ECOND Supercapacitor 0.13-160 14-300 Carbon/aqueous

2 Information derived from company web-sites and does not represent an exhaustive listing of all available suppliers or devices (adapted from Ref. [29]).
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Fig. 2. Representation of an electrochemical double layer capacitor (in its
charged state).

trode, usually derived from a three-electrode laboratory test cell
that also incorporates a reference and counter electrode [30].)
The double layer capacitance, Cq, at each electrode interface
is given by
cA
4t

where ¢ is the dielectric constant of the electrical double-layer
region, A the surface-area of the electrode and # is the thickness
of the electrical double layer. In double-layer capacitors, it is the
combination of high surface-area (typically >1500 m? g~ ') with
extremely small charge separation (Angstroms) that is respon-
sible for their extremely high capacitance [31]. The energy (E)
and power (Ppax) of supercapacitors are calculated according to

Cal ()

1 2

E= ECV 3)
V2

Pmax = ﬁ (@)

where C is the dc capacitance in Farads, V the nominal voltage,
and R is the equivalent series resistance (ESR) in ohms [10].

The capacitance of a device is largely dependent on the char-
acteristics of the electrode material; particularly, the surface-area
and the pore-size distribution. Due to the high porosity, and cor-
respondingly low density of carbons, it is usually the volumetric
capacitance of each electrode that determines the energy density
[32].

Cell voltage is also an important determinant of both the spe-
cific energy and the power of supercapacitors. The operating
voltage of supercapacitors is usually dependant on electrolyte
stability. Aqueous electrolytes, such as acids (e.g., HySO4) and
alkalis (e.g., KOH) have the advantage of high ionic conductivity
(up to ~1 Secm™1), low cost and wide acceptance. On the other
hand, they have the inherent disadvantage of a restricted voltage
range with a relatively low decomposition voltage of ~1.23V
[33]. Nevertheless, the specific capacitance (Farads g_l) of high
surface-area carbons in aqueous electrolytes tends to be signif-

icantly higher than that of the same electrode in non-aqueous
solutions owing to the higher dielectric constant that pertains to
aqueous systems [34].

Non-aqueous electrolytes of various types have been devel-
oped that allow the use of cell operating voltages above 2.5V
[33,35]. Since the specific energy of supercapacitors is pro-
portional to the square of the operating voltage, non-aqueous
electrolyte mixtures such as propylene carbonate or acetonitrile,
containing dissolved quaternary alkyl ammonium salts, have
been employed in many commercial supercapacitors, particu-
larly those targeting higher energy applications. The electrical
resistivity of non-aqueous electrolytes is, however, at least an
order of magnitude higher than that of aqueous electrolytes and
therefore the resulting capacitors generally have a higher inter-
nal resistance.

A high internal resistance limits the power capability of the
capacitor and, ultimately, its application. In supercapacitors, a
number of sources contribute to the internal resistance and are
collectively measured and referred to as the equivalent series
resistance, or ESR [10,36]. Contributors to the ESR of superca-
pacitors include:

e clectronic resistance of the electrode material;

e the interfacial resistance between the electrode and the
current-collector;

e the ionic (diffusion) resistance of ions moving in small pores;

e the ionic resistance of ions moving through the separator;

o the electrolyte resistance.

4. Electrode material characteristics

The attraction of carbon as a supercapacitor electrode mate-
rial arises from a unique combination of chemical and physical
properties, namely:

high conductivity,

high surface-area range (~1 to >2000m? g~ 1),

good corrosion resistance,

high temperature stability,

controlled pore structure,

processability and compatibility in composite materials,
relatively low cost.

In general terms, the first two of these properties are critical to
the construction of supercapacitor electrodes. As will be seen,
the properties of carbon allow both conductivity and surface-
area to be manipulated and optimised. Such activities continue
to be the subject of a considerable amount of research. Prior to
reviewing the results of this research, it is useful first to consider
in more detail other aspects of carbon, e.g., its structural diversity
and chemical behaviour, so as to establish a better understanding
of the role of carbon materials in supercapacitors.

4.1. Carbon structure and form

Carbon has four crystalline (ordered) allotropes: diamond
(sp? bonding), graphite (sp?), carbyne (sp!) and fullerenes (“dis-
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torted’ sp?). While two carbon allotropes are naturally found
on earth as minerals, namely, natural graphite and diamond,
the other forms of carbon are synthetic. Carbon is considered
unusual in the number of its allotropic structures and the diver-
sity of structural forms, as well as in its broad range of physical
properties [37,38].

Due to the wide range of carbon materials, and to avoid confu-
sion, the term ‘carbon’ is typically used to describe the element
rather than its form. To describe a carbon-based material, it is
best coupled with a qualifier such as ‘carbon black’, ‘activated
carbon’, ‘vitreous carbon’ and others. A comprehensive guide
to the terminology and description of carbon solids, as used in
the science and technology of carbon and graphite materials, is
available [39].

4.1.1. Engineered carbons

The majority of commercial carbons used today can be con-
veniently described as ‘engineered carbons’. These are manu-
factured carbons that have an amorphous structure with a more
or less disordered microstructure based on that of graphite [37].
Amorphous carbons can be considered as sections of hexago-
nal carbon layers with very little order parallel to the layers.
The process of graphitisation consists essentially of the order-
ing and stacking of these layers and is generally achieved by
high-temperature treatment (>2500 °C). Between the extremes
of amorphous carbon and graphite, a wide variety of carbon
materials can be prepared and their properties tailored, to some
extent, for specific applications.

The majority of carbon materials are derived from carbon-
rich organic precursors by heat treatment in inert atmospheres
(a process referred to as carbonization). The ultimate properties
of these carbons are dependent on a number of critical factors,
e.g., the carbon precursor, its dominant aggregation state during
carbonization (i.e., gas, liquid or solid), processing conditions,
and the structural and textural features of the products [40].

Table 3

Summaries of the key processing conditions that lead to
specific carbon products (and their features) are outlined in
Table 3.

During carbonization, carbon precursors go through a ther-
mal decomposition (pyrolysis), which eliminates volatile mate-
rials that include heteroatoms. With increasing temperature,
condensation reactions are initiated and localized graphitic units
commence to grow and become aligned into small ‘graphite like’
microcrystallites, i.e., stacks of aromatic layers or ‘graphene
sheets’ [41]. The carbon precursor and its processing conditions
will determine the size of the graphene sheets (L,), the stacking
number of graphene sheets (L) and the relative orientation of the
crystallites. The size and orientation of the crystallites are very
important as they define the materials’ texture and the degree of
electrical conductivity [42].

Some carbon precursors (e.g., petroleum pitch, coal pitch,
some polymers) pass through a fluid stage (referred to as
mesophase) during carbonization that allows large aromatic
molecules to align with each other and form a more extensive
pre-graphitic structure. Upon further high-temperature treat-
ment (>2500 °C), these carbons can be converted into highly
ordered graphite and are referred to as graphitising carbons [41].

Other carbon precursors retain a solid phase during car-
bonization, and the limited mobility of the crystallites leads
to the formation of a rigid amorphous structure that con-
sist of randomly-oriented graphene layers [40]. These mate-
rials cannot be readily converted to graphite by further high-
temperature treatment and are referred to as non-graphitizing
carbons. Non-graphitizing carbons are produced from materi-
als such as biomass (e.g., wood, nut shells, etc.), non-fusing
coals and many thermosetting polymers (e.g., polyvinylidene
chloride, PVDC). The loss of volatiles and the retention of a
rigid and complex molecular structure during the carbonization
of many non-graphitizable carbons can lead to a highly porous
structure without the need for further activation.

Common precusors and controlling production factors for various classes of carbon materials (adapted from Ref. [40])

Carbon material (phase during aggregation)

Common precursors

Controlling production factor

Structural/textural feature

Gas phase
Carbon blacks
Pyrolytic carbon
Vapour-grown carbon fibres
Fullerene
Nanotubes

Liquid phase
Cokes
Graphite
Carbon fibres (pitch derived)

Solid phase
Activated carbons

Molecular sieve carbon
Glass-like carbons

Carbon fibres (polymer derived)
Highly oriented graphite

Hydrocarbon gas or liquid
Hydrocarbon gas
Hydrocarbon gas
Graphite rod
Hydrocarbon vapour

Coals, petroleum pitch
Petroleum coke
Coal pitch, petroleum pitch

Biomass, coals, petroleum coke, selected
polymers

Selected biomass, coals, polymers
Thermosetting polymers (e.g., polyfurfuryl
alcohol)

Selected polymers (e.g., polyacrylonitrile)
Pyrolytic carbon, poly-imide film

Precursor concentration
Deposition on a substrate
Presence of a catalyst
Condensation of carbon vapour
Condensation of carbon vapour

Shear stress
High temperature
Spinning

Carbonization/activation

Selective pore development
Slow carbonization

Slow carbonization
High molecular orientation

Colloidal/nanosized
Preferred orientation

Catalyst particle size/shape
Nanosize molecule

Single wall, multi-wall, chiral

Mesophase formation and growth
Mesophase formation and growth
Mesophase formation and growth

Nanosize pores

Nanosize pore/constrictions
Random crystallites, impervious

Random crystallites, non-porous
Highly oriented crystallites
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4.1.2. Activation

As noted earlier, one of the great attractions of using car-
bon as an electrode material is that it can be readily converted
into a form that has very high specific surface-area. Gener-
ally speaking, the process employed to increase surface-area
(and porosity) from a carbonised organic precursor (a ‘char’)
is referred to as ‘activation’ and the resulting broad group of
materials is referred to as activated carbons. Chars usually have
a relatively low porosity and their structure consists of ele-
mentary crystallites with a large number of interstices between
them. The interstices tend to be filled with ‘disorganized’ carbon
residues (tars) that block the pore entrances. Activation opens
these pores and can also create additional porosity. Varying the
carbon precursor and activation conditions (particularly tem-
perature, time and gaseous environment) allows some control
over the resulting porosity, pore-size distribution, and the nature
of the internal surfaces. Although carbon manufacturers closely
guard their procedures for the activation of commercial carbons,
the processes can be placed into two general categories: thermal
activation and chemical activation [38,43].

Thermal activation, sometimes referred to as physical acti-
vation, entails the modification of a carbon char by controlled
gasification, and is usually carried out at temperatures between
700 and 1100 °C in the presence of suitable oxidising gases such
as steam, carbon dioxide, air, or mixtures of these gases. During
gasification, the oxidising atmosphere greatly increases the pore
volume and surface-area of the material through a controlled
carbon ‘burn-off” and the elimination of volatile pyrolysis prod-
ucts. The level of burn-off is, perhaps, the most important factor
governing the quality of the activated carbon and is controlled
by the temperature and duration of activation. A high degree of
activation is achieved by increased burn-off, but the additional
activity is accompanied by a decrease in carbon strength, a lower
density, reduced yield and pore widening.

Chemical activation is usually carried out at slightly lower
temperatures (~400-700°C) and involves the dehydrating
action of certain agents such as phosphoric acid, zinc chloride
and potassium hydroxide. Post-activation washing of the carbon
is usually required to remove residual reactants as well as any
inorganic residue (sometimes referred to as ash) that originates
from the carbon precursor or is introduced during activation.
Exceptionally high surface-area materials (>2500 m? g~ ') have
been prepared with potassium hydroxide activation techniques
[44].

4.1.3. Electrical properties

The electrical properties of carbon materials are directly
related to their structure. For electrode applications, the resistiv-
ity/conductivity of the material is a major concern. This applies
both to the intrinsic properties of the carbon and to ‘aggregate’
properties, particularly in the common situation where fine par-
ticulate forms of carbon are bound together to form a composite
electrode structure (Vv.i.).

Most carbon precursors are generally good insulators (resis-
tivities >10'2 € cm) that contain a high proportion of o or sp>
bonded carbon structures. The conductivity of solid carbons
is strongly influenced by heat treatment in that it increases

rapidly with heat treatment temperature up to ~700 °C and at
a much slower rate for heat treatment above 700 °C [45]. The
increasing proportion of conjugated carbon in the sp? state dur-
ing carbonization progressively increases the conductivity of
the starting material as electrons associated with -bonds are
delocalized and become available as charge carriers [46]. Elec-
trical conductivity increases as separate conjugated systems also
become interconnected to form a conducting network. The tem-
perature range at which the conductivity of solid carbon initially
begins to level off (600-700 °C) corresponds to the range in
which carbons lose acidic functionalities, primarily by forma-
tion of H,O and CO, [45]. Thus heat treatment increases the
conductivity of carbons by altering the degree of structural dis-
order, which can vary from nearly amorphous carbon to the near
perfect crystals of graphite (formed at temperatures >2500 °C).
Consistent with the anisotropic nature of graphite, the elec-
tronic resistivity of carbons also varies with their degree of crys-
tallographic orientation [47]. The specific resistivity of graphite
crystals in the plane of the aromatic rings (a-axis direction) is
~1073 Qcm, whereas perpendicular to this plane, along the ¢
axis, the resistivity is in the vicinity of 1072 Qcm [48]. The
resistivity of selected representative carbon materials are shown
in Fig. 3 and can vary by at least three orders of magnitude,
which range from that of semiconductors to semi-metals [49].
Whilst the ‘intrinsic’ (i.e., intra-particle) resistivity of a car-
bon material is dependent on its chemical and structural mor-
phology, the electrical resistance of a packed bed of carbon
particles is a function of both its intra-particle resistance and
the contact (or inter-particle) resistance [28,46]. In addition, for
a porous carbon artefact, there is a resistance associated with
the current-carrying path, through the carbon particle, across
the carbon/carbon and carbon/metallic collector interfaces, and
through the metallic collector. Although there could be a num-
ber of equivalent paths to a particular point, the value of the

103 =

104 b=, —-110°2

®
105 ’—\\_ 103

RESISTIVITY (Qm)
p (©@m)

100 @ {104

—
o
107 @ —4 105

108 L 1 106
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Fig. 3. Resistivity (p) vs. temperature plots for various forms of carbon: (1) sin-
gle crystal graphite; (2) highly oriented pyrolytic graphite; (3) graphite whisker;
(4) pyrolytic graphite; (5) petroleum coke carbon; (6) lampblack carbon; (7)
glassy carbon; (8) carbon film—electron beam evaporated [49].
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Table 4

Resistivities of several types of powdered carbons under differing compaction pressures [50]

Sample Resistivity (€2 cm)
200kgf* cm~2 1000kgf* cm—2 2000 kgf* cm—2

Electrographite 1.40 x 1073 7.70 x 1073 6.81 x 1073
Active carbon (Riedel de-Haen) 1.07 2.90 x 107! 1.79 x 107!
Carbon-black (SRF) 3.93 x 107! 6.10 x 1072 2.44 x 1072
Acetylene-black 1.78 x 107! 4.86 x 1072 2.64 x 1072
Petroleum coke (1400°C) 1.50 x 107! 3.02x 1072 1.96 x 1072
Petroleum coke (1600 °C) 6.47 x 1072 1.74 x 102 1.35x 1072
Babagu nut coke 1.24 272 % 107! 1.21x 107!
Eucalyptus lignite carbon 9.21 x 107! 1.90 x 107! 9.57 x 1072

 Kilogram of force used in original reference work, kgf=9.8 N.

resistance associated with the path will be a function of: (i) the
position within the bed, (ii) packing parameters, and (iii) the
resistance of the carbon material itself [28].

Particle contact resistance is a major contributor to the resis-
tance of aggregated carbon powders and is highly dependent on
both the physical morphology of the carbon particle (e.g., size,
shape, aggregation, etc.) and the pressure that is applied to com-
pact the particles [28,46,50]. Espinola et al. [S0], measured the
electrical properties of a range of carbon powders as a function
of compaction pressure, see Table 4. It was found that greater
compaction pressure leads to a decrease in resistivity and that
only at high compaction pressures does the measured resistivity
of a packed carbon powder begin to approach asymptotically the
intrinsic resistivity of the carbon material itself.

Packing pressure compresses the particle bed and produces
better contact between particles and reduces the path length
through the bed. The effect of pressure is generally larger for
smaller particles. A closely-packed structure also minimizes the
amount of electrolyte contained in the inter-particle void space
formed between the irregular carbon particles, although in super-
capacitors this needs to be carefully balanced against electrolyte
requirements to avoid electrolyte-depletion effects. One of the
advantages of the use of carbon powders is to allow the thick-
ness of the carbon coating to be easily manipulated and this, in
turn, enables the preparation of electrodes of varying shapes and
capacities. The use of thin coating films (containing small parti-
cles of appropriate size) generally results in low ESR electrodes
that are well suited to high charge—discharge applications [28].

The presence of surface oxygen also affects the resistivity of
carbon powders [46,51]. Oxygen functionalities, which prefer-
entially form at the edges of the graphite like microcrystallites,
increase the barrier for electrons to transfer from one micro-
crystalline element to the next [52,53]. Therefore, processes that
increase the surface oxygen content of carbons, for example by
the exposure of carbons to oxygen at elevated temperatures or
by prolonged grinding, also increase their electrical resistivity.
Conversely, the removal of surface oxides, by heat treatment
(at ~1000°C) in an inert atmosphere, decreases the electrical
resistivity of carbon powders [48].

In preparing electrodes based on powdered activated carbons,
it is standard practice to employ an organic (usually polymeric)
binding agent to establish and maintain an electrode structure.
Here, with the maintenance of maximum conductivity in mind, it

is essential that the binder be well distributed and used sparingly
to avoid the formation of an electrically insulating layer between
the carbon particles. Excessive amounts of binder will increase
the electrode resistance, largely through a greater particle contact
resistance, and will ultimately contribute to an increase in the
capacitor ESR [54].

There are varying reports in the literature on the effect of
increasing surface-area and porosity on the intrinsic electronic
conductivity of compacted carbon powders. Intuitively, it would
be expected that the volumetric conductivity decreases as the
porosity and surface-area increase (for carbons experiencing
similar treatment temperatures) since the number of conduc-
tive pathways would also be expected to decrease. Generally,
this trend is infrequently observed, but is more noticeable when
comparing similar carbon materials [51,55]. The most likely
explanation is that carbons with a similar surface-area or poros-
ity do not necessarily have the same physical, or even chemical,
structure. As outlined earlier, variations in carbon precursor,
thermal treatment, the presence (or absence) of surface func-
tionalities and associated changes in the mode of electronic
conduction [46], are more likely to influence the resistivity of
compacted carbon powders than variations in surface-area or
porosity alone. It should also be acknowledged that the electri-
cal resistance of the carbon material is one of several possible
contributors to the capacitor ESR [10,28]. Whilst the carbon
(intrinsic) electrical resistance needs to be kept to a minimum the
capacitor ESR may ultimately be governed by other, more dom-
inant ESR contributors that can sometimes overshadow minor
contributors.

An important factor in determining capacitor ESR is the
attachment of the carbon material to the metallic current-
collector. The interfacial electrical resistance between the carbon
and collector can be a major contributor to capacitor ESR and
long-term stability. It is influenced by factors such as carbon
morphology, particle size, surface functionalities, cleanliness of
the metallic substrate (i.e., free from surface impurities), the
presence of a binder, electrode form/shape, electrolyte, and cell
design (especially containment pressure). Even with the use of
binders, it is challenging to adhere carbons to metallic surfaces
in a manner that does not substantially increase capacitor ESR
and maintains stability over the lifetime of the capacitor. Various
chemical and physical treatments are often applied to metallic
substrates in order to improve carbon-binder adhesion and stabi-
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lize the carbon/metal interface [56]. The use of highly etched or
even porous metallic substrates (e.g., metal gauze, metal foams)
also assists carbon adhesion by physically locking, or ‘keying
in’, the carbon to the porous metal collector, and by providing
an increase in contact surface-area [54,57].

4.1.4. Carbon surface functionalities

For carbon-based double-layer capacitors, the presence of
surface groups is known to influence the electrochemical inter-
facial state of the carbon surface and its double-layer properties
that include: wettability, point of zero charge, electrical contact
resistance, adsorption of ions (capacitance), and self-discharge
characteristics [5,58]. Graphitic carbon surfaces can be regarded
as being made up of (at least) two chemically different kinds of
sites: basal and edge carbon sites [45]. Edge sites are considered
to be more reactive than basal sites as they are often associated
with unpaired electrons. This view is supported by the obser-
vation that the reactivity of edge sites towards oxygen, for high
purity graphite, is an order of magnitude greater than that of basal
sites [45]. Consequently, the chemical properties of carbons also
vary with the relative fraction of edge sites and basal plane sites;
with the ratio of edge to basal sites generally increasing with the
degree of disorder.

Porous carbons are almost invariably associated with appre-
ciable concentrations of heteroatoms, which are primarily oxy-
gen and hydrogen, and to a lesser degree, nitrogen, sulfur and
halogens [43,48]. These heteroatoms are derived from the start-
ing materials and become part of the chemical structure as a
result of incomplete carbonization. They may also be incorpo-
rated on to the carbon surface during subsequent treatment or
exposure to air. Carbons can readily physisorb (i.e., reversible
adsorption) molecular oxygen upon exposure to air, even at
sub-ambient temperatures [49]. Oxygen chemisorption (irre-
versible adsorption) also begins to occur at low temperatures
(e.g., ambient) and increases with temperature to form vari-
ous oxygen-based functionalities on the carbon surface [48,59].
Carbon—oxygen complexes are by far the most important surface
group on carbons.

Three types of surface oxides, namely, acidic, basic and
neutral, have been proposed to form on carbon surfaces as deter-
mined by the formation history of the carbon material and the
temperature at which it was first exposed to oxygen [46,60].
Acidic surface oxides are formed when carbons are exposed to
oxygen between 200 and 700 °C or by reactions with oxidizing
solutions at room temperature. These surface groups are con-
sidered to be less stable and include groups such as carboxylic,
lactonic and phenolic functionalities. Basic and neutral surface
oxides are considered to be more stable than acidic oxides and
tend to form after a carbon surface, freed from all surface com-
pounds by heat treatment, comes in contact with oxygen at low
temperatures [46,60]. Functional groups that are electrochemi-
cally inert in the potential range of operation can enhance the
wettability of carbon electrodes and, consequently, increase the
specific capacitance of the carbon through improved pore access
and greater surface utilization [61].

The extent of oxygen retention as physically adsorbed molec-
ular oxygen, or as surface complexes, is believed to influence
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Fig. 4. Top: relationship between concentration of acidic functional groups on
ACF electrode and leakage current of corresponding double-layer capacitor [62].
Bottom: influence of the oxygen content of activated carbons used for electrode
on capacitance after application of 2.8 V at 70 °C for 1000 h [63].

strongly the rate and mechanism of capacitor self-discharge (or
leakage) [S]. In particular, carbons with a high concentration of
acidic surface functionalities are prone to exhibit high rates of
self-discharge (Fig. 4(a)). The increase in leakage current sug-
gests that the oxygen functional groups may serve as active sites,
which can catalyze the electrochemical oxidation or reduction
of the carbon, or the decomposition of the electrolyte compo-
nents [62—-64]. Conversely, the removal of oxygenated surface
functionalities by high-temperature treatment in an inert envi-
ronment results in lower leakage currents [62,65]. The presence
of oxygenated functional groups can also contribute to capacitor
instability, which results in an increased ESR and deterioration
of capacitance [63—65]. The removal of oxygen from the car-
bons used in supercapacitor electrodes generally improves their
stability (Fig. 4(b)).
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Oxygen surface functional groups have also been shown to
influence the rest potential of activated carbons [66]. The rest
potential of activated carbons was found to be proportional to the
logarithm of the oxygen content or to the concentration of acidic
surface sites. Carbons with a high rest potential will experience
undesirably higher voltages when charged and this could lead to
gas generation.

Whilst charge storage on carbon electrodes is predominantly
capacitive, there are also contributions from surface functional
groups that can be rapidly charged and discharged and give
rise to pseudocapacitance [13,67]. Various oxidative treatments
have been applied to carbons [58,68-70], but it is often dif-
ficult to isolate the chemical changes from the physical and
structural changes that frequently accompany oxidative treat-
ments. Hsieh and Teng [64] used a relatively mild oxidative
technique to oxidize polyacrylonitrile-activated carbon fabrics
without introducing significant physical changes to the carbon. It
was found that the Faradaic current, a direct measure of pseudo-
capacitance, increased significantly with the extent of oxygen
treatment, while the change in double-layer capacitance was
only minor. The large increase in specific capacitance (from
~120 to 150 F g~ ') was, however, accompanied by undesirable
increases in internal resistance and leakage current.

4.1.5. Double-layer capacitance of carbon materials

It is usually anticipated that the capacitance of a porous car-
bon (expressed in Fg~!) will be proportional to its available
surface-area (in m? g~!). Whilst this relationship is sometimes
observed [44,71], in practice it usually represents an over-
simplification [30,72,73]. The major factors that contribute to
what is often a complex (non-linear) relationship are: (i) assump-
tions in the measurement of electrode surface-area; (ii) variations
in the specific capacitance of carbons with differing morphol-
ogy; (iii) variations in surface chemistry (e.g., wettability and
pseudocapacitive contributions discussed above); (iv) variations
in the conditions under which carbon capacitance is measured.

The surface areas of porous carbons and electrodes are most
commonly measured by gas adsorption (usually nitrogen at
77 K) and use BET theory to convert adsorption data into an esti-

Table 5

mate of apparent surface-area. Despite its widespread use, the
application of this approach to highly porous (particularly micro-
porous) and heterogeneous materials has some limitations [74],
and is perhaps more appropriately used as a semi-quantitative
tool. Possibly the greatest constraint in attempting to correlate
capacitance with BET surface-area, is the assumption that the
surface-area accessed by nitrogen gas is similar to the surface
accessed by the electrolyte during the measurement of capac-
itance. While gas adsorption can be expected to penetrate the
majority of open pores down to a size that approaches the molec-
ular size of the adsorbate, electrolyte accessibility will be more
sensitive to variations in carbon structure and surface proper-
ties [75]. Electrolyte penetration into fine pores, particularly by
larger organic electrolytes, is expected to be more restricted (due
to ion sieving effects) and vary considerably with the electrolyte
used [76]. Variations in electrolyte—electrode surface interac-
tions that arise from differing electrolyte properties (viscosity,
dielectric constant, dipole moment) will also influence wettabil-
ity and, hence, electrolyte penetration into pores.

The specific double-layer capacitance (expressed per unit of
BET area, in pF cm_z) of a range of carbon materials is listed
in Table 5. The reported values vary considerably and appear
to be highly dependent on carbon morphology. Most notably,
the double-layer capacitance of the edge orientation of graphite
is reported to be an order of magnitude higher than that of the
basal layer [61,77]. One determinant of specific double-layer
capacitance could therefore be the relative density of edge and
basal plane graphitic structures in carbon materials. Carbons
with a higher percentage of edge orientations (i.e., high L./L,
ratio) could be expected to exhibit a higher capacitance.

The low capacitance recorded when the basal layer of
graphite is exposed to solution has been examined in detail by
Randin and Yeager [78,79]. By treating basal plane carbon as
a semi-conductor, they were able to show that there is a dis-
tribution of charge carrier concentration (charge density) that
gives rise to a semi-conducting space-charge region on the car-
bon side of the interface. This means that some of the applied
potential extends into the carbon and a space-charge capacitance
(Csc) develops. This capacitance is in series with other capac-

Typical values for electrochemical double-layer capacitance of carbonaceous materials [5]

Carbonaceous material Electrolyte Double-layer capacitance (wF cm=2)? Remarks
Activated carbon 10% NaCl 19 Surface-area 1200 m? g~
Carbon black 1M H,SOq4 8 Surface-area 80-230 m? g_l
31 wt.% KOH 10
Carbon fiber cloth 0.51 M EtyNBF; in propylene carbonate 6.9 Surface-area 1630 m? g1
Graphite
Basal plane 0.9N NaF 3 Highly oriented pyrolytic graphite
Edge plane 0.9N NaF 50-70
Graphite powder 10% NaCl 35 Surface-area 4 m? g~
Graphite cloth 0.168 N NaCl 10.7 Surface-area 630 m? g~
Glassy carbon 0.9N NaF ~13 Solid
Carbon aerogel 4M KOH 23 Surface-area 650 m? g~

2 Values based on estimates. For a comprehensive discussion see Ref. [48].
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itive components of the double-layer, namely, the Helmholtz
(Cn) and diffuse (Cgigr) double-layer contributions. In effect,
the stored charge, at a given potential, is spread over an addi-
tional dielectric element. The capacitance of the electrode (C)
is then represented as

1 1 1 1

+— )

Cuaift

€~ Ce ' Cu

For the semi-conducting basal graphite layer, the space-
charge capacitance is significantly less than Cgisf and Cy, and
therefore dominates the overall interface capacitance. In fact,
Randin and Yeager’s calculations show that at the point of
zero charge essentially all of the potential is associated with
the space-charge region within the carbon electrode. By con-
trast, the edge orientation of graphite has a higher charge carrier
density since its conductivity is more like that of a metal. The
space-charge capacitance is correspondingly greater so that the
overall interface capacitance is now dominated by Cgiff and
Cy.

The original work by Randin and Yeager was later re-
examined by Gerischer [80], this time treating carbon as a
metal and applying density-of-states arguments. While this treat-
ment produced similar capacitance results to the earlier work,
it also allowed Kotz and Hahn [81,82] to explain some of
the behaviour of carbon in greater detail. In particular, these
authors noted that the magnitude of both the capacitance and
the conductivity can be directly related to the density of elec-
tronic states. Further, this treatment also provides an expla-
nation for the observation that capacitance and conductivity
both vary strongly with potential and exhibit minima close to
the potential of zero charge (pzc). Central to this behaviour
is the conclusion that both properties are essentially limited
by the number of available charge carriers within the carbon
space-charge region. This limitation is alleviated at potentials
either side of the pzc because charging of the carbon elec-
trode increases the numbers of available charge carriers. The
authors also indicate that these relationships have important
ramifications for the future development of carbon-based super-
capacitor electrodes. For example, as carbons are activated to
greater degrees, the pore walls become thinner. As a result, the
effective thickness of the electrode material becomes similar
to the dimensions of the space-charge region (defined by the
Fermi length, and approximately equivalent to one graphene
layer). In this situation, space-charge regions begin to overlap
and less capacitance is generated per unit electrode area. This
explanation is consistent with the smaller than expected capaci-
tance often observed for highly activated carbon materials with
extremely large surface areas (and correspondingly thinner pore
walls) [81,83].

The measurement of carbon capacitance is also very depen-
dent on the experimental conditions employed. For example,
Fig. 5 demonstrates that the capacitance values measured for
a range of porous carbons can vary substantially with dis-
charge current [84]. The capacitance of microporous carbons
are particularly affected by variations in discharge current due
to the greater possibility of restricted electrolyte diffusion in
narrower pores. Ideally, reported capacitance values of carbon

40 T T T MRS T

35 |- o B
30 - ¥ -1
25 | x .
20 | 7 .

15 s

Capacitance /Fg-!

10 |- .

0= 1 P ) l i 1
0 500 1000 1500 2000 2500 3000

BET-SSA / m2g-1

40 ™7 T T T
35 |- -
30 |- ]

25 | Mesoporous AC N

15 | / y
Microporous AC

~ “ T

5 a - x o ]

Capacitance /Fg-!

P L al 1 1 1
0

0 500 1000 1500 2000 2500 3000
BET-SSA / m2g-1

Fig. 5. Relationship between capacitance and BET surface-area of activated
carbons measured at different current densities [135]. Top: low discharge current
(10 mA); bottom: high discharge current (160 mA).

electrodes, particularly when used for comparative purposes,
should be measured and compared at a fixed current den-
sity.

4.2. Carbon surface-area and porosity

Porous carbons (particularly activated forms) are character-
ized by extremely large BET surface areas, that range from 500
to ~3000m? g~ . This surface-area largely arises from a com-
plex interconnected network of internal pores. The IUPAC [85]
classifies pores into three classes: micropores (diameters less
than 2 nm), mesopores (diameters between 2 and 50 nm) and
macropores (diameters greater than 50 nm).

Micropores have a high surface-area to volume ratio and,
consequently, when present in significant proportions are a
major contributor to the measured area of high surface-area
activated carbons. Micropore sizes extend down to molecu-
lar dimensions and play an important role in the selectivity
of adsorption-based processes, through restricted diffusion and
molecular sieve effects. Fine micropores also exhibit a greater
adsorbent—adsorbate affinity due to the overlap of adsorption
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forces from opposing pore walls [86]. Accordingly, adsorption
in fine pores can occur via a pore filling mechanism rather than
solely by surface coverage (as is assumed by the Langmuir and
BET calculations of surface-area). In such cases, the conver-
sion of adsorption data into an estimate of surface-area, by the
application of the BET equation, can lead to unrealistically high
surface-area estimates.

Mesopores also contribute to surface-area and their relatively
larger size also allows improved adsorbate accessibility by pro-
viding wider transport pores for diffusion. Macropores generally
make a negligible contribution to the surface-area of porous car-
bons and their main function is to act as transport avenues into
the interior of carbon particles.

While activated carbons, particularly those derived from nat-
urally occurring precursors, tend to contain pores from all three
size classes, careful selection of the carbon precursor and the
activation conditions does allow significant control over the rel-
ative contribution of each size class. Materials with the highest
surface-area are consistently obtained from highly microporous
activated carbons, with high pore volumes, in which >90% of
the total pore volume arises from microporosity.

As discussed earlier, while the vast majority of open pores can
contribute to the measured surface-area, not all pores are elec-
trochemically accessible. Ultimately, pore sizes will approach
the double-layer dimensions, with the result that the movement
of electrolyte will be restricted and, eventually, there will be a
limitation on the ability of the electrolyte to form a double-layer.
The surface-area arising from pores in this size range (which are
dependent on electrolyte molecular dimensions) would not be
effectively utilized and is unlikely to contribute to double-layer
capacitance.

Studies on micropore accessibility in aqueous solvents have
concluded that, generally, pores >0.5 nm are available for the
electro-adsorption of simple hydrated ions [76,87]. A further
study also concluded that the optimal pore-size range for double-
layer capacitance of a carbon aerogel in aqueous H>SO4 was
between 0.8 and 2.0nm [88]. The electrode material capaci-
tance observed with organic electrolytes is generally less than
the corresponding value in an aqueous electrolyte [7]. This dif-
ference is generally attributed to the larger overall diameter of
the solvated organic electrolyte ions, which results in limited
access to smaller pores. Whilst there is considerable debate over
the lower size limit of pores that can be accessed by organic
electrolytes, it is apparent from the high capacitances regularly
reported for highly microporous carbons [30,44] that a signif-
icant portion of carbon microporosity (i.e., pores <2 nm) must
also be accessible to organic electrolytes. Salitra et al. [76] have
proposed that a de-solvation of organic electrolytes may occur to
reduce ion dimensions and facilitate ‘forced electro-adsorption’
into smaller pores.

Narrow micropores will only be accessed through an appre-
ciable “solution resistance” arising from hindered or restricted
electrolyte diffusion within these narrow pores. This will
contribute directly to a high time constant (poor frequency
response), and hence a low rate capability due to the retar-
dation of the movement of ions in the pores during charg-
ing/discharging. Therefore, these pores will only make a minor
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Fig. 6. Effect of pore diameter on the capacitance vs. frequency performance of
single porous electrode [13].

contribution to charge-storage capacity under high-rate, or short
duration, power pulse discharge or recharge [5].

In electrochemical capacitors based on porous electrodes, an
unavoidable distributed electrolyte resistance arises that extends
into the depth of the pore. This resistance (R) is coupled with
distributed interfacial capacitance (C) elements and leads to an
electrode with a non-uniform distribution of effective resistance
and capacitance (commonly referred to as the ‘transmission line
model’). A distributed RC network then arises that restricts
the rate of charge and discharge. This situation has also been
described as a ‘penetration effect’ and limits the power capability
of the system [89-92]. At low charge rates, or frequencies, elec-
trolyte ions have time to penetrate into the depth of the pores and
additional surface-area is accessed (and distributed resistance is
also at a maximum). As the charge rate or frequency increases,
electrolyte penetration becomes poorer and less surface-area is
accessed. Similarly, larger pores lead to a lower distributed elec-
trolyte resistance and greater electrolyte penetration that enables
the majority of the surface-area, and hence the capacitance, to
be utilized (Fig. 6) [13,93].

Clearly, the pore-size distribution of porous carbons influ-
ences to a large degree the fundamental performance criteria
of carbon-based supercapacitors, i.e., the relationship between
power and energy density, and the dependence of performance
on frequency. Not surprisingly, therefore, considerable research
is presently being directed towards the development of carbon
materials with a tailored pore-size distribution to yield high
capacitance and low resistance electrodes.

4.3. Carbon forms

To a large extent, carbons used in commercial supercapaci-
tors have remained proprietary, but most would appear to be a
form of activated carbon which is often blended with a conduc-
tive carbon black or graphite. Activated carbons obtained from
carbonized phenolic resins or petroleum cokes appear to be par-
ticularly suitable, especially for organic-based systems [15,63].
Other forms, or blends of carbons, are also employed and the
properties of selected carbons are discussed in greater detail
below.
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4.3.1. Carbon blacks

Carbon blacks are a group of materials that are character-
ized by having near spherical carbon particles of colloidal size,
which are produced by the partial combustion or thermal decom-
position of hydrocarbons (usually gases, oils, or distillates) in
the gas phase [94,95]. During production, the colloidal carbon
particles coalesce into chemically fused aggregates and agglom-
erates (groups of aggregates) with varying morphologies. Their
fundamental properties vary with feedstock and manufacturing
conditions, and they are usually classified according to their
method of preparation or intended application. The key prop-
erties of carbon blacks are considered to be fineness (primary
particle size), structure (aggregate size/shape), porosity, and sur-
face chemistry.

Carbon blacks are routinely used as conductive fillers in many
types of battery and supercapacitor electrodes [6,16,96,97].
Highly conductive carbon blacks are characterized by a high
structure (i.e., aggregates with a highly branched, open struc-
ture), high porosity, small particle size, and a chemically clean
(oxygen free) surface. The conductivity of carbon blacks is typ-
ically in the range 10! to 10> (2 cm)~! [95] and is influenced
by the relative ability of electrons to jump the gap between
closely-spaced aggregates (electron tunnelling) and by graphitic
conduction via touching aggregates. The loading of carbon black
is of critical importance because, at low loadings, the average
inter-aggregate gap is too large for the carbon black to influence
the conductivity of the composite. As the loading is increased, a
percolation threshold (i.e., critical loading) is reached whereby
the conductivity increases rapidly up to a limiting value. High
porosity and/or finer carbon blacks have more particles per unit
weight and, therefore, reduce the average gap width between
aggregates due to their greater number [94,95].

The surface-area (BET) of carbon blacks covers a wide range
i.e., from <10 to greater than 1500 m? g’1 [48,98]. The poros-
ity in carbon blacks also varies from mild surface pitting to the
actual hollowing out of particles. Additional porosity is also
created by the intra- and inter-aggregate voids that are formed
between the small, fused, primary carbon particles. The surface-
area of carbon blacks is generally considered to be more acces-
sible than other forms of high surface-area carbon [98]. Super-
capacitor electrodes have been produced from high surface-area
blacks (containing a binder) with specific capacitances of up
to 250 F g~ !; corresponding to double-layer capacitances in the
range of 10-16 wF cm™2 [98,99]. On the other hand, the low
compacted density of high surface-area blacks and the high
level of binder often required to produce mechanically stable
electrodes, typically results in electrodes with low electrical con-
ductivities and volumetric capacitance.

The fine, highly branched structure of carbon blacks make
them ideally suited to filling inter-particle voids created between
coarse particles. As well as improving the electrical contact
between particles, the addition of carbon blacks also allows
some manipulation of the inter-particle void volume that exists
in carbon electrodes that can account for ~25-40% of the total
electrode volume. Whilst some voidage is essential in carbon
electrodes, to act as an ‘electrolyte reservoir’ and provide access
to the internal porosity of carbon particles, an excessive amount

can reduce both the volumetric and gravimetric energy density
of the device. Partially filling these voids with a porous carbon
black will not only provide additional capacitance, but will also
displace excess electrolyte that would otherwise completely fill
the voids and increase the wet electrode weight and ultimately
the cell cost.

4.3.2. Carbon aerogels

Carbon aerogels are highly porous materials prepared by the
pyrolysis of organic aerogels. They are usually synthesized by
the poly-condensation of resorcinol and formaldehyde, via a
sol—gel process, and subsequent pyrolysis [100,101]. By varying
the conditions of the sol-gel process, the macroscopic proper-
ties of aerogels (density, pore size and form (shape/size)) can be
controlled. The aerogel solid matrix is composed of intercon-
nected colloidal like carbon particles or polymeric chains. After
pyrolysis, the resulting carbon aerogels are more electrically
conductive than most activated carbons [47,102]. Carbon aero-
gels derived from the pyrolysis of resorcinol-formaldehyde are
preferred as they tend to have the highest porosity, high surface-
area (400-1000m? g~ 1), uniform pore sizes (largely between
2 and 50nm) and high density. They can also be produced as
monoliths, composites, thin films, powders or micro-spheres.

The versatility of the sol-gel process, and the diversity of
forms, enables the construction of carbon electrodes from aero-
gel powders using a binder, or the manufacture of monolithic,
binder-less electrodes. Thin and mechanically stable aerogel
electrodes, with a thickness in the range of several hundred
microns, can also be prepared by the integration of carbon fibres
or woven fabrics in the sol-gel precursor [103—-105].

Electrochemical studies on carbon aerogels have reported
[106,107] that capacitance is more strongly correlated with
mesopore surface-area than with the total BET surface-area.
These studies showed that carbon aerogels with pore diameters
in the range ~3—13 nm exhibited stable capacitive behaviour and
the highest capacitances.

Several investigations have increased the surface-area of car-
bon aerogels by thermal activation [101,108]. Nevertheless,
while the activation of carbon aerogels resulted in a large
increase in BET surface-area, from ~650 to ~2500 m? g_l, the
accompanying increase in specific capacitance was relatively
small. The corresponding double-layer charge storage capacity
also decreased from 18 wFcm™2 for the unactivated sample to
8 uF cm 2 after activation, and this was attributed to an increase
in inaccessible pores in the latter sample. Further examination
of the activated sample revealed considerable changes in sur-
face morphology and a large increase in microporosity. It was
also found that whilst a greater degree of activation increases
the surface-area (m> g’l) of the carbon aerogels, the resulting
volumetric capacitance actually passes though a maximum (in
this case ~50 F cm™3) at surface areas of around 1000 m? g~ !.

4.3.3. Carbon fibres

As opposed to vapour-grown fibres, commercial carbon fibres
are usually produced from thermosetting organic materials such
as cellulose (or rayon), phenolic resins, polyacrylonitrile (PAN)-
and pitch-based materials [109]. The preparation of carbon
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fibres basically consists of preparing a precursor solution or
melt, the extrusion of this material though a die or spinnerette,
and the drawing of extrudant into a thin fibre. After stabiliza-
tion (200—400°C) and carbonization (800-1500°C), the raw
fibre can be activated in a controlled oxidizing environment at
400-900 °C, or can be graphitized (at elevated temperatures up
to 3000 °C).

The quality of the carbon fibre depends on the structure and
assembly of aromatic constituents and their alignment, and these
factors, in turn, are influenced by the precursor and the manu-
facturing process. In general, carbon fibres derived from pitch
typically provide better electrical properties than those obtained
from hard carbons such as PAN [48,109]. In addition, fibres
derived from phenolic resins have alower concentration of acidic
surface functional groups and a high surface-area [62,110].

Activated carbon fibres (ACF) have a typical diameter of
~10 wm and a very narrow pore-size distribution that is predom-
inantly microporous (<2nm). Due to the limited fibre dimen-
sions, the porosity of ACFs is largely situated at the surface of
the fibre and thereby provides good accessibility to active sites.
Unlike particulate forms of activated carbon, both the pore diam-
eter and pore length can be more readily controlled in ACFs.
These features make ACFs very attractive electrode materials as
both high adsorption capacities and adsorption rates are obtain-
able [15]. By contrast, the outer surface of particulate carbons is
more extensively oxidized during activation. This creates larger
macropores and places the fine porosity towards the centre of
the particle.

Carbon fibres are available in many forms, e.g., tow (bundles),
chopped fibre, mat, felt, cloth, and thread. ACF cloths (bundles of
fibres woven into a textile form and activated) with surface areas
up to 2500 m? g~ ! are now commercially available [15]. Com-
pared with electrodes prepared from powdered carbons ACFs
offer the advantages of high surface-area, good electrical con-
ductivity, and ease of electrode formation and containment. On
the other hand, the cost of ACF products is generally higher than
that of powdered forms of carbon.

Although AC fibres and cloths have a low electrical resis-
tance along the fibre axis, the contact resistance between the
fibres can be an issue unless the fibres are kept in close contact,
usually by some sort of containment pressure. Similarly, good
electrical contact is required between the carbon cloth and the
metal collector. ACF cloths are sometimes coated on one side
with a thin layer of metal (e.g., by plasma spraying) to improve
electrical contact with the collector [110].

4.3.4. Glassy carbons

Glassy carbon (also referred to as vitreous or polymeric
carbon) is produced by the thermal degradation of selected poly-
mers resins; typically, phenolic resins or furfuryl alcohol are
used. The precursor resin is cured, carbonized very slowly, and
then heated to elevated temperatures. The physical properties of
glassy carbons are generally dependent on the maximum heat
treatment temperature, which can vary from 600 to 3000 °C. It
appears that temperatures around 1800 °C produce glassy car-
bons with more desirable properties [48,111-113].

Glassy carbons have little accessible surface-area and a rel-
atively low density (~1.5gcm™> cf., graphite 2.26 gcm™3);
which is attributed to the presence of a significant volume of
isolated ‘closed’ pores (~30% v/v). These pores are typically
1-5nm in size and are formed by the cavities created by ran-
domly oriented and inter-twined graphene sheets. The resulting
structure is very rigid and provides glassy carbons with tensile
and compressive strengths that are typically higher than those
for graphite. Glassy carbon also has a very low electrical resis-
tivity ((~3-8) x 104 2 cm [48]) and is therefore particularly
suited for high-power supercapacitors that require a low inter-
nal resistance [114]. Another attractive feature of glassy carbon
is that it can be produced as free-standing films or thin sheets as
well as powders [111,115].

The isolated porosity of glassy carbons can be opened by
thermal or electrochemical oxidation processes (activation) to
give a material with a high specific surface-area that is well
suited as an EDLC electrode material [116,117]. Thermal acti-
vation appears to provide a wider, more accessible porosity
than electrochemical oxidation processes. Consequently, elec-
trodes that utilize electrochemically activated samples generally
exhibit greater ionic resistance, particularly at high frequencies
and when non-aqueous electrolytes are used [114]. Volumetric
surface areas of ~1800 m? cm~> and double-layer capacitances
of ~20wFcem™2 have been achieved for thermally oxidized
glassy carbons [111,116].

During the activation of glassy carbon, a film with open pores
is created on the surface. The growth and thickness of this active
film can be controlled by the diffusion of the oxidant into the
film. If a glassy carbon sheet is activated, the film that develops
at the surface remains well connected (both mechanically and
electrically) to the underlying carbon substrate, which now acts
as an electrically conducting support for the active layer. The
resulting monolithic, electrode and current-collector assembly
is no longer limited by grain-to-grain contact resistance and is
an attractive electrode option for high-power supercapacitors.

4.4. Carbon nanostructures

Carbon nanotubes and nanofibres are produced by the cat-
alytic decomposition of certain hydrocarbons. By careful manip-
ulation of various parameters, it is possible to generate nanos-
tructures in assorted conformations and also control their crys-
talline order [118].

There is considerable interest in the application of carbon
nanotubes (CNTs) as electrode materials for supercapacitors and
other energy-storage devices [119-123]. The nanoscale tubular
morphology of these materials can offer a unique combination of
low electrical resistivity and high porosity in a readily accessible
structure. Single-walled (SWINT) and multi-walled nanotubes
(MWNTs) have been studied as electrode materials in both aque-
ous and non-aqueous electrolytes.

The specific capacitance of CNTs has been shown to be highly
dependent on their morphology and purity [124]. For purified
nanotubes (i.e., without residual catalyst or amorphous carbon),
the specific capacitance varies typically from 15 to SOF g~! with
surface areas that range from ~120 to 400 m? g [124,125]. The
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surface-area of CNTs is predominantly “mesoporous” and is
associated with the exterior of the tubes; the voids arise from
the entangled nanotubes and, in some cases, from the pres-
ence of an accessible central canal. Specific capacitance can
be increased to ~130 Fg~! by subsequent oxidative treatment
(e.g., with nitric acid) which modifies the surface texture of the
CNTs and introduces additional surface functionality, which is
capable of contributing to pseudocapacitance [125-127].

Niu et al. [128] produced catalytically-grown MWNTSs with
a diameter of 8nm and a BET surface-area of ~250m? g~
The tubes were subsequently treated with nitric acid and formed
into electrodes that consisted of freestanding mats of entangled
nanotubes with an increased surface-area of 430m? g~!. The
electrode mat contained negligible microporosity and had an
average pore diameter of 9.2 nm, which is 1.2 nm larger than the
diameter of the nanotube itself. Therefore, unlike other types
of carbon electrodes that may contain micropores, slit-shaped
pores or dead-end pores which are difficult to access, much of
the porosity in the nanotube mats is due to the interstitial spaces
created by the entangled nanotube network. This open porosity
is readily accessible to electrolytes. The specific capacitance of
the nanotube mat electrodes in sulfuric acid was determined to
be 102Fg~! (at 1 Hz) and this corresponds to a double-layer
capacity of 24.2 wF cm™2. The same cell also had an estimated
power density of >8 kW kg~

In order to improve their capacitance, carbon nanotubes have
been chemically activated with potassium hydroxide. The treat-
ment can substantially increase the surface-area of carbon nan-
otubes (by a factor of ~two to three times) whilst maintaining
a nanotubular morphology [125,129]. Whereas the treatment
appears to have little effect on nanotube diameter, it can consid-
erably shorten the length and is accompanied by the development
of cracks and surface irregularities through a partial erosion of
the outer carbon layers [129]. Frackowiak et al. [125] man-
aged to increased the BET surface-area of MWNTs from an
initial value of 430 to 1035 m? g~ ! by activation with potassium
hydroxide. Whilst the product still maintained a high degree
of mesoporosity, the activation process also introduced consid-
erable microporosity. The specific capacitance of the material
was 90F g~! (8.7 wFcm™2) in alkaline media but was limited
to 65Fg~! (6.2 wF cm~2) in non-aqueous media.

SWNTs have been prepared as composites with polyvinyli-
dene chloride (PVDC). After carbonisation, the composite elec-
trodes exhibited a maximum specific capacitance of 180 Fg~!
and a measured power density of 20kWkg~! in potassium
hydroxide [121,122,130]. The high specific capacitance, for an
electrode material with a surface-area of only 357 m? g~ !, was
attributed to an increased surface-area and a redistribution of
CNT pore size to smaller, more optimal, values near 3—5 nm
[121].

Limitations in the effective surface-area of CNTs has
prompted studies into the preparation of nanocomposites of
CNTs with conducting polymers [121,131]. These composites
realize a large capacitance, by combining the electric double-
layer capacitance of the CNTs and the redox capacitance of
the conducting polymer [120]. They are typically prepared by
the in situ chemical polymerization of a suitable monomer

which generally forms a uniform coating onto the nanotube
surface. MWNTs, electrodeposited with a thin porous layer of
polypyrrole (Ppy), have been prepared with a specific capac-
itance of ~170Fg~! [123,124]. This value is considerably
greater than the corresponding values for pristine MWNTSs or
Ppy alone. Similarly, SWNT-Ppy nanocomposites have been
produced with specific capacitances up to 265 Fg~! [120,121].
In these nanocomposites, the Ppy also acts as a conducting agent
and contributes to the specific capacitance by reducing the inter-
nal resistance of the supercapacitor [121].

As with other forms of particulate carbon, carbon nanotubes
are usually formed into electrodes using rather tedious binder-
enriched, or binderless, fabrication methods. Both these meth-
ods of electrode fabrication result in a high contact resistance
between the active material and the current collector. An attrac-
tive form of carbon nanotube electrode can be obtained by
growing the nanotubes directly on to a conductive substrate. This
approach minimizes the contact resistance between the active
material and the current-collector and greatly simplifies elec-
trode fabrication [132,133].

Carbon nanotubes, uniformly 50 nm in diameter, have been
grown on graphite foil [132,134]. Subsequent testing of the
resulting composite electrode confirmed a high specific capac-
itance of 115.7F g_l (1M H»SO4) and good electrochemical
stability. Emmenegger et al. [133] have also successfully grown
well-aligned carbon nanotube films on aluminium supports.
These nanotubes were multi-walled with lengths in the range
1-10 pm and diameters between 5 and 100 nm. A supercapaci-
tor, constructed from the nanotube-coated aluminium electrode
gave a volumetric capacitance of 120 Fcm™ and a very high
power density.

Although there are good indications that EDLC devices con-
structed from carbon nanotubes may offer power capabilities
well above 8 kWkg~! [122,128], their specific energies are
highly dependent on their method of preparation and are gener-
ally lower that the levels achieved from more conventional high
surface-area carbons. This, in addition to their limited availabil-
ity and high cost, presently limits their commercial utilization.

5. Summary

Carbon, in its various forms, is the most extensively exam-
ined and widely utilised electrode material in supercapacitors.
Continuing efforts are aimed at achieving higher surface-area
with lower matrix resistivity at an acceptable cost. Carbons with
BET surface areas of up to 3000 m? g~! are available in vari-
ous forms, viz., powders, fibres, woven cloths, felts, aerogels,
and nanotubes. Even though surface-area is a key determinant
of capacitance, other factors such as carbon structure, pore size,
particle size, electrical conductivity and surface functionalities
also influence capacitance and ultimately supercapacitor perfor-
mance. Carbon materials that have both a high surface-area and
good electrolyte accessibility (favourable distribution of appro-
priately sized pores) allow the optimum amount of charge to be
stored and delivered.

The majority of commercial carbons can be described as
‘engineered carbons’. These are manufactured and have an
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amorphous structure with a more or less disordered microstruc-
ture, which is based on that of graphite and can be viewed as
sections of hexagonal carbon layers with little long-range order
parallel to the layers. The selection of the carbon precursor and
the processing conditions will influence the size of the graphene
sheets, their degree of stacking (into graphitic micro-crystallites)
and the relative orientation of these crystallites. The size and ori-
entation of the graphitic crystallites strongly influences carbon
properties and defines the texture, porosity, surface-area, capac-
itance and electrical conductivity.

The presence of surface groups on carbons modifies the
electrochemical interfacial state of the carbon surface and its
double-layer properties, e.g., wettability, point of zero charge,
adsorption of ions (capacitance) and self-discharge characteris-
tics. Whilst the presence of oxygenated species on the surface of
porous carbons is often linked to increases in capacitance (pseu-
docapacitance), this increase often leads to irreversible changes
and, after prolonged cycling, can be accompanied by a pro-
gressive deterioration of capacitance and increases in equivalent
series resistance and self-discharge rates.

Considerable research is presently being directed towards
the development of carbon materials with a tailored pore-size
distribution to yield electrodes with high capacitance and low
resistance. The incorporation of redox materials (e.g., metal
oxides or conducting polymers) into carbon electrodes is also
receiving increased attention as a means of increasing capaci-
tance, as is the tailoring of electrodes and electrolytes capable
of operating at higher voltages (>3 V). Clearly, the goal is to
enhance the specific energy of carbon-based supercapacitors
without detracting from the present very high levels of specific
power.
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