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Abstract

Global demand for energy is on a progressive increase and there is a need for
environmentally friendly technologies to meet this demand. Electrochemical energy
systems are hinged on clean and sustainable technologies. The latest trend in
electrochemical energy systems is the supercapacitors (SCs). SCs are famous for their
attractive properties: power density, charging time, life cycle, operational safety, and
simplicity. However, their energy density is generally low and to a great extent, this
parameter is invariably dependent on the nature of electrode material used. While high
energy density is being sought for in SCs, it is necessary to keep abreast of recent
electrode materials and their practical performances. This paper gives a concise
description of capacitors with a focus on the non-Faradaic SCs. It also compendiously
presents an overview of carbon electrode materials with their practical performances
(specific surface area, specific capacitance, energy and power densities) for non-Faradaic
SCs, with reference to more than 100 reputable works. Development and investigation of
highly active carbon materials with optimized electrolytic compatibilities and
manipulative morphologies and pore structures were recommended.

Keywords: ultracapacitors; EDLC; carbon electrode materials; energy storage;
Helmholtz double layer.
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Introduction

Progress in global industrialization alongside world population growth suggests
that there would never be a slackening in global energy demand. Although several sources
of energy are in place today, inadequate energy storage techniques and continuous
depletion of non-renewable and non-sustainable fossil reserves coupled with the
accompanying environmental pollution, call for sustainable and clean energy sources
with efficient technologies for conversion and storage. Electrochemical energy
conversion and storage systems which include secondary cells, supercapacitors (SCs) and
fuel cells have proven to be one of the most effective, sustainable and eco-friendly
panacea in this regard [1-4].

Electrochemical capacitors, also known as supercapacitors or ultracapacitors, are
an advanced form of electrolytic capacitors. They possess some desirably salient features
like high power density, long charge/discharge cycle, short charging time, a wide range
of operating temperature, operational safety, and simplicity [2, 5]. Considering the power
and energy densities, they span from dielectric capacitors to secondary cells [6]. SCs have
significantly caught the attention of researchers as evinced by numerous works published
on this subject. Fig 1 presents the statistics of publications on SCs available from
Elsevier’s database (Scopus indexed publications) as at 23 May 2019. The publications
include journal articles (19,004), conference articles (3,920), articles in press (accepted
manuscripts, 302), book chapters (162), dissertations (147), books (15), errata (3) and a
standard. It is evident from the bar chart that research interest in this area is increasing
steadily. Meanwhile, an ‘all-time’ search on Google Scholar reveals approximately
221,000 and 196,000 publications, with and without patents, respectively. Nonetheless,
SCs are quite expensive with relatively low energy density [5, 7].
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Fig. 1. Statistics of Scopus indexed publications on SCs as at 23" May 2019
(provided by Engineering Village ©2019 Reed Elsevier).

Consequently, most studies have been geared towards improving the energy
density of SCs. The expression for energy density (E) is as shown in Eq. 1, where: C is
the capacitance of the SC and V is the potential drop across the double layers [2, 7]. It
follows, therefore, that any effective attempt to increase the double layer capacitance or
voltage would improve the energy density. Wu and Cao [7] utilized a schematic
illustration to show that capacitance is affected by surface area, pore size, electrical
conductivity, and available functional groups. Based on theoretical models, Yu et al. [2]
noted that double layer capacitance of an SC is dependent on the quantity of charge,
temperature, the concentration of electrolyte and solvent used; however, they went further
to show that the nature of electrolyte and electrode used are of ultimate relevance.

E=§CV2 1

Since the choice of electrode and electrolyte are of paramount importance for the
performance of SCs, this paper reviews recent researches that employed carbon electrodes
for SCs. In other words, only the pure or true electrostatic supercapacitors — those that do
not exhibit Faradaic reactions — are covered here. For SC electrolytes, refer to the work
of Zhong et al. [8].

Advancement from Capacitors to SCs

Ordinary Capacitors

A capacitor is a passive electric charge storage device comprising of two close
conductors (electrodes) which are electrically insulated from each other. The insulating
dielectric is usually sandwiched between the electrodes. Although the knowledge of static
electricity has been since 600 BC; courtesy of Thales of Miletus [9], it was not until 1745
that the German bishop and scientist, Ewald Georg von Kleist invented the first capacitor
(then known as condenser) after an unusual shock in an attempt to convey and store
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charges in a handheld glass jar filled with water [10]. After some months, Pieter van
Musschenbroek, a Dutch physicist at the University of Leiden, coincidentally and
independently, after a similar experience that made him write to French Mr. Reaumur, "I
would not take a second shock for the kingdom of France", invented a similar capacitor
which is now known as the Leyden Jar [11, 12]. Thereafter, Benjamin Franklin simplified
the design using flat glass piece as dielectric [12]. Fig 2 shows these earlier designs of the
capacitor. Today, there are varieties of capacitor designs with variations in electrode
geometry (parallel plates, co-axial cylinders, concentric spheres, and isolated sphere) and
dielectric material (vacuum, non-ionized gases, insulating solids and liquids). Actually,
the dielectric is the active charge storage component of a capacitor, as inferred by
Franklin [13].

(b)

Dielectric

Fig. 2. Earlier designs of the capacitor: (a)- the Leyden jar [12] and
(b)- parallel plate capacitor.

A measure of the amount of charge needed to induce a potential of 1 Volt across
the electrodes of a capacitor is called the capacitance of the capacitor. For linear
capacitors, this property is independent of the quantity of charge nor the potential
difference, but upon the geometry of the device and the nature of dielectric used
(permittivity, €); larger electrode surface area (A) and shorter separation between charged
layers or inter-electrode spacing (d) improve capacitance (C) as shown in Eq 2. Michael
Faraday, an English chemist, demonstrated the first practical capacitor and how to use it
for electric charge storage in his experiments. Faraday introduced a means of measuring
the quantity of charge that can be held in a capacitor and this was measured in Farads,
which is equivalent to Coulombs per Volt [12]. When the terminals of a capacitor are
connected to a direct current source (charging mode), the source provides an
electromotive force (emf) that drives electrons from the positive capacitor terminal to the
positive source terminal, while simultaneously feeding electrons to the negative capacitor
electrode at the same rate. Charging continues until the potential between the capacitor
electrodes equates that of the emf source; then, the capacitor is fully charged concerning
the driving potential [2]. During the discharge process, electrons flow in a reverse manner
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through a connected load; of course, the flow of electrons implies a flow of current but in
reverse direction.

c=2 2
d

In 1896, Karol Franciszek (Charles) Pollak, a manufacturer of secondary cells filed
a German patent (GB189601069) for an electric liquid capacitor with aluminum
electrodes, after he discovered that the oxide layer on an aluminum anode remained stable
in a neutral or alkaline electrolytic system after the circuit was opened [14]. He described
his invention as a "liquid condenser with aluminum electrodes, which are covered with a
uniformly insulating layer generated by forming with a weak current, characterized by
using alkaline or neutral electrolyte. Since the insulating layer is very thin, the condenser
has a very high capacitance and could be used as a polarized capacitor in a DC circuit."
[15]. Therefore, electrolytic capacitors have thin insulating oxide films as their dielectric
and they offer greater capacitance than the earlier types.

Capacitors are the most used electronic component after resistors. They are
relevant in several applications, for instance in digital (electronic) circuits for information
back-up, so that information stored in computer memories is not lost upon electric power
failure; the stored energy in such capacitors maintains the information during temporary
loss of power. Capacitors play an even more important role as filters for diversion of
spurious electric signals, thereby preventing possible damage by electric surges to
sensitive components of electric circuits, a typical example can be found in induction
coils.

Concept of Helmholtz or Electric Double Layer (EDL)

When an insoluble charged or electrically active body is introduced into an
electrolyte, there is to a certain degree, an alignment of the mobile ions (of the electrolyte)
concerning the new charged surface. Electric Double Layer (EDL) is “a region existing
at the boundary of two phases and assumed to consist of two oppositely charged layers
(such as a layer of negative ions adsorbed on colloidal particles that attracts a layer of
positive ions in the surrounding electrolytic solution)” [16]. Hermann von Helmholtz first
realized this concept. He observed that a charged electrode immersed in electrolyte repels
the co-ions while attracting the counterions to their surfaces; thereby forming 2 (double)
layers of opposite polarity at the electrode-electrolyte interface [17]. This phenomenon
was not recognized until 1879 [18]. The EDL is also referred to as the Helmholtz double
layer. Helmholtz’s concept has been developed successively by Gouy and Chapman;
Stern; Grahame [2]; Bockris, Devanathan and Miiller [19, 20]; and Conway [21].

Fig 3 is an illustration of double layer formation at the interface of negatively
charged particle/rod and electrolyte. Static charges reside on the outer surface of
materials, with higher concentrations at sharp edges. When introduced into the
electrolyte, the material’s charge distribution remains, while the mobile ions of the
electrolyte get attracted (counterions) or repelled (co-ions) but the distribution of ions is
somewhat diffuse — not as ideal as the material’s surface charge distribution. A negatively
charged insoluble material in an electrolyte attracts positively charged ions to its
neighborhood to form an EDL. Electric double layers of negative (on the material surface)
and diffuse positive charges can be seen in Fig 3; the layers are demarcated with a green
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dash line. The interlayer spacing is in the order of 1 A and more detailed description of
this concept is given by Yu et al. [2], Park and Seo [22].
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Fig. 3. Double layer formation at the interface of negatively charged particle/rod and
electrolyte.

Ultracapacitors or Supercapacitors (SCs)

These are advanced or current generation capacitors with capacitance values much
higher than a conventional capacitor. SCs can store 10 to 100 times Joules of energy per
unit mass or volume when compared to the conventional capacitors [1]. While the
ordinary (earlier generation) capacitors were developed for primary circuit applications,
with storage of picofarad to microfarad charges in direct current circuits and filtration of
frequencies in alternating current circuits, the current generation of capacitors, the SCs,
are capable of serving more sophisticated purposes. Historical background of SCs can be
found in the work of Samantara and Ratha [18].

A typical SC has two highly porous electrodes on a metallic collecting plate,
electrolyte and an insulating membrane or separator between the electrodes that enables
permeation of electrolyte ions but prevents contact/short-circuiting. The arrangement is
similar to that of a secondary cell. Now, what makes SCs ‘super’ over ordinary
capacitors? The SC electrodes are of extensive surface area in the order of 10° m?g* and
the charge separation is typical of an EDL as earlier stated. Relating these unique features
with Eq. 1 and 2, the prefix ‘super’ or ‘ultra’ would be found deserving of these advanced
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capacitors [23]. The fact that charge separation in SCs follows the EDL principle, has
fetched SCs the name Electric Double Layer Capacitors (EDLCs). Fig 4 is a schematic
diagram of a supercapacitor revealing the EDL at the non-intercalated electrolyte-
electrode interface and the separation between charged layers (d) in reference to Eq. 2.
Since there is no permeation across the EDL interface (no charge intercalation), the tiny
interface can be regarded as the dielectric for EDLCs but actually, they can be permeated
as we would see in the case of pseudo-capacitors. The collectors are metallic plates onto
which a porous substance (electrode material) such as activated charcoal or graphene
nanoparticles is deposited. The large BET surface area of the electrode material offers
SCs much more charge storage sites in an ideal situation where the electrolyte wets all
the sites. However, in reality, all pores are never accessible [2, 8, 24].
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Fig. 4. Schematic diagram of a supercapacitor revealing the EDL formed at the
electrolyte-electrode interface and the separation between charged layers
(d) in reference to Eq. 2.

Furthermore, the mechanism of operation of SCs is best described alongside their
classification. First, the ‘true supercapacitors’ store energy via physical adsorption of ions
based on the EDL concept when an emf source is applied. Hence, charge storage is purely
by electrostatic accumulation like in ordinary capacitors; non-Faradaic mechanism — no
occurrence of a redox reaction. Consequently, this class of SCs are called non-Faradaic
capacitors, electrostatic supercapacitors or even supercapacitors/EDLCs (since they are
the true ones). This class of capacitors employ carbon electrodes and are characterized by
relatively rapid charging/discharging, longer life cycle, and greater coulombic
efficiencies than others [2, 5, 24-26]. Their merits come from the fact that the electrostatic
mechanism is very much reversible and instantaneous.

Secondly, we have pseudocapacitors. They are the Faradaic capacitors, redox
capacitors or the true electrochemical supercapacitors. The mechanism of
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pseudocapacitive charge storage is quite different from that of EDLCs. Here
electrochemically active electrode (usually composed of transition metal oxide) material
is used to bring about redox or Faradaic reaction. When connected to a source of emf,
there is adsorption of ions, followed by fast and reversible redox reactions between the
electrode materials and electrolyte, on the electrode interface. This reaction involves the
intercalation or passage of charges across the EDL, resulting in a flow of Faradaic current,
like the charging/discharging of secondary cells. Electrode materials for this class of
supercapacitors include transition metal oxides and conducting polymers (such as
polyaniline and polypyrrole) [2, 4, 21, 27, 28]. With conductive polymer-based
electrodes, there is reversible electrochemical doping/de-doping [27]. Pseudocapacitors
offer larger capacitance values and energy density than EDLCs, but they lag in power
density due to the relatively slower Faradaic processes involved — reactions have to occur
with intercalation of ions. They also suffer lower life cycle due to wear and tear from
repeated Faradaic processes.

Lastly, hybrid supercapacitors are those formed by combining certain aspects of
EDLCs with those of pseudocapacitors. Jain et al. [29] report the onset of Faradaic
reaction in carbon electrode SC system with the introduction of p-hydroxyaniline to 1 M
aqueous sulphuric-acid electrolyte. This could be a lead to designing hybrid SCs with
carbon electrodes using mixed electrolytes. Zhong et al. [8] utilized a schematic diagram
to show these classes of a capacitor and they noted lithium ion capacitor as a typical
hybrid SC. A detailed comparison between the Faradaic and non-Faradaic
supercapacitors, as well as their contrasting features with secondary cells are covered in
a technical paper by Conway [21].

Although SCs boast of high energy storage capacity compared to ordinary
capacitors, they still lag behind batteries in that regard. Also, they are usually more
expensive per unit than batteries [5, 30]. On a technical note, it is possible to replace a
cell phone battery with an SC, and it will charge much faster, but it can only stay charged
for a while. SCs are very good at acquiring or delivering a sudden surge of energy and
this makes them right candidate for hybrid energy systems with primary energy sources
like the internal combustion engines, secondary and fuel cells which are capable of
producing energy continuously but at low power. For instance, in powering an electric
car, an SC can provide the power for acceleration, while a battery provides over the range
of uniform motion and recharges the SC in-between surges [30].

Electrode Materials for Non-Faradaic SCs

Carbon-based materials have some salient features such as high chemical stability,
structural polymorphism, low cost, wide potential windows, relatively inert
electrochemistry, rich surface chemistry or electro-catalytic activities for a variety of
redox reactions [31-33]. For this versatile nature, varieties of carbonaceous materials
have been developed and studied extensively for several electrochemical applications;
more importantly, for energy generation/conversion and storage [31, 34, 35]. Use of
graphene-based materials in electrochemistry has been reviewed by Chen et al. [36].

Electrode materials for SCs are desired to be highly porous with electrolyte-
accessible pores, electrically conducting and cheap. More specifically, non-Faradaic SC
electrodes are desired to be electrochemically inert and this makes carbon materials a
perfect candidate. Techniques for synthesis of non-Faradaic SC electrode materials
include carbonization of biomaterials, followed by surface enhancement via thermal
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or/and CA, chemical vapor deposition [35, 37], electrospinning [28], electrodeposition of
electrode films via an electrolytic coating, direct coating, etc. [38]. In order to create
abundant micro-, meso- or macro-pores within the carbon material, soft and/or hard
templates are usually employed in the carbonization process, after which they are
removed without further chemical/thermal activation (CA or TA). This is known as
template carbonization method [39]. Methods of electrode performance assessment are
described in the review work of Stoller and Ruoff [40].

Finally, we present some trending carbon-based materials that have been tried as
electrodes in supercapacitors with their practical performances: specific surface area,
capacitance, energy and power. In the consolidation of our earlier review [35], this work
reveals one of the unlimited potentials of carbon. Review on this topic has been done
before [3, 38, 41-43], but for the first time, we compose concisely, practical performance
results of numerous carbon electrodes for non-Faradaic SCs. Table 1 shows the
performance of carbon electrode materials in SCs.
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Conclusion and recommendations

It has been shown that research on energy conversion and storage, particularly
using SCs, is growing progressively. A concise description of different capacitor types
was given, with a focus on the non-Faradaic SCs. Review of recent carbon electrode
materials with their practical performances (specific surface area, specific capacitance,
energy and power densities) for non-Faradaic SCs, was made.

Development and investigation of highly active carbon materials with optimized
electrolytic compatibilities and manipulative morphologies and pore structures is
recommendable. In this regard, certain materials of renowned potentials are yet to be fully
engaged as electrode materials for SCs and they include hemp (Cannabis sativa) and
cigarette filters. A team of Canadian researchers utilized hemp fibers via hydrothermal
carbonization (HC) combined with activation and found the material as efficient as
graphene, in SC application [30, 160, 174]. Just afterward, “Used cigarette filters turned
into supercapacitor electrodes that outperform graphene-based ones” [175], as Korean
researchers utilized carbon materials prepared by a novel one-step method from cigarette
filters and used it in SC application. It exhibited higher capacitance than N-doped
graphene or N-doped carbon nanotube electrodes [30, 175, 176]. These materials and the
likes should be explored.

Finally, in a very recent study by Jain et al. [29], activated carbon electrode was
used to achieve both EDL super-capacitance and hybrid super-capacitance, by simply
adding a redox agent (p-hydroxyaniline) to the electrolyte (aqueous sulphuric acid), rather
than employing the synergistic effect of different electrode materials [4,8,177]. This can
pave the way for new designs of hybrid SCs with unique features and therefore, further
investigation is recommended.
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