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Carbon materials are among the most commonly used components of super-
capacitor electrodes. Particularly, active carbons are recognized as cheap,
available, and easily tailored materials. However, the carbon family, i.e. car-
bon products and carbon precursors, consists of many members. In this
manuscript some of these materials, including laboratory scale-produced
carbon gels, carbon nanotubes and carbonized materials, as well as industrial
scale-produced graphites, pitches, coke and coal, were compared. Discussion
was preceded by a short history of supercapacitors and review of each type of
tested material, from early beginning to state-of-the-art. Morphology and
structure of the materials were analyzed (specific surface area, pore volume
and interlayer spacing determination), to evaluate their applicability in en-
ergy storage. Thermal analysis was used to determine the stability and purity.
Finally, electrochemical evaluation using cyclic voltammetry, galvanostatic
charge—discharge and electrochemical impedance spectroscopy was per-
formed. Outcomes of each analytical technique were summarized in different
sections.

Key words: Carbon, carbon gel, coal tar pitch, carbonized materials, energy
storage, supercapacitors

INTRODUCTION

Electrical energy management is presently con-
sidered to be one of the main factors gauging the
level of industrialization of a given country. Both its
generation with possibly low environmental impact
and its proper storage strongly influence the tech-
nological progress in each country all over the
world. Electrical energy can be found in all impor-
tant aspects of life, from a simple light bulb and
small mobile devices improving the quality of life to

(Received July 10, 2018; accepted November 14, 2018;
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traffic lights, wastewater treatment plants, health-
care centres, markets, petrol stations and many
others, which set the practical standard of citizen’s
subsistence level. Regarding the huge and rapidly
growing demand on electrical energy, as well as
over rational use of natural resources (oil, coal), the
research has been focused on elaboration of more
efficient energy storage solutions. Development of
appropriate energy storage technologies would
allow for reducing fossil fuel consumption and
consequently the greenhouse effect. Better ways of
storing electrical energy would also prevent power
outages, which can be observed more frequently all
over the world in recent years. Recently, the
primary importance in energy storage is ascribed to
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lithium-ion batteries and supercapacitors. The main
features of supercapacitors are the possibility of fast
charging/discharging—quick delivery of huge
energy portion in a short time, high power density,
long cycle life, relatively simple construction from
easily accessible materials, eco-friendliness (no dis-
posal issues) and high coulombic efficiency (above
99%), which means low amount of charge is lost in
charge/discharge processes.

The predecessors of currently used energy storage
materials were the Leyden jar and Voltaic pile.*
Capacitors can be generally divided into three
classes of devices: electrostatic, electrolytic and
electrochemical capacitors. The electrostatic are
composed of two metal electrodes separated by
dielectric. Similarly, electrolytic capacitors have
metal electrodes; however, an electrolyte is a con-
ductive salt, while electrochemical capacitors have
an aqueous electrolyte with porous -electrode
materials.”

The history of supercapacitors in the present form
dates back to 1957, when the engineer of General
Electric, Howard Becker, constructed a device of
this type and submitted a patent concerning it.
This initial step was in fact not considered very
important in those days. Nevertheless, the interest
in supercapacitors grew, since the SOHIO (Stan-
dard Oil of Ohio) company constructed in the mid-
1960s a carbon—carbon electrochemical capacitor.”®
The new technology was in fact marketed in the
1970s by the NEC (Nippon Electric Company),
which used supercapacitors to serve as a backup
power device for computer memory applications.”
Until the 1980s, supercapacitors were based on
simple electric charge separation between the elec-
trode material and electrolyte. Then the first pseu-
docapacitors were developed, in which electric
charge was partially stored in a double layer and
partially came from the result of faradaic reactions
of electrolyte and electrode.'!

Regarding constructional and working factors
three groups of supercapacitors can be distin-
guished: electrochemical double-layer capacitors,
pseudocapacitors and hybrid capacitors. Quite often
the terms hybrid and asymmetric supercapacitors
are confused. The hybrid supercapacitors are com-
posed of two different electrodes, one governed by
electrostatics and one by electrochemical principle,
while asymmetric electrodes have one typical EDLC
(electric double-layer capacitor) electrode and one
composite electrode of porous carbon with metal
oxide or conductive polymer.'? At the same time,
two terms are used to define these specific classes of
materials, namely, supercapacitors, the term coined
by the NEC, and ultracapac1tors used by PRI
(Pinnacle Research Institute).”

The principle of supercapacitor operation is based
on charge separation between two porous elec-
trodes. The key rule is the formation of a double
layer at the electrode/electrolyte interphase, which
can be described using three models. The first was
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proposed by Helmholtz,'® and assumes diffusion of
opposite ions through an electrolyte and formation
of a few nanometer-thick layer at the electrode,
called the electrical double layer.'* Inaccuracies of
this model were corrected by the Gouy—Chapman
diffusion model.’®® A model proposed by Stern in
1924,'" that combines assumptions of Helmholtz,
Gouy and Chapman, considers formation of an
interphase composed of ions and a solvation shell.'®
It was also found that in the case of ionic liquid
electrolytes partial ion desolvat1on must occur to
allow ions to access the pore

Well-described and precise analysis of the move-
ment of electrolyte ions within the pores during the
charging process was presented by Forse et al.?
They proposed three possible routes: adsorption of
oppositely charged (counter) ions, adsorption of
oppositely charged ions with simultaneous desorp-
tion of co-ions, and desorption of co-ions only, which
is a consequence of presence of some initial elec-
trolyte ions before applying voltage.

Because of the versatility of applications, super-
capacitors can be used in cell phones, laptops,
audio—video systems, security and alarm systems,
smoke detectors, as well as elevators, lifts, cranes—-
which are normally not able to recuperate
energy.’?? It is common to 1ntegrate them in
un1nterrupt1ble power supply systems.?® An impor-
tant branch is the automotive industry in small
cars, heavy trucks, buses, trams and trains, in
which supercapacitors are responsible for engine
start, vehicle acceleration, windows and back-door
lift, 24:25 Supercapacitors are important in a cold
start, when at very low temperature the high
viscosity of lubricating oil prevents the system from
ignition.?

The requirements that should be met by a
promising electrode material are electrical conduc-
tivity, chemical inertness, gas or liquid adsorption
permission, relatively high surface area, and state
of material, whether it is powder, fiber or monolith.
For this reason, active carbons and modified
graphites are most commonly used. On the other
hand, high ion conductivity, low price and possibly
wide-voltage-window electrolytes are required. The
conductivity (ca 1 S/m) and low price make aqueous
electrolytes ideal for supercapacitors. The drawback
is a volta e window limited to 1.2 V (water decom-
position).”® Wider stability range can be found for
organic electrolytes (2-2.5 V); however, safety risks
concerning flammability, volatility and toxicity are
troublesome.?® The ~ 4 V voltage window can be
offered by ionic l1qu1d s but still this technology is
relatively exgenswe and complex for industrial
applications.®

The specific surface area of electrode material is a
key parameter; however, one should remember the
general trend: a bigger surface area does not always
translate into higher specific capacity.®? It also
seems important to have appropriate porosity
within material with macropore channels to
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transport electrolyte and micropores to store ions.
In fact, too large of a pore volume may limit high
power and energy density, while too small pores
may be impossible to be penetrated by electrolyte
ions.**3* Commonly, carbon materials are activated
with potassmm hydroxide or carbon dioxide to open
clogged pores.?® Presence of the functional groups
can play a significant role in electrode performance
as well.>6:37

Large versatility of the carbon-based materials
family makes them ideal for tailored materials
preparation. Graphite, which exhibits high electri-
cal and thermal conductivity, inertness and lubric-
ity, is among the most often used candidates for this
purpose. Two basal form of graphite can be found,
synthetic, with a hexagonal structure and ABABAB
layers order, and natural, with a mixture of rhom-
bohedral and hexa onal structures and an ABCABC
layer sequence.? Synthetic graphite is obtained
in unstructured carbon thermal treatment in Ach-
eson, Castner or Desulco processes,**™*? while nat-
ural graphite, either macrocrystalline or
microcrystalline (flake and vein), is mlned 1n Sri
Lanka, China, Brasil, Canada and Russia.**** To
increase the spec1ﬁc surface area, the graphlte
flakes can be intercalated by the oxygen-containing
groups and thermally treated at high temperature
(thermal shock) to produce expanded graphite,
which is used in battery applications.***¢

Furthermore, cokes can be classified into three
groups based on feedstock used for their production:
petroleum coke, metallurgical coke and pitch coke.
Petroleum coke is the heaviest product of fractional
distillation of crude oil, metallurgical coke is pro-
duced primarily from coal, while pitch coke is a solid
residue from devolatilization and carbonization of
tars and pitches.*” Based on coking process param-
eters and crude oil quality, different structures of
petroleum coke can be obtained—needle coke (ani-
sotropic, low sulfur content), sponge coke (porous),
and the shot coke (isotropic, granular).

Next, one could consider pitches, which can be
divided into two groups based on the type of starting
material, i.e. coal tar pitch and petroleum pitch.
Coal tar pitch is a product of coal tar processing at
coal plants, while petroleum pitch is produced from
oil-processing byproducts, thermal and catalytic
cracking residues. Pitches are used as binders in
mass production of graphite electrodes.*’

Activated carbons are an important class of
carbon materials, which have high degree of poros-
ity and well-developed surface area. They can be
produced from natural organic materials succh as
fruit stones and peels, wood and agricultural
waste.?*51 Because of the abundant supply, high
purity and environmental advantage with respect to
coal-based carbons, the activated carbons produced
from coconut shells have recently received growing
attention.®?

Carbon nanostructures such as graphene, carbon
nanotubes and fullerenes seem to be the future

perspective of energy storage materials. Pure
fullerenes are electrically insulating, and their
synthes1s is strongly complicated at a bigger
scale.?®5* Both monolayer graphene and single-
walled carbon nanotubes are attractive, but due to
the requirement of complex and expensive appara-
tus for their production, their real life applications
have been limited so far.’® An alternative is to use
reduced graphene oxide, which can be obtained
using chemical reduction of graphene oxide.?®

Furthermore, mild and slow pyrolysis, at around
200-300°C, of the carbon-bearing natural resources
such as biomass, wood or straw can be used to
produce intriguing torrefied materials, while at
higher temperatures carbonized materials are pro-
duced, which can be successfully used in various
applications.®”

Lastly, carbon gels are a novel group of carbon
materials that can be considered for energy storage
applications. Regarding the drying method used, i.e.
supercritical drying, freeze drying or ambient pres-
sure drying, different products can be obtained
including aerogels, cryogels, and xerogels, respec-
tively. For instance, the gelation process of resorci-
nol and formaldehyde can be performed under
alkaline or acid conditions.”®

Generally, the global market of supercapacitors
was estimated to USD$115M in 1999, and it was
predicted in those days that it may be doubled in
2004.%° Estimations in 2010 indicated that the
market would amount to USD$470M, USD$1.2B
in 2015, and would eventually reach USD$5B in
2025.%° Supercapamtors are manufactured inter alia
by APowerCap, Asahi Glass, BatScap, Chubu Elec-
tric PowerEpcos, Fuji, Ioxus, JSR Micro, LS Mtron,
Maxwell, NessCap, Panasonlc PowerStor SAFT,
Skeleton, VinaTech, Yunasko.®

Active Carbons and Carbonized Materials

Active carbon is a highly porous and high surface
area material with a disordered microcrystalline
structure. Its production combines carbonization of
a raw carbon precursor at temperatures below
800°C in an inert atmosphere and chemical or
physmal activation of an as-obtained semi-prod-
uct.?%* The popular raw materials include coal
with a various degree of metamorghosm (both low
and high degrees of coalification,®® brown coal,®
peat,%” charcoal,®® seeds of frults nut shells and
other hgnocellulose materials®®- )77) as well as
1ndustr1al waste,”® waste from the agri-food indus-
try, %% sewa e residues,84_88 waste tyres®® ! and
plastic waste.””~* Pyrolysis results in elimination of
oxygen, hydrogen and nitrogen atoms. The remain-
ing carbon forms a complex structure composed of
“piles” of aromatic rings randomly cross-linked
throughout the material. At the end of carboniza-
tion, the produced pores are partially filled with
pyrolysis products of the organic matter (mainly tar-
like substance and amorphous carbon). Quality of
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Fig. 1. SEM images of tested materials at magnification x 10000.
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Fig. 2. XRD patterns of examined materials.

the product depends on the final process tempera-
ture (key factor, the higher temperature, the lower
reactivity of carbonized material), time of carboniza-
tion, heating rate (affecting the reactivity), pore
sizes, and type of atmosphere at which the process is
performed (which affects the reactivity and rate of
loss of carbonized material).®>%* Because of poorly
developed pore structure, the as-prepared material
has a low adsorption capacity.®°® For this reason
activation is used to develop structure and purify it
from pyrolysis products. This can be performed
using gas—vapor or chemical methods. During gas—
vapor activation (750-950°C) the structure of car-
bonized material is partially oxidized at elevated
temperature using gaseous atmosphere: oxygen,
water vapor, carbon dioxide (in an order of the
oxidizing agent reactivity). Using a milder activat-
ing agent, more developed structure can be

obtained. Activation is a strongly temperature-de-
pendent process. Reaction is catalyzed by oxides and
carbonates of alkali metals, iron, copper and zinc.%®
Chemical activation refers to materials processing
in oxidizing acids (HNOj;, H,SO4, H3PO,) or salts
solutions (ZnCly, MgCl,, FeCls, AlCl3;, KyS). In
comparison to gas—vapor activation, the chemical
activation produces more uniform pore sizes.5*%7
Finally, active carbon with a well-developed poly-
dispersive porous structure with high surface area
close to 2500 m?%g is formed. The various size and
shape of pores within spatial structure of materials
is obtained. According to the International Union of
Pure and Applied Chemistry (IUPAC), these pores
can be classified into three groups: micropores with
a pore diameter smaller than 2 nm, mesopores with
diameter 2-50 nm and macropores of sizes bigger
than 50 nm.”® Generally, the micropore content is
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Fig. 3. TG and DSC curves for carbon-based materials.
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95% of the total surface area, 5% is attributed to
mesopores and the rest is the area of macropores.
Active carbons may have some amount of oxygen,
hydrogen and nitrogen atoms within the pores (the
typical elemental composition of active carbon:
88 wt.% C, 6-7 wt.% O, 1.0 wt.% S, 0.5 wt.% H,
0.5 wt.% N and Ref. 63) that may render their
properties. For example, presence of the oxygen-
containing groups is important, which may enhance
wettability, polarity and basicity (acidity) of mate-
rial, and electronic properties.

Regarding extraordinary properties of active car-
bons, namely, high surface area per either volume
or mass unit and relatively low production costs and
global output scale, they are thought to be the most
suitable electrode materials for electrochemical

capacitors. High specific surface area enables stor-
ing a much bigger amount of charge in the electric
double-layer at the phase boundarg than is observed
for other carbon materials.!*99-10

Graphene

Even though the isolation of 2-D carbon material
was thought by many scientists to be nonrealistic
for a long time, %1% the first attempt in this matter
was successfully accomplished by Wallace in
1947.1% Then in 1962 the first trial of graphite
oxidation and reduction were performed by
Boehm.'®” This led to the conclusion that graphene
layers can be chemically separated; however, their
total isolation was still a challenge. It was not until
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2004 that the first success on this front was done'%®
using a very simple method of microchemical cleav-
age. The process, which is also known as the Scotch
tape method, and the characterization of a new
material led the discoverers to the Nobel Prize in
Physics in 2010. Nowadays, mechanical cleavage is
best suited for laboratory research of graphene,
while newer methods were invented to produce this
fascinating material in bigger amounts. One of such
techniques is the chemical exfoliation of graphite in
organic solvents, which penetrate the interlayer
spacing of graphite and consequently weaken the
van der Waals forces holding the layers together.'
The process is often assisted by mechanical agita-
tion. A historically important route is based on
graphite oxidation and reduction. In this method,
graphite is at first treated with a mixture of a
concentrated inorganic acid and a strong oxidation
agent, usually according to the methodologies pro-
posed b%l Brodie, Staudenmaier and Hum-
mers.''*"2 This produces graphite oxide with
oxygen-containing groups embedded between lay-
ers. According to the model proposed by Lerf and
Klinowski, in graphite oxide the hydroxyl and epoxy
groups are located between layers, whereas car-
boxylic groups can be found at the edges.'*® In the
subsequent step, graphite oxide is ultrasonicated
into graphene oxide. This opens the interlayer
spaces and makes it easily accessible for the reduc-
ing agent. Exfoliated graphene oxide is then
reduced b%I chemical agents, e.g. hgrdrazine,114 metal
hydrides,*® metals,*® vitamin C."'” In the past, the
as-obtained product was referred to as graphene.
Nowadays, it is accepted to use term reduced
graphene oxide to differentiate it from flat graphene
layers obtained by more sophisticated techniques.

Graphite oxide can be simply exfoliated using
thermal treatment at about 1000°C,'® but neither
chemical nor thermal methods are able to remove
the oxygen species entirely. To accomplish graphite
oxide or 9graphene oxide reduction, the flash of a
camera''® or UV irradiation'?® can be applied as
well. Oxidation and reduction seems to be a perfect
method to produce a large volume of graphene, but
one should recall its imperfection. On the contrary,
epitaxial growth is an effective method to produce
high-quality graphene from a silicon carbide sub-
strate. The SiC wafer is heated in ultra high
vacuum around 1200-1600°C, silicon atoms sublime
while carbon atoms rearrange creating flat gra-
phene layer.'?"'?2 Similarly, large and flat gra-
phene sheets can be obtained by chemical vapor
deposition, which is based on pyrolysis of hydrocar-
bons wherein graphene grows on transition met-
als.’?® Regarding the solubility of carbon atoms in
certain transition metals either mono, few or mul-
tilayer graphene can be obtained. The quality of
product from both CVD and epitaxy based methods
is very high, which is reflected in the price of these
materials obtained by these methods. Graphene has
been widely studied as a promising candidate in
various applications including electronic, optoelec-
tronic and sensing devices. It can be found in energy
storage applications like supercapacitors or lithium-
ion batteries,’®* field effect transistors,’*® solar
cells'?® and catalysis.'?”

Carbon Nanotubes and Bucky-Balls

Although carbon nanotubes (CNTs) were discov-
ered in the 1950s,'?® they were largely unnoticed
until the very influential report from Iijima made
them popular.’® The properties of CNTSs, often
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Fig. 5. Chronopotentiometric results obtained for various carbon-bearing materials.
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imagined as seamlessly rolled-up graphene with
individual (single-walled CNTs) or many concentric
layers (double-walled and multi-walled CNTs), are
very sensitive to the way that roll-up was accom-
plished. For instance, depending on the arrange-
ment of carbon atoms, CNTs can either show
metallic character and compete with copper in
terms of electrical conductivity'*® or they are semi-
conducting, and their performance is superior to
that of silicon.’®! Individual CNTs of appropriate
order of carbon atoms called chirality can have
three orders of magnitude higher current carrying
capacity’®® and one order of magnitude higher

thermal conductivity'®? than copper. For this rea-
son they have been envisioned as the next genera-
tion lightweight flexible Wiring of improved
performance’®>13¢ or heat sinks.'®’ The first elec-
trical machines based on such wiring have already
been constructed.’®® CNTs are also among the
strongest materials on Earth, with Young’s modulus
reaching 950 GPa and tensile strength up to 63
GPa.' There has been a lot of development of
polymer-matrix composites reinforced with CNTs
that not only drastically improve the mechanical
properties,*®!*! but they also provide means for
current conduction, which, for example, is very
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important in composites used for aircraft lightning
protection.’*? Finally, the rich spectral response of
CNTs makes them a very attractive material for
various optoelectronic applications.’*® By applying
appropriate bias voltage, one can observe surpris-
ingly strong light emission that does not follow
black body radiation, the character of which can be
precisely controlled by the type used CNTs.'#*
Regarding the applications, CNT composites were
commercially used in a bicycle winning Tour de
France, CNT paint was employed to cover a ship
hull for antifouling action or Juno spacecraft had
CNT layer as a shield material from electrostatic
discharge.’® Continuous significant reduction in
price of CNT powder (both single-walled and multi-
walled) will eventually lead to more abundant
presence of these materials in the everyday life.

CNTs can be considered quasi-1D materials.
When their length is reduced to minimum, the
spherical fullerenes, called bucky-balls of quasi-0D
nature, are obtained. The name bucky-ball in fact is
a reference to Buckminster Fuller, who created a
geodesic dome of a similar shape prior to the
discovery. These structures are commonly made of
60 carbon atoms, which are arranged in a pentag-
onal and hexagonal lattice similar to a football ball.
The structure was first generated in 1985'¢ by
Kroto, Curl, Smalley et al.,'*” for which the trio
later received the Nobel Prize in Chemistry in 1996.
Such material is semiconducting although the band
gap is as low as 0.1-0.3 eV. Because the inner cavity
is relatively big, bucky-balls can readily accommo-
date ions inside such as alkali metals'*® or iodine.*°
The presence of such species can have a very strong
doping action on Cgg, which is able to transform it
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into a conductor or even a superconductor.wo’151 For

example, K-doped C60 can preserve its supercon-
ducting character at a relatively high temperature
of 18 K.'®? Furthermore, a high C-C bond strain
makes this molecule reactive towards various func-
tionalization methods, which creates new forms of
bucky-balls. This structure can readilﬁ)y be hydro-
genated,'®® halogenated,'®* oxidized,'*® etc. Unfor-
tunately, no applications of Cgy have been
commercialized yet.

Carbon Gels

The inorganic aerogels have been known since
1931,'56 while their carbon counterparts were first
synthesized by Pekala in 1989.%7 Carbon gels are a
new class of materials, which are characterized by
high surface area, low weight and tunable proper-
ties. Synthesis is mostly based on polycondensation
of resorcinol and formaldehyde under basic or acidic
conditions. The production is generally composed of
several stages: gelation, aging, solvent exchange,
drying and pyrolysis. In the gelation step resorcinol
derivatives condense through -CH,- bridges into
bigger clusters and cross-links through CH,OH
groups into gel.’®® The process is strongly influ-
enced by pH. Acidic or basic catalysts are respon-
sible for either condensation or an addition reaction-
based mechanism.'® Catalyst amount, often
referred to R/C (resorcinol/catalyst) ratio, is also
very important, as at low R/C well-connected small
particles are obtained while at high well-defined
spherical particles are produced.'®® It is assumed
that the most favorable results can be obtained at
pH in the range 5-8.° With the exception of
resorcinol, other monomers such as phenol, cresols,
gallic acid or phloroglucinol have been proposed and
examined.’®® Aging is realized at an increased
temperature of 60-80°C, which is required for the
polymerization reaction. Generally, the higher is
temperature of aging the shorter time is needed to
accomplish this process; however, this may lead to
smaller particles and reduced pore size distribu-
tion.'®® Next the parent solvent has to be extracted
from pores using low boiling point and low surface
tension solvent such as acetone. The goal of this
simple and relatively crucial step is to reduce
shrinkage of material during drying.'®* The most
complex step in carbon gels synthesis is drying.
Three techniques are usually applied: supercritical
drying, freeze drying (liofilization) and ambient
drying and the obtained products are carbon aero-
gels, cryogels and xerogels, respectively. Supercrit-
ical drying can be done in two variants, low-
temperature supercritical drying (LTSCD) and
high-temperature supercritical drying (HTSCD).
In LTSCD, carbon dioxide above its critical param-
eters is used (T¢ = 31°C, p¢ = 7.4 MPa)'® is used,
while in HTSCD, an organic solvent such as acetone
or methanol is preferred (acetone T'c = 235°C, pc =
4.7 MPa).’®® Freeze drying is based on solvent

freezing within the pores and its subsequent subli-
mation. Prior to freezing, the solvent is exchanged
into t-butanol because of its very small volume
change with respect to freezing.'®” The lowest
shrinkage of material, as well as best tailored
porosity and high surface area can be obtained for
supercritically dried gels; however, the process is
the most complex and requires high temperature
and pressure resistant apparatus. Freeze drying is
able to preserve mesoporous material with moder-
ate shrinkage, but still the sophisticated appliance
is required. The advantage of ambient drying is far
more simple equipment and possibility to carry out
process in each laboratory, but porous structure is
mostly collapsed. Finally, gels are pyrolized at
temperature about 1000°C or higher to improve
their electrical and thermal conductivity and
increase in microporosity due to shrinkage of meso-
pores,'®® which is accomplished by heteroatom loss
and structural ordering.

Coal

Coal is a reservoir of solar energy stored by
prehistoric plants as a result of photosynthesis
within their organisms. During complicated bio-
chemical and geological processes for a million
years, these plants have been transformed into
currently exploited coal resources.'®® Coal is a
typical sedimentary rock, whose matrix is composed
of organic matter with some inorganic (mineral)
components.’”® Compounds that are assimilated by
plants during their live and acidic products of the
carbonating process may react with metal ions in
the created deposits producing a so-called biogenic
mineral substance (inner) and a syngenetic sub-
stance linked with an organic matrix. Another
source of mineral substance is the coal deposit
formation processes, in which mineral components
pass through coal beds. This type of mineral sub-
stance, which is not bonded to organic matter, is
defined as epigenetic or outer—one that can be
removed by physical methods.!”* The share of inner
mineral substance in coal is relatively low and
cannot be removed by physical methods. It can,
therefore, be said that physicochemical properties,
as well as technological properties of coal are mainly
based on the organic matrix. The organic matter of
coal is composed of several elements, carbon, hydro-
gen, oxygen and, to a lesser extent, sulfur and
nitrogen, with a trace amount of phosphorus. The
coalification process can be divided into peat, lig-
nite/brown coal, hard coal and anthracite formation.
During this process, a starting material undergoes
significant chemical and structural changes.!”® The
first process of coalification is a humification of the
organic matter, i.e. peat formation, which is com-
posed of numerous reactions such as dehydrogena-
tion, decarboxylation and demethylation, leading to
the formation of aromatic structures. Then meta-
morphism takes place, which is ascribed to further
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changes caused by pressure and temperature.!”3174

This leads to formation of materials of various
coalification extent.!”® Chemically, metamorphism
is combined with depletion of hydrogen and oxygen
in organic matter, which is accompanied by the
evolution of gaseous (CO,, CO, Hy0O) products. As a
result of metamorphism, the gradual increase in
coalification from brown coals, hard coals to anthra-
cites can be observed—the organic matter con-
denses and orders. Aromatization and
graphitization, i.e. 3D ordering of C atoms and
graphite-like lattice formation (degenerated gra-
phite structure), causes an increase in electrical
conductivity.'”® Although crude oil and gas are
competitors to coal, it is still the key energetic raw
material, widely used in iron and steel manufactur-
ing, as well as cement production industries. Con-
tinuously developing technologies of gasification
and liquefaction enable conversion of coal into
gaseous and liquid fuels.'”” Coal is still very impor-
tant for fuel and chemical industries.

Pitch

Coal tar pitch is a multi-component mixture
predominantly composed of polycyclic aromatic
hydrocarbons originating from coal processing.
High-temperature (up to 360°C) distillation of coal
tar, which is a by-product of the coking process,
produces tar oils (45-50 wt.%) and coal tar pitch
(50-55 wt.%).1”® Essential components of coal tar
pitches are polycyclic hydrocarbons containing 3—6
rings, as well as polycyclic heteroaromatic com-
pounds.”®~81 At room temperature coal tar pitch is
a brittle material with a conchoidal fracture and is
from dark brown to black in color.'®? Hydrocarbons
with a high amount of heteroatoms, alkyl sub-
stituents and benzene rings influence coal tar pitch
reactivity, enhance cross-linking and polymerisa-
tion. This effect is intensified at temperatures above
450°C, when polycondensed aromatic systems with
a much big%er molecular mass (mesophase) are
produced.'®>'84 The viscosity significantly increases
up to material solidification. Progressively ongoing
dehydrogenation and structure ordering lead to so-
called pitch coke (1000°C), and finally to graphite
(ca. 2500°C). The amount of produced coke depends
on carbonization process parameters and pitch
reactivity, i.e. competitiveness of polymerization
and distillation processes of hydrocarbon compo-
nents. #5186 The percentage yield of solid residue is
called coking value. In addition to hotmelt hydro-
carbon components, the coal tar pitches contain
scattered particles of solid substances of organic and
inorganic origin. These are inert substances that
are not embedded into the mesophase during car-
bonization, as they deteriorate mesophase content
increase and spatial ordering. A characteristic
feature of these compounds is insolubility in simple
organic solvents, which effectively solubilize other
pitch components. Because of this, the inert content
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can be simply evaluated by solubilizing material in
a boiling quinoline or toluene, and its amount is
defined as quinoline insoluble (QI) and toluene
insoluble, respectively.'®” It is suggested that crack-
ing products of tar fumes in space under the roof of
coking chamber, as well as solid particles (also
mineral particles) withdrawn from the feed, are the
main sources of inert substances.'®® The quinoline
insoluble parts, which are nonvolatile, enhance coke
output in a coal tar pitch carbonization. Conse-
quently, these are desired in processes where pitch
acts as a binding agent in carbon and graphite
materials production. In other cases, a high amount
of QI parts is assumed to be detrimental. An
effective method to decrease pitch QI content is its
production from a light coal tar. It is selectively
charged in coke plants excluding a main receiver,
where the heaviest fractions of raw tar are concen-
trated. However, to obtain pitch without QI parts,
the coal tar is additionally filtered, extracted or hot
centrifuged. The coal tar pitch is commonly applied
in carbon electrodes manufacturing for aluminum
industry, and graphite electrodes for steel arc
furnaces. It is also used in production of activated
carbon, carbon refractory blast furnace linings and
clay targets.'®?

EXPERIMENTAL

Materials presented in this paper were either
synthesized in-house or procured from commercial
sources. A synthetic graphite powder was pur-
chased from Acros Organics (labelled as GRA-
PHITE), while natural flake graphite was obtained
from the Kahatagaha—Kolongaha mine in Sri Lanka
(GRANAT). The sample of anthracite was received
from the Institute for Chemical Processing of Coal,
Zabrze, Poland, as a reference trade product for
sinterability tests using the Roga RI method
(ANTHRA). Two types of activated carbon were
used, a gritty activated carbon from the SGL Carbon
Group Polska in Raciborz (ACTIVE) and activated
carbon from Merck (AKOHLE). Expanded graphite
was produced in thermal treatment of graphite
oxide: namely, graphite oxidation was performed
using the Staudenmaier method,''’ and then the
material was expanded in a tubular furnace purged
with inert gas (EXPAND). It allowed desorbing the
oxygen containing groups and expanding the mate-
rial to give a fluffy and light powder. Reduced
graphene oxide was produced in oxidation/exfolia-
tion/reduction process—synthetic graphite was oxi-
dized using potassium chlorate in a mixture of
concentrated mineral acids for ca 300 h, ultrasoni-
cally dispersed in water, and reduced with hydra-
zine hydrate (RGRO). Vertically aligned multi-
walled carbon nanotubes were synthesized in the
Department of Materials Science and Metallurgy,
Cambridge University, UK, in a chemical vapor
deposition process from toluene (Fisher Scientific)
as a carbon precursor and ferrocene (99.5%, Alfa
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Table I. Specific surface area, total pore volume and mean pore diameter obtained for considered materials/

and referenced data from literature

. BET/m?%/g Vpores/cm®/g
Material BET/m?/g Vpores (17-509 A)em®/g Pore size/nm [References] [References]
GRAPHITE 10.91 0.0245 7.86 12-174! 0.04%1
GRANAT 1.03 0.0026 10.22 1192 -
ANTHRA 0.96 0.0016 4.97 2.2-6.4193 0.03-0.07'%2
ACTIVE 631.31 0.2049 5.06 1400-22001%* 0.8-2.6'%
AKOHLE 1166.02 0.2534 2.46
COKE 2.78 0.0058 6.79 0.004-0.009'%3 0.8-1.9193
EXPAND 201.72 0.6592 12.97 130198 1022197
RGRO 22.89 0.0452 8.21 248198 5199
CARPET 44.39 0.0828 6.68 80-2202%° 0.37201
NANOCYL 231.44 0.5648 10.44
FULLER 0.63 0.0006 4.12 1.1202 -
CAHTSCD 581.59 0.6973 8.12 520—1150166:203 0.09—2.5204:205
CALTSCD 494.34 0.7897 16.20
CALIO 723.95 0.0197 5.12
ARTI 3228.71 4.6538 4.16 5-36026 0.01-0.08°!
WOOD 50.29 0.0033 27.23
STRAW 3.66 0.0086 9.60
BROWN 2.88 - - 8207 0.05297
PAKZIC 0.50 0.0007 4.89 0.6208 -
TERPAKAT 0.66 0.0012 6.72
GRANPAK 0.92 0.0007 3.41

Table II. The interlayer distance and crystallite sizes of examined carbon-based materials

Material dyo2/nm Lc/mm
GRAPHITE 0.34 19
GRANAT 0.34 24
ANTHRA 0.37 1
ACTIVE 0.38 1
AKOHLE - -
COKE 0.35 1.8
EXPAND 0.39 2.6
RGRO 0.34 18.2
CARPET 0.34 8.2
NANOCYL 0.35 2
FULLER 0.04

CAHTSCD 0.40 0.9
CALTSCD 0.34 8
CALIO - -
ARTI - -
WOOD 0.38 1
STRAW 0.37 1
BROWN - -
PAKZIC 0.34 2.6
TERPAKAT 0.35 2.3
GRANPAK 0.36 14

L,/nm LL,/mnm [References]

39.5 20-100/37.14%:209
59 90-110/-21°

- 1.36/5%11

- 0.84-3.3212

- 14.5-41/23.2-39.7213
- 15.4/24.1214
11.1 1-6.8/7.8-9.72%9
69 —/3218

- 1.3-2/6.1216:217

D =35 nm D = 55218

- 1.3-27/2.7-4219:220
9.8

- -/2.1-2.6221

- 0.74-0.82/1.7-2.3%22
- 0.71-0.79/2-2.1223
- 7.39/5.53%24

Aesar) as a catalyst at 760°C!°°—(CARPET).
Another type of carbon nanotube was purchased
from Nanocyl SA, Belgium: multiwalled carbon
nanotubes NC7000 (NANOCYL). Fullerenes were
purchased from Sigma Aldrich (FULLER). Carbon
aerogels were synthesized using resorcinol,
formaldehyde solution and sodium carbonate as a

catalyst. Synthesis was composed of 72 h mixing,
7 days of aging, solvent exchange and drying. Three
different drying techniques were applied, low tem-
perature supercritical drying (LTSCD) with carbon
dioxide at 15 MPa and 70°C, high temperature
supercritical drying (HTSCD) at 250°C and 6 MPa,
and freeze-drying (liofilization) in Alpha 1-2
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Table III. TG data presenting residual mass after treatment from ambient up to 1000°C, and mass losses

divided into two steps: ambient—500°C, and 500-900°C

Mass loss (0-500°C)/%

Mass loss (500-900°C)/%

Material Residual mass/%
GRAPHITE 99.11
GRANAT 99.94
ANTHRA 93.78
ACTIVE 91.35
AKOHLE 89.29
COKE 99.42
EXPAND 71.53
RGRO 43.32
CARPET 96.67
NANOCYL 95.55
FULLER 8.61
CAHTSCD 93.88
CALTSCD 92.87
CALIO 86.52
ARTI 86.69
WOOD 96.58
STRAW 92.32
BROWN 52.66
PAKZIC 76.34
TERPAKAT 64.16
GRANPAK 38.43

0.23 0.46
0.15 0.02
2.02 3.83
3.39 4.15
3.24 6.36
0.08 0.27
10.08 14.3
45.15 8.21
1 0.96
2.54 1.43
0.39 90.39
2.13 191
4.87 1.58
10.96 2.17
6.95 5.21
0.89 1.97
3.99 2.56
37.17 114
19.5 3.79
26.73 8.78
55.42 5.89

LDplus, initially at — 43°C and pressure 0.1 mbar.
Carbon aerogels were then carbonized in a tubular
electric furnace at about 900°C for 0.5 h in an inert
gas atmosphere. Regarding the drying method, the
synthesized carbon aerogels were denoted as
CALTSCD (carbon aerogel low temperature super-
critical drying), CAHTSCD (carbon aerogel high
temperature supercritical drying), CALIO (freeze-
dried carbon aerogel).

Materials subjected to carbonization were com-
mercially purchased as cereal straw pellets
(STRAW) used as fuel in PGE power station in
Rybnik, wood waste pellets (WOOD) used as fuel in
domestic heating ovens and supercritically dried
Jerusalem artichoke stems (ARTI). In all cases
carbonization trials were carried out in a Jenker’s
tube at 900°C, pressure close to ambient, without
air supply. Brown coal was supplied by Belchatow
coal mine in Belchatéw, Poland. Mesophase coal tar
pitch (PAKZIC) was produced from light coke oven
tar in 12 h thermopreparation at 410°C from the
installation operating at the Institute for the Chem-
ical Processing of Coal in Zabrze, Poland. Thermally
prepared atmospheric pitch (TERPAKAT), known
as soft pitch, was produced by atmospheric distilla-
tion of coal tar, and the granular pitch (GRANPAK),
known as hard pitch, was a residue after vacuum
distillation of coal tar, produced in formerly oper-
ated Blachownia chemical plant in Kedzierzyn-
Kozle, Poland.

Characterization

Sample morphology was analyzed using a scan-
ning electron microscope (SEM) NOVA NanoSEM

200 (FEI Company, USA) combined with an EDS
analyzer (EDAX, USA). Images at magnification
1000 x and 10000 x were obtained for all materials.
Nitrogen adsorption isotherms were found using
3Flex (Micromeritics). The specific surface area was
calculated using the Brunauer—-Emmett-Teller
(BET) method. Pore size distribution and their
mean values were calculated based on adsorption
part of the hysteresis loop using the Barrett—
Joyner—Halenda (BJH) method). Thermal analysis
was performed in nitrogen atmosphere with a
temperature increment 10°C/min up to 1000°C in
corundum cruicibles, using NETZSCH STA 449F3.
Two methods were used, thermogravimetric and
differential scanning calorimetry. XRD analysis was
performed using Co Ko lamp in 260 range from 10° to
100° (Seifert FPM).

Electrochemical Characterization

Electrochemical experiments were carried out
using a two-electrode symmetric system and Auto-
lab PGSTAT 302/N workstation. The working elec-
trode materials were pasted on electrochemical
nickel current collectors, which were separated with
a membrane (Whatman) soaked with 6 M KOH.
Electrodes, current collectors and separators were
pressed by four screws in a poly(methyl methacry-
late) casing. Three types of measurements were
performed: cyclic voltammetry to establish cycle life
of the electrode material (1000 charge/discharge
cycles,potential window 0—1 V, scan rate 500 mV/s),
galvanostatic charge/discharge characteristics (GC)
to evaluate the specific capacity of the matrix and
composite (various current densities strongly
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Table IV. The specific gravimetric capacity and cyclability test results

Material Cyclability/% left after 1000 cycles Specific capacity/F/g
GRAPHITE 66.7 0.9-1.2
GRANAT 100 0.6-1.9
ANTHRA 91 0.25-0.4
ACTIVE 100 47-71
AKOHLE 73.5 80-100
COKE 85 1-1.25
EXPAND 81.3 52-54
RGRO 99.9 60-67
CARPET 91.8 1.1-21
NANOCYL 93.6 10-14.7
FULLER 80 0.3-0.8
CAHTSCD 74 25-42
CALTSCD 90.5 14-17
CALIO 163 30 -54
ARTI 78.7 3.3-5
WOOD 78 2.5-5
STRAW 66.1 8.4-9.2
BROWN 54.5 0.24-0.28
PAKZIC 100 0.15-0.24
TERPAKAT 110 0.13-0.33
GRANPAK 100 0.7-1.9

dependent on material properties), and the electro-
chemical impedance spectroscopy (EIS) to deter-
mine the resistance of the electrode processes
(frequency range 100 kHz—100 mHz with the ampli-
tude of sinusoidal voltage signal equal 10 mV).

RESULTS
Morphology

The great variety of carbon-based materials is
reflected in a broad range of their structures, from
dense amorphous to stacked ordered. Differences
can be found in particles size and shape, as well as
in porosity and pore size distribution. By using
particular laboratory procedures the carbon-based
materials can be tailored to have a desired structure
with a proper content of specific pore size. Carbon
material precursors and products (produced or
mined on a large scale, such as graphites, cokes,
coals and pitches) may have significantly different
structures from each other. The morphology of such
materials was analyzed using scanning electron
microscopy, which allowed distinguishing the well-
ordered regular domains with a repeating units,
and more amorphous structures of randomly scat-
tered particles. All materials were analyzed at
magnification 10000 x, which enables detailed
insight into the structure (Fig. 1).

The well-ordered structures were observed for
synthetic and natural graphites as expected. Both
showed lamellar stacks of graphene layers with very
few imperfections. Contrarily to synthetic graphite,
the natural graphite revealed significantly more
uniform and bigger particle sizes. Athracite resulted

in a dense and compact structure with little diver-
sification and lack of noticeable pores and holes.
Among two active carbons, one from SGL company
labeled as ACTIVE was composed of bigger chunks
that were more uniform in shape, while AKOHLE
presented relatively bigger amount of smaller par-
ticles with irregular shapes (probably resulting
from improper production technique). Coke, which
visually is thought to be a porous material resulted
in the combination of bigger blocks (as a conse-
quence of high temperature treatment) and smaller
globular particles responsible for its sponge-like
structure. The graphene-like materials, expanded
graphite, which in fact is thermally reduced gra-
phite oxide, and the chemically reduced graphene
oxide revealed a corrugated graphene layer
arrangement. High energy combined with thermal
treatment is responsible for fast desorption of the
oxygen-containing groups leading to a rose-like
structure. For chemically reduced graphene oxide,
this effect can be observed to a smaller extent when
a strong reducing agent such as hydrazine or metal
hydrides, where the desorption of functional groups
is much slower, are used. Consequently, the layers,
although partially corrugated, are tightly stacked in
a more dense material. Multi-walled carbon nan-
otubes produced in the form of carpet presented an
ordered structure with straight nanotubes with a
small amount of defects and entanglings. Nan-
otubes of a commercially purchased NANOCYL
were more disordered, the tubes were shorter,
mixed or broken and some amount of amorphous
carbon was also found. Fullerenes at lower magni-
fication showed spherical bigger particles, which in
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fact were composed of some cuboidal bigger particles
surrounded by smaller post-synthesis residues.
Carbon aerogel dried in acetone (CAHTSCD) was
composed of uniform small particles that were
evenly scattered within the sample. Drying in CO,
(CALTSCD) resulted in a very heterogenous, non-
uniform structure with some sponge-like particles
mixed with tubular nanotube-like structures. A
carbon aerogel that was prepared using freeze-
drying had a consistent and homogenous structure
with scarcely visible pores and defects. A carbonized
Jerusalem artichoke showed a very intriguing
structure. At first glance typical compact chunks
were found; however, at bigger magnification it
appeared that material was composed of rod-like
structures with spherical ornaments hanging on it.
These smaller particles were uniform and evenly
distributed within the bigger domains. Quite differ-
ent was the image registered for carbonized wood
with relatively ordered compact particles. Some
lamellar-like structure of this material can be
recognized; however, higher magnification would
be required to check this observation. A carbonized
straw presented a porous morphology with regular
channels and some defragmentation caused proba-
bly by carbonization process of this mechanically
weak material. The appearance of brown coal was
ascribed to low porosity and strongly amorphous
structure. All three pitches were quite similar to
each other with interesting “crater-like” particles.
They were made of circular and regular coins with
rugged edges observed for TERPAKAT and rela-
tively amorphous form for pitch from a continuos
operation process and granular atmospheric pitch.

Surface Area and Porosity

Probably the most important parameter that
allows carbon materials to be a key product in
batteries and capacitors industries is a tailored
structure with a high specific surface area and
proper porosity. Well-developed surface area pro-
duces a bigger electrode—electrolyte double layer,
resulting generally in higher specific capacity. As it
was emphasized in the introduction, there is no
direct relation between specific surface area and
specific capacity. Proper pore size distribution,
electrical conductivity, hydrophilicity are very
important for the resulting performance. Table I
presents the BET analysis results. The total volume
of pores and the calculated mean pore diameter for
analyzed samples is shown. Data were not distin-
guished for micro-, meso- or macroporosity, as in
some cases pore analysis was very complex (low
material stability on heating) and results acquisi-
tion was time-consuming beyond reasonable extent.
Comparatively, data concerning specific surface
area and total pore volume for similar materials,
which were found in literature, were showed with
references in parenthesis.
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As it was expected, a high specific surface area
was found for activated carbons, carbon aerogels
and a selected type of carbonized natural product.
Intriguing was the very high surface area of car-
bonized Jerusalem artichoke, which was in accor-
dance with the peculiar structure of this material as
observed by SEM. Although, the total pore volume
of the artichoke was significantly bigger with
respect to the other materials, the calculated mean
pore diameter was relatively small. This may be
attributed to presence of micropores and macrop-
ores, without a properly developed mesoporosity.
Carbonized wood and straw presented very low
surface area and high pore diameter that is a
consequence of mostly big macroporous channels
within the samples as can be predicted based on
microscopic images. This showed unequivocally that
significant differences may be observed within the
same class of materials with respect to the various
raw material. Carbon aerogels used in this review
were all based on sodium carbonate catalyst in a
most typical resorcinol/catalyst ratio. The specific
surface area measured for these materials were in
the range of several hundreds of m%g. Based on
SEM images the structure of freeze-dried sample
combined some ordered and disordered fragments
that induced a balance of high surface area and
reasonably high pore volume. However, the mean
size of pores was relatively big. Change in catalyst
type and substrate ratio may produce tailored
bigger surface area carbon gels. Exfoliation of
graphite oxide resulted in bigger interlayer distance
of graphene layers with smaller flakes of a corru-
gated structure. The chemical reduction into
reduced graphene oxide doubled the surface area,
and pore volume as compared with synthetic
graphite. On the contrary, when subjected to a
quick thermal shock graphene oxide may take a
form of a very light material with a significantly
developed surface area and total pore volume bigger
by one order of magnitude than that of reduced
graphene oxide. This is a result of much bigger
energy delivered to the sample by thermal shock.
The ordered structure of CNT carpets with densely
packed tubes produced much smaller specific sur-
face area than commercial NANOCYL sample,
which was composed of randomly oriented tubes
and some amorphous matter. Fullerenes showed the
BET and porosity parameters much close to those of
pitches. All these materials were defined by dense
and compact structure. This strongly limited their
usage in energy storage materials in such a form,
i.e. further thermal treatment and activation of
pitches is required. Other industrially based mate-
rials such as coke and brown coal presented a very
low value for energy storage application. In spite of
the ordered structure, the imperfection of anthra-
cite and natural graphite requires a further chem-
ical treatment prior to use in the supercapacitors
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industry. Still, as the price and availability of
feedstock is of great importance, the industrially
produced materials have a great advantage in
comparison to laboratory or technical scale produc-
tion of some novel carbon materials.

Crystallographic Structure

X-ray powder diffraction was used to calculate the
interlayer distance and crystallite size of the ana-
lyzed graphitic domains. It should be pointed out
that this technique is inappropriate and may induce
big errors in amorphous materials analysis. Two
types of crystallites size were presented, the dimen-
sion in c-axis called the crystallite height (L.) and a-
axis dimension called lateral size of crystallite (L,).
Normalized registered patterns are shown in Fig. 2,
while the determined structural data in Table II.
Synthetic and natural graphite had very high
intensity of their signals (separate y axis on the
left) in comparison to the rest of materials. This was
result of well-ordered crystalline structure with
reproducible layer arrangement. The increased
intensity of a typical carbon signal around 30° was
found for CARPET (it should be emphasized that
typically the graphitic domain manifests as a high-
intensity signal around 26°; however, in this case
the sample was analyzed with a cobalt lamp instead
of copper, thus a slight shift toward a bigger angle
was observed). A high and relatively narrow signal
was registered for chemically reduced graphene
oxide too. For the rest of materials a broader and
low intensity signals were found, which was due to
the amorphous or less-ordered structures.

Based on the obtained patterns the biggest crys-
tallite heights were calculated for graphite, reduced
graphene oxide and CNT carpet. Lc parameter was
relatively low for other samples. The interesting is
the fact that crystallite height calculated for pitches
was close to that obtained for expanded graphite.
Although the precursor of EXPAND was synthetic
graphite the oxidation, exfoliation and thermal
treatment tore graphene layers and made them
highly corrugated. Consequently, crystallites were
diminished to those observed for amorphous
pitches. Consistent with expectations the interlayer
spacing for RGRO and EXPAND was slightly bigger
than for parent graphite (bigger dgoz and XRD
signal shifted to the left). This is a result of
structure exfoliation and separation produced by
desorbing oxygen species.

Because of the big structure degradation and
many imperfections, the lateral size of crystallite
was relatively hard to determine for most samples.
The graphitic domains in many of the analyzed
samples are very small therefore results of inter-
layer distance determined for active carbons, carbon
gels, and pitches should be interpreted with caution.
Instead of typical L. and L, sizes, the sphere
diameter was calculated for fullerenes.

Thermal Analysis

Thermogravimetric and differential scanning
calorimetry were used to characterize thermal
stability of examined materials. DSC curves allowed
observation of thermal effects accompanying dehy-
dration, degassing and thermal decomposition of
samples. A set of TG and DSC curves, separately for
individual samples, was presented in a Fig. 3, while
calculated data in Table III.

The smallest mass loss was observed for natural
and synthetic graphite and coke (< 1%). The slight
exothermic effects can be attributed to residual
impurities removal. Removal of ca 3.5% and ca 4.5%
of the initial mass was registered for two types of
carbon nanotubes, namely, CNT carpets and com-
mercial Nanocyl™, respectively. These values may
suggest a similar amount of impurities in both
materials; however, the SEM images showed sig-
nificant differences with a big amount of disorder in
NANOCYL. DSC curves were very similar in both
cases showing partial decomposition of material.
Thermally treated graphite oxide (EXPAND)
showed a 30% mass loss, which can be attributed
to desorption of the residual oxygen interlayer
functionalities (carboxyl, epoxy and hydroxyl
groups) and decomposition of smaller intralamellar
heteroatomic packets. A different situation was
observed for chemically reduced graphene oxide
(RGRO) with most of the oxygen-containing groups
removed in the range 80-250°C and some residual
functionalities, probably of carboxy and hydroxyl
origin, desorbing closer to the end of process. As a
consequence a sharp exothermic peak was found for
desorbing oxygen-containing groups and broader
signal for structure ordering in the latter part of the
process. The fullerenes showed the biggest mass
loss among all analyzed samples with an almost
perfect thermal stability up to 600°C and quick
degradation up to 900°C. The low intensity DSC
signal around 700°C can be an artifact due to
mechanical shock or pan movement.

Data registered for both activated carbons
strongly resembled each other, with mass losses
around 10% caused by removal of surface-bound
functional groups and thermal effects combined
with structure rearrangement during annealing.
Although, anthracite is theoretically a carbon form
of the highest carbon content, about 6% mass loss
was observed for it. The shape of the calorimetric
curve indicated more reordering of the structure
rather than material degradation. Carbon aerogels
presented mass losses in the range of 5.5-13%. The
biggest value of mass loss was observed for the
freeze-dried sample (CALIO).

This may indicate that drying organic gels at high
T&p (HTSCD, LTSCD) partially removed surface
functionalities, while freeze-drying preserved func-
tional groups within the material. Consequently,
during further carbonization most were removed
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from HTSCD and LTSCD during carbonization, but
some of the oxygen and nitrogen species were still
present in CALIO. As expected, the smallest heat
flow was observed for high temperature supercrit-
ically dried material with an exothermic signal
attributed to cross-linking. In CALTSCD an addi-
tional decomposition signal was found. Differences
in mass losses with respect to the various feedstock
were revealed for carbonized materials. The small-
est mass loss was observed for wood-based material
with about 1% difference at 500°C with a stronger
exothermic signal followed by the small endother-
mic at the highest temperature. The artichoke
showed two evenly distributed steps with 6% mass
loss that based on DSC analysis can be attributed to
decomposition reaction. The thermal effect of cereal
straw was distributed between two interfering
exothermic signals around 500-800°C and a small
endothermic signal at the end of the process.
PAKZIC and GRANPAK showed very similar shape
of TG and DSC curves; however, the mass loss of the
latter was twice as high as for PAKZIC. Most of the
mass was lost in the region of 100-500°C and can be
assigned to removal of low-volatile fractions. Con-
sequently, exothermic decomposition signals can be
found in the DSC curve with an endothemic valley
caused by melting. A very even mass loss was found
in TERPAKAT, but the temperature regime was
increased to 200-500°C in this case. Probably this is
a result of thermal pretreatment of this material,
which removed lower boiling constituents.

Electrochemical Measurements

Three types of electrochemical analyses were
performed to evaluate usefulness of the examined
materials as electrodes for supercapacitors. The
most reliable results can be obtained from cyeclic
voltammetry, galvanostatic charge/discharge and
electrochemical impedance spectroscopy. The cyclic
voltammetry was used to determine the specific
capacity loss in 1000 charge/discharge cycles
(Fig. 4). Electrodes were swept with a potential at
a scan rate 500 mV/s in a potential window 0-1 V.
Narrow range of accessible potential was imposed
by water decomposition potential (1.23 V). The
rectangular shape of CV curves is preferred as it
indicates pure non-Faradaic storage mechanism
based on double layer formation. Any additional
signals and curve rounding may be attributed to
chemical reaction of electrolyte and electrode. Two
main factors influencing specific capacity is process
reversibility and the box-like shape of charge and
discharge curve. Important also is a current inten-
sity accompanying these processes, because even if
the proper symmetric shape was obtained for some
materials, the registered current intensity was
incomparably small. The best characteristics were
accomplished by ACTIVE, EXPAND, RGRO,
NANOCYL, as well as CAHTSCD and CALTSCD.
Slightly lower currents (still of the same order), but
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with symmetric curves were obtained for carbonized
straw and artichoke. The specific data of the
capacity loss was presented in Table IV.

The high specific capacity of carbon materials is a
result of big double layer interphase formation.
However, the penetration of pores interior by elec-
trolyte solution requires a proper pore size distri-
bution too. Generally, a decrease in pore size to the
size of electrolyte ions strongly enhances the specific
capacity. The large specific surface area may be
achieved by developed microporosity; however, too
small pores may not be penetrated by the elec-
trolyte. An important factor affecting electrolyte
penetration within the pores is material wettability.
Any additional active sites composed, for example,
of oxygen atoms may improve wetting pores and
consequently increase the extent of double layer
formation. Additionally, these active sites may react
with the electrolyte producing a further increase in
the specific capacity. On the contrary, an irre-
versible chemical reaction within carbon materials
may deteriorate cycling stability in some cases. For
example, freeze-dried gel revealed some amount of
functionalities in thermal analysis, but these
resulted in an irreversible processes during elec-
trolyte ions transport, while much more oxygen
species were still embedded in RGRO and its CV
characteristics were better. This is because of the
localization of the functional groups and their
adjacent atoms. In CALIO, oxygen species are
localized within the material, being a part of gel
with carbon atoms as neighbours. During elec-
trolyte penetration, these atoms irreversibly react
with electrolyte ions and do not return these ions
back during discharge. On the contrary, the oxygen
functionalities in RGRO are bonded to the graphene
layers by single or double carbon—oxygen bonds,
which leads to significantly lower capacity loss. The
effect of improper pore size may be observed with
respect to carbonized Jerusalem artichoke, which
presented a large surface area, but developed a
microporosity strongly limiting its capacitive behav-
ior. A good compatibility of big surface area and
proper pore dimensions was found for activated
carbons, reduced graphene oxide, expanded gra-
phite and carbon aerogels, which translated into a
high specific capacity. The size of pores has to be
tailored regarding final product requirements. As
the materials composed mostly of micropores may
be applied in high energy density materials, where
long discharge is required, mesoporous carbons are
more appropriate for high power density application
to obtain big “energy injection” in a short time.
Based on the current intensity observed in cyclic
voltammetry analysis, the resulting specific capac-
ity may be evaluated. For example graphite,
anthracite and pitches showed relatively reversible
CV curves; however, the current intensity of charge
and discharge was two orders of magnitude lower
than registered for active carbon and expanded
graphite. The most important parameter retrieved
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from CV analysis is process reversibility and capac-
ity loss, but it should be depicted that CV plots may
give some additional information regarding materi-
als quality.

The galvanostatic charge/discharge is the most
credible technique to evaluate the specific capacity
of the supercapacitor. The key features of the ideally
polarizable electrodes are symmetric triangular
charge/discharge curves, close to zero iR drop
(observed in the initial part of discharge, which
refers to the potential induced by the resistance of
supercapacitor’s components), and reproducible
results. Curves presented in Fig. 5 were registered
at two current densities just to show performance
change in a short charge/discharge cycle and in an
extended time. In some cases additional current
density was examined. The symmetric characteris-
tics were found for ACTIVE, AKOHLE, GRAPHITE,
RGRO, NANOCYL, and for CAHTSCD/CALTSCD.
It showed that materials presenting good CV char-
acteristics resulted in a high specific capacity. In the
case of pitches and carbon nanotubes the specific
capacity was lower than expected (Table IV). There-
fore, often to reach the best performance carbon
nanotubes must be intercalated either by conduc-
tive polymers or metal oxides prior to use as
electrodes.

Graphite as the one of the most popular electrode
materials, showed low specific capacity value with
an average cyclability. But it must be mentioned
that graphites are mainly used in lithium-ion
battery production rather than supercapacitors
because of their high affinity to store lithium atoms.
Slightly better results were obtained for carbonized
natural precursors. These values are still far from
the ideal case. Additionally, graphite can be used as-
is while carbonized materials need energy consum-
ing thermal treatment. Promising results (in com-
parison to graphite) were found for coke. This is
quite interesting as coke is industrially produced
worldwide in big amounts.

The third useful technique for electrode materials
evaluation is the electrochemical impedance spec-
troscopy. Results of this analysis can be presented
in the form of a Nyquist plot combining real versus
imaginary impedance component (Fig. 6). It allows
determination of electrolyte resistance Rg, charge
transfer resistance Rcr and generally the capacitive
behaviour of the analyzed material. Two regions can
be distinguished in a Nyquist plot, the semicircle
corresponding to the Faradaic charge-transfer resis-
tance and a straight line in the low-frequency region
representing the ion diffusion in the electrode
structure. For an ideal supercapacitor the curve in
the low frequency region should be parallel to the y
axis, but for a real capacitor it is assumed that the
steeper it is the better for electrode characteristic. A
semicircle, typical for Faradaic processes, was found
for activated carbons, expanded graphite, reduced
graphene oxide, commercial carbon nanotubes and
freeze-dried carbon gel. In the case of ACTIVE,

RGRO, NANOCYL and CALIO the charge transfer
resistance was as high as 0.37 Q, 1.19 Q, 0.79 Q,
and 0.30 Q, respectively. Much bigger values were
registered for AKOHLE and EXPAND, namely 37 Q
and 5.9 Q, respectively. The presence of a semicircle
is attributed to redox reactions caused by either
some intercalations or residual functional groups,
which can be present in activated carbon, thermally
reduced graphite oxide or chemically reduced
graphene oxide. Carboxyl, hydroxyl and epoxy
groups are those most commonly found in oxida-
tively pre-treated carbon materials. On the other
hand high material resistance was revealed for
brown coal (1100 Q), pitches (600-900 Q), fullerenes
(800 Q), anthracite (700 Q) and to a lesser extent for
CNT carpet, coke and natural graphite (~ 500 Q).

As it was emphasized, the specific surface area is
one of the key parameters in materials selection for
energy storage applications; however, a simple rule
“the higher specific surface area the bigger capac-
ity” is not obeyed. Pitches have much smaller
specific surface area in comparison to carbon gels
(three orders of magnitude), while the difference in
specific capacity is of two orders of magnitude only.
Similarly, the biggest specific surface area was
calculated for artichoke, but its electrochemical
properties were rather poor.

The electrochemical tests showed that promising
novel materials such as carbon gels or carbonized
carbon precursors, with a high specific surface area,
may not be perfectly suited for energy storage
materials, mostly because of inappropriate pore
structure (clogged pores and/or too big micro or
nanoporosity inadequate for electrolyte ions diffu-
sion), but the electrical conductivity (caused by
carbon structure order and presence of functional
groups) may play a role too. The ordered and dense
structure of synthetic and natural graphite, as well
as anthracite does not allow for gaining proper ion
diffusion and consequently high specific capacity.
On the other hand, the electrical conductivity of
graphite makes it a promising candidate for use in
energy storage. Porous carbons with more or less
amorphous structure offer high surface area, proper
pore distribution, and additional pseudo-capacitive
effects; therefore, activated carbons, thermally and
chemically reduced graphite oxides have a potential
in energy storage materials. It is important to
mention that these materials can be simply pro-
duced on a big scale. More sophisticated carbon
family members have some drawbacks like limited
electric conductivity, so additional doping is
required to enhance their properties. It was also
found that imperfections in commercial carbon
nanotube structures positively influenced the speci-
fic capacity, mainly regarding proper electrolyte
transport. Carbon gels, produced from organic pre-
cursors, using different drying techniques, as well
as carbonized materials produced from natural
precursors (fruits, plants), should be additionally
activated prior to use. It is indisputable that the
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morphology and structure of carbon materials can
be easily tailored for final applications. The “indus-
trial” materials such as pitches, brown coal or coke
are of less importance at present due to low their
technology readiness level for this purpose, but after
chemical or physical activation their importance
may rapidly grow. Despite its porous structure, coke
revealed relatively poor capacitive behaviour. Pitch
is a very important material in electrode manufac-
turing, but rather as a feedstock, not as the final
material.

CONCLUSIONS

Diversity of carbon-based materials results in a
wide range of tailored products that can be used in
different branches of the industry. The goal of this
review was to compare this vast family regarding
energy storage applications in carbon-based sym-
metric aqueous electrolyte supercapacitors. Firstly,
microscopic analysis showed structural differences
in those materials. It was found that morphology of
carbonized Jerusalem artichoke was significantly
different than expected. Additionally, the type of
natural precursor may have a tremendous influence
on the product appearance (carbonized straw versus
artichoke). Similarly, carbon nanotubes and
expanded graphite also show peculiar structures.
Appearance of freeze-dried carbon aerogel showed a
block-like structure, which considering its high
specific surface area, may be attributed to the large
extent of microporosity. Combination of specific
surface area analysis with electrochemical tests
demonstrated that the very high surface area mate-
rial may suffer froom a relatively low specific
capacity. The biggest specific surface area was found
for activated carbons, carbon gels and selected
carbonized material. On the other hand, the struc-
ture of pitches and anthracite was very compact and
dense. A proper pore size distribution and total
porosity are very important too. Difference in total
pore volume between different members of carbon
family may exceed two orders of magnitude. The key
point is to produce material with a proper pore size
distribution, containing big electrolyte arteries and
meso-channels distributing electrolyte ions further
to micropores. The well-ordered structures were
found for graphites, reduced graphene oxide and
CNT carpets, with the biggest crystallite sizes. This
parameter may be confusing as the highly ordered
materials are composed of large plains of graphene
layers and the penetration of interlayer space by
electrolyte ions may be limited and disrupted.
Thermogravimetric analysis and differential scan-
ning calorimetry showed that the biggest thermal
stability was observed for graphites and coke (less
than 1% decomposed), while the biggest mass loss
was recorded for fullerene, reduced graphene oxide,
pitch and brown coal. Tightly stacked ordered
graphene layers with low amount of imperfection
are thermodynamically stable and can withstand
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high temperature. On the contrary reduced gra-
phene oxide still has oxygen-bearing functional
groups, fullerenes have some carbon imperfections,
while pitches and brown coal have a lot of low-boiling
substances, which are susceptible to desorption.

Electrochemical performance enabled to distin-
guish activated carbons, expanded graphite and
reduced graphite oxide as notably promising energy
storage materials with a high specific capacity, long
cycle life and reduced resistance of electrode pro-
cesses. Presented results, in no circumstances, must
not be treated literally. The characteristics of all
analyzed materials can be enhanced to some extent
by a chemical or physical activation, metal/polymer
doping or thermal treatment, which can drastically
change their potential for application in the future.
In this review, the as-prepared materials were used
to understand the capabilities of these materials in
their parent state.
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