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ABSTRACT

This article is concerned with the overview of activated carbons as electrode materials in electric double-layer capacitors.
Firstly, this article introduced various types of activated carbons with their precursors and manufacturing conditions which can
be divided into two main steps of the carbonization and activation processes. Secondly, the present article gave the detailed dis-
cussion about the porous structures and examined previous works on the electrochemical behaviors of activated carbons in rela-
tion to their porous structures, along with our recent works. Finally, this article characterized the surface oxygen functional
groups and presented their influence on the electrochemical properties of activated carbons by reviewing our recent results.
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1. Introduction

ver the last two decades, the Electric Double-Layer

Capacitors (EDLCs) have been receiving increased
attention as pulsed power applications in energy storage
systems."™ In the EDLCs, the energy storage is achieved
electrostatically by the separation of electronic and ionic
charges at the interface between electrode and electrolyte.*®
Owing to their non-faradaic character in the charge storage
process, the EDLCs have special advantages in rate capabil-
ity and cycle life as compared with the modern secondary
batteries.

In general, highly porous activated carbons are used as
the electrode materials in EDLCs, due to such advanta-
geous features as high surface area and good electrical con-
ductivity. Unfortunately, however, these advantages have
proven not to be enough to realize the high power applica-
tion of EDLCs, because the pores of the carbon electrodes
are electrochemically accessible only through a cumulative
solution resistance inside the pores. Moreover, it was
reported” that the surface oxygen functional groups formed
on the carbon electrodes affect the EDLC performance.
Therefore, a great interest has been focused on the charac-
terization of both the porous structures and the surface oxy-
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gen functional groups, and their influence on the electro-
chemical properties of the activated carbons.>

The objective of this article is to overview the activated
carbons as the electrode materials in EDLCs. For this pur-
pose, we firstly introduced various types of activated car-
bons and manufacturing conditions inclusive of the
carbonization and activation processes. Secondly, we gave
the detailed discussion about the porous structures and cor-
related the porous structures with electrochemical behav-
iors of activated carbons. Finally, we characterized surface
oxygen functional groups and their influence on the electro-
chemical properties of activated carbons.

2. Preparation of Activated Carbons

The term activated carbon in its broadest sense includes a
wide range of amorphous carbon based materials prepared
to exhibit a high degree of porosity and an extended surface
area. These are obtained by carbonization of precursors, i.e.,
raw materials with subsequent activation by physical treat-
ment and/or chemical treatment. There are two general
types of activated carbons, i.e., powders (particle size lower
than 0.18 mm) and granules (including extruded and pellet-
ized), but there are other new forms such as fibers, cloths,
and felts, which are recently attracting more and more
attention.!®'Y Among them, powders and fibers are becom-
ing increasingly useful in the application as electrode mate-
rials in electric double-layer capacitors, because they
provide high surface area and good electrical properties.

The types of precursors and the varied manufacturing
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conditions used to produce carbonaceous materials are
extensive.'? Major precursors for activated carbon powders
and granules are renewable fuels such as wood, nut shell,
lignin, peat, etc. The common precursors for activated car-
bon fibers are pitches and polymeric materials such as
rayon, phenolic resin, and Polyacrylonitile (PAN). The
porous structures of activated carbons are largely predeter-
mined by the nature of precursors and the manufacturing
conditions.

In general, the manufacturing conditions of the activated
carbons involve two main steps: the carbonization of the
precursors at temperature below 800°C in the absence of
oxygen and the activation of the carbonized product.'™”
During carbonization, most of the non-carbon elements such
as oxygen and hydrogen are eliminated as volatile gaseous
products by the pyrolysis decomposition of the precursors.
The residual carbon atoms group themselves into sheets of
condensed aromatic ring systems with a certain degree of
planar structure. The mutual arrangement of these aro-
matic sheets is irregular and therefore leaves free inter-
stices between them. These interstices give rise to pores,
which make active carbons high surface area electrode
materials.

The activation procedure is conducted in order to enhance
the volume and to enlarge the diameter of pores that were
already created during the carbonization process and to cre-
ate some new porosity. Most commonly employed activation
methods are divided into physical and chemical activations.
In physical activation, the carbonized product is reacted at
high temperature usually above 800°C with steam, carbon
dioxide, or a mixture of these. Both carbon dioxide and
steam are mild oxidant between 800° and 950°C, and elimi-
nate carbon atoms from carbonized product via CO and/or
CO+H,, in such a way as to favor the selective burning of
the interior of the particle, with the subsequent creation of
porosity.'®

In chemical activation, the carbonized product is impreg-
nated with a chemical agent, and the impregnated product
is extruded and pyrolyzed between 400° and 600°C in the
absence of air and then the pyrolyzed product is cooled and
washed to remove the activating agent. The chemical
agents used are normally KOH, NaOH, ZnCl,, and H,PO,.""
Since the temperature used in chemical activation is lower
than that used in the physical activation process, the porous
structure is more developed in the case of chemical activa-
tion.!**® The pore size of the activated carbons is deter-
mined by the degree of impregnation.

3. Porous Structures and their Correlations
with Electrochemical Properties
of Activated Carbons

3.1. Porous Structures of Activated Carbons

The structure of activated carbon is based on graphite lat-
tice, although it exists in very defective form. It consists of
graphite like layers of limited size stacked parallel to each
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Fig. 1. Schematic representation of microstructures of (a) acti-
vated carbon powder'™® and (b) polyacrylonitile-based
activated carbon fiber.”

other without further ordering. The carbon-carbon distance
within the layers is the same as in graphite. The d, inter-
layer spacing, however, is found to be larger than the value
for single crystal graphite (typically ~0.344 nm)."” Various
forms of the activated carbons differ in size of the crystal-
lites (from a few to a few tens nanometers) and in their
mutual orientations.

The generally accepted microstructure of activated carbon
powder is schematically represented in Fig. 1(a). It is a lim-
iting case'® of the model originally proposed by Oberlin et
al.,'® who investigated typical, but not activated, carbon-
aceous materials. The structure consists of aromatic sheets
and strips, often bent and resembling a mixture of wood
shavings and crumpled paper, with variable gaps of molecu-
lar dimensions between them. These variable gaps become
the pores of the activated carbon powder. Of course, the
highly disorganized structure of the material depends on
the precursor and on its treatment. The micropores may be
considered, locally at least, as slit shaped.'®

Several structure models of activated carbon fibers have
been suggested in last two decades. Bennett e al.*” descri-
bed the high strength and modulus PAN-based carbon fiber
as shown in Fig. 1(b). They suggested that the structure is
heterogeneous where some regions have good alignment of
planes to the fiber axis, whereas others are crumpled and
the resultant axial alignment is poor. The fibers are inter-
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Fig. 2. Schematic representation of pore models of (a) acti-

vated carbon fiber and (b) activated carbon powder.*”
spaced with pores oriented along the fiber axis. Recently,
Daley et al.™ reported that the porous structures of phenol-
based activated carbon fibers are stable and homogeneous
from the STM observation. The micropores are ellipsoidal in
shape, and the pores are uniformly distributed throughout
the bulk of the activated carbon fibers.

Fig. 2 presents comparative schematic pore structures of
activated carbon fiber and activated carbon powder.”” The
pores of activated carbon fiber open directly to the outer sur-
face perpendicular to the fiber axis with minimum diffusion
restriction, because of the narrow diameter of the fiber (10—
20 um). In contrast, for the carbon powder, the oxidation
starts at the outer surface and gradually proceeds to the
interior of the powder. Hence, the outer surface of the pow-
der is more extensively oxidized to create the macropores of
larger entrance diameters. Consequently, the outer zone
and the core zone of the activated carbon powder have
almost mesopores and micropores, respectively.

Following the International Union of Pure and Applied
Chemistry (IUPAC) recommendations, the pores in acti-
vated carbons can be classified into three groups according
to their size.?®

(i) Pores with width (distance between the walls of a slit-
shaped pore) not exceeding about 2 nm are called micro-
pores

(i) Pores of width between 2 nm and 50 nm are called
mesopores

(iii) Pores with width exceeding about 50 nm are called
macropores

Although most of the charge stored in the micropores of
the activated carbons, meso- and macropores play a very
important role in any charge accumulation, because they
serve as a passage for the ions to the micropores.
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3.2. Correlations of Porous Structures with Electro-
chemical Properties of Activated Carbons

The requirement of high surface areas of porous electrode
structures is an obvious one for the development of high
energy density of double-layer capacitor. However, it is not
the only factor determining the performance characteristics
of a double-layer capacitor based on high area porous elec-
trodes. Several other factors enter into the optimization of
electrode structures: two of the most important factors are
the accessibility of electrolyte to the distributed pore area
and the porous structure of the activated carbon.*”

From the previous studies”® on micropore accessibility to
aqueous solution, it has been concluded that the size of a
single nitrogen molecule is similar to that of hydrated ions,
hence those micropores that can adsorb nitrogen molecules
at 77 K are also available for the electrostatic-adsorption of
simple hydrated ions under the pertaining experimental
condition. In principle, the pores larger than about 0.4 nm
could be accessible electrochemically for agueous solutions.
On the other hand in aprotic medium, taking into account
the size of bigger solvated ions (e.g. the order of 2 nm for
BF,” in propylene carbonate or 5nm for (CH,),N"), the
smaller non-accessible pores will not contribute to the total
double-layer capacitance.”® Depending on the electrolyte
medium, the convenient porous carbon materials should be
selected for a capacitor electrode.

It is well known the porous structures of activated carbon
electrodes are much more complicated : the pore shape is
highly irregular, the pore size is nonuniformly distributed
over the surface and the interior of the carbon electrodes as
well, and the pores are branched and/or cross-linked.'”
Therefore, such analytical approaches as de Levies cylindri-
cal pore model?” and fractal model®*” can not apply to the
analysis of the electrochemical response of the porous car-
bon electrodes.

Miller®” first proposed the multi-RC-element ladder net-
work as shown in Fig. 3, and numerically analyzed the elec-
trochemical responses of the porous carbon electrodes with
non-uniformly distributed pore size. Many researchers®'®
have studied the kinetics of double-layer charging/discharg-
ing as a function of the Pore Size Distribution (PSD) of the
porous carbon electrodes. However, in spite of its relevance,
they disregarded the presence of the surface oxygen func-
tional groups in investigating the effect of the PSD on the
ion penetration into the pores during double-layer charging/
discharging of the porous carbon electrode.

Rl Rz R3 R4 R5 R6

I o I () .\1 C; :]: Cs I Cs :I— Cs
Fig. 3. Multi-RC-element ladder network used for the analy-

sis of the resistive and capacitive responses of the car-
bon electrode.*”
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In view of the above circumstances, in our laboratory,**®

the kinetics of double-layer charging/discharging was inves-
tigated by preparing two types of As-Reactivated Carbon
Powder Specimen (ARCPS) I and ARCPS II, which are
characterized by almost the same concentration of the oxy-
gen functional groups, but by different PSD. The average
pore diameter of ARCPS I was determined to be 0.80 nm in
value, which is smaller than that of ARCPS I 1.34 nm. On
the other hand, the concentration of the oxygen functional
groups of the ARCPS I was measured to be 0.34 mmol g™,
which is almost the same in value as that of ARCPS II 0.32
mmol g™

We determined six sets of RC elements for ARCPS I and
ARCPS II by using the Complex Nonlinear Least-Squares
(CNLS) fitting of the experimental impedance spectra to the
six-RC-element ladder network. The time constant for each
capacitive element was calculated from the product of the
capacitance of that element and the series sum of all the
resistive elements from that RC element to ground, because
all the capacitive elements can be accessed only through a
series connection of each resistive element.

Fig. 4 depicts the time constant distribution over the fre-
quency f for the ARCPS I and ARCPS II. It is worthwhile to
note that the ARCPS I always exhibited higher time con-
stant than the ARCPS II at any given frequency during the
penetration of the ions into the pores. This suggests that the
carbon electrodes with smaller pores exhibit shorter ion
penetration depth, and hence cause higher retardation in
the ion penetration into the pores during double-layer
charging/discharging of the carbon electrodes than the car-
bon electrodes with larger pores.

Fig. 5 plots of the reduced current density against the
applied potential obtained from the ARCPS I and the
ARCPS II at a scan rate v of 20 mV s™*. The reduced current
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Fig. 4. Plots of the RC time constant 1T against the inverse
square root of frequency 2 for the ARCPS I (O) and
the ARCPS II (A), determined from the CNLS fitting
of the experimental impedance spectra based on the
six-RC-element ladder network in Fig. 3.
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Fig. 5. Plots of the reduced current density against the
applied potential obtained from the ARCPS I (dotted
line) and the ARCPS II (dashed line). The reduced
current density was calculated by dividing the cur-
rent density by the steady-state current density v C,/
Agpr at a scan rate of 20 mV s™. Solid line represents
the ideal double-layer capacitor where the time con-
stant is zero.

density was calculated by dividing the current density by
the steady-state current density v C,,/Agpr. Here, C,, repre-
sents the total capacitance and Ay, the BET surface area.
The deviation from the ideal double-layer capacitor for the
ARCPS 1 is more significant than that deviation for the
ARCPS 11, which is certainly ascribed to the higher time
constant in the former carbon electrode specimen than that
in the latter carbon electrode specimen.

Here, we quantitatively estimated the rate capability as
the quotient of the reduced charge for the carbon electrode
divided by the reduced charge for the ideal double-layer
capacitor. The rate capability was determined to be 0.76 for
the ARCPS I which is lower in value than that for the
ARCPS II (0.83). From these results, it is concluded that the
ion penetration inte the carbon electrodes with smaller
pores is more impeded than that into the carbon electrodes
with larger pores during double-layer charging/discharging
of the carbon electrodes.

4. Surface Oxygen Functional Groups and
their Correlations with Electrochemical
Properties of Activated Carbons

4.1. Surface Oxygen Functional Groups of Activated
Carbons

The edge of the basal planes of carbon atoms in the graph-
ite structure, where bonding in the plane is terminated, con-
tains unsaturated carbon atoms. These sites are associated
with high concentrations of unpaired electrons and, there-
fore, play a significant role in chemisorption. In crystalline
graphite, the edge area is small as compared to that of the
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basal plane, and graphite does not exhibit significant oxy-
gen chemisorption. However, activated carbons have more
disordered structures and more edge area, which result in a
larger propensity for oxygen chemisorption. Moreover, since
activated carbons are highly porous, they have high surface
area, and hence high active surface area for chemisorption
on the surface.

Two types of basic and acidic oxygen functional groups are
generally known. Basic functional groups are formed
always when a carbon surface is freed from all surface com-
pounds by heating in a vacuum or in an inert atmosphere
and comes into contact with oxygen only after cooling to low
temperature.®® As is known, the irreversible uptake of oxy-
gen starts at ca. —40°C. Acidic functional groups are formed
when the carbon is treated with oxygen at temperatures
near its ignition point. It was found that the concentration
of the oxygen functional groups increases with an increase
in the oxidation temperature and reaches a maximum at
400° to 500°C.*¥ At higher temperatures, the oxygen func-
tional groups are thermally unstable and hence decompose
to CO and CO, gases."” The oxygen functional groups are
also formed on the reaction with oxidizing solution at room
temperature.

The precise nature of surface oxygen functional groups is
still not entirely established but the result of many
studies'***” using different experimental techniques con-
cluded that there may be several types of oxygen functional
groups, as shown in Fig. 6. The amounts and the types of
oxygen functional groups of activated carbon depend very
much on the manufacturing conditions, especially on the
physical activation in carbon dioxide or steam.

Such oxygen functional groups influence the contact angle
with the electrolyte under conditions of incomplete wetting
of pores in capacitor-type, high surface area electrodes. The
correlation between the contact angle of water and the car-
bon, and the quantity of oxygen associated with carbon
blacks were investigated. As might be expected, electro-
chemical oxidation of carbons increases their wettability

due to an increase in the oxygen content associated with
38)

hydrophilic surface groups.

Fig. 6. Various types of surface oxygen functional groups
formed on the carbon materials: 1. carboxyl; 2. phe-
nolic; 3. quinon; 4. lactone; 5. carboxyl anhydride; 6.
cycle peroxide groups.'”
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Fig. 7. Plots of specific capacitance vs. discharge current for
the as-received activated carbon fiber electrode and
the carbon fiber electrode heat-treated at 250°C under
an oxygen atmosphere for 0.5, 1, and 6 h.*® The acti-
vated carbon fiber electrodes were previously charged
at 0.5 mA to 0.6 V (exposed area : 2 cm?).

4.2, Correlations of Surface Oxygen Functional
Groups with Electrochemical Properties of Activated
Carbons

It was reported that the capacitance increased with the
amount of surface oxygen functional groups on the carbon
electrode. A previous study has also shown an increase of
capacitance resulting from electrochemical oxidation of car-
bon electrode. Hsieh et al. * studied that influence of oxy-
gen treatment on the capacitance of activated carbon fibers.
In their work, 25% capacitance increase (e.g., from 120 to
150 F g at a current density of 0.5 mA cm™) was achieved
by thermal treatment of PAN-based activated carbon fiber
at 250°C under an oxygen atmosphere for 6 h as shown in
Fig. 7.

In an ideal formation of electric double-layer in the acidic
electrolyte, the equilibrium reaction at the interface
between the negative electrode and the electrolyte during
charging is simply presented as

>C +H +e=>C_//H" (1)

where >C, represents the carbon electrode surface, H' the
proton of the acidic electrolyte, e an electron, and >C_/H"
the double-layer where the charges are accumulated on the
two sides of the double-layer. The process is due to a simple
physical adsorption, by electrostatic forces between the car-
bon surface and the proton. Basically, the numbers of ions
involved in building the double-layer match the charge den-
sity developed on the electrodes.

The preceding analysis*®*" of oxygen functional groups
formed on the activated carbon has shown that oxidized car-
bons contain a significant amount of carbonyl- or quinone-
type groups, i.e., C=0, on the surface. With the presence of
these groups, an equilibrium reaction may occur in the car-
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bon electrode by
>C,0+H"+e=>C O/H’ (2)

where >C,O//H" represents a proton adsorbed by a carbo-
nyl- or quinone-type site, basically induced by ion-dipole
attraction. This specific adsorption process, which is differ-
ent from the formation of >C_//H' on non-specific sites
through dispersion interactions,”*? may facilitate an excess
specific double-layer capacitance due to the local changes of
electronic charge density. It is thus suggested that the
increase of capacitance upon oxidation arises partially from
the enhanced dipole affinity towards protons in an acidic
solution.

In charging the negative electrode, a strong bond may also
form between quinone-type groups and protons due to elec-
tron transfer across the double-layer by

>C O0+H"+e=>C OH 3

where >C OH represents a hydroquinone-type complex.
The reaction would proceed backwards during discharge. In
pseudocapacitors, the charge is stored through the Faradaic
reactions across the double-layer like in batteries, which
gives rise to what is called pseudocapcitance.>” Therefore,
the oxygen functional groups, which would provide redox
activity, may be responsible for faradaic current and thus
the pseudocapacitance component of the overall capacitance
of the oxidized carbon electrodes.””

The presence of surface oxygen functional groups on the
carbon surface is not always beneficial because they serve to
increase the leakage current.'? The relationship between
the apparent leakage current and the concentration of the
surface oxygen functional groups of the activated carbon
fiber electrode is demonstrated in Fig. 8.*® It is noteworthy
that the apparent leakage current crucially depends on the
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Fig. 8. Plot of the apparent leakage current vs. the concentra-
tion of the surface oxygen functional groups of the
activated carbon fiber electrode.*®
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Fig. 9. The cathodic current transients experimentally obtained
from the as-activated carbon (O) and as-reactivated
carbon (/) electrode specimens in a 30 wt% H,SO,
solution by dropping the applied potential from 0.1 to
0.08 Vg (exposed area:1 cm®. Solid lines represent
the simulated cathodic current transients.

concentration of the surface oxygen functional groups of the
activated carbon fiber electrode.

In our recent work,*® the role of surface oxygen func-
tional groups in the kinetics of double-layer charging/dis-
charging of activated carbon powder electrode specimens in
a 30 wt% H,SO, solution was investigated. In order to leave
the effect of PSD out of consideration, we prepared two
kinds of as-activated and as-reactivated carbon powder
specimens, which are characterized by almost the same
PSD, but by different concentration of the oxygen functional
groups. The concentration of the oxygen functional groups of
the as-activated carbon powder specimen was measured to be
1.35 mmol g~' which is much higher in value than that of the
as-reactivated carbon powder specimen (0.34 mmol g™).
However, the PSD of two types of the carbon specimens
were exactly the same.

Fig. 9 envisages cathodic current transients (designated
as open symbols) experimentally determined from the as-
activated and as-reactivated carbon electrode specimens,
together with those simulated (designated as solid lines).
The simulation was performed from the circuit analysis
using the SPICE based upon the six-RC-element ladder net-
work in Fig. 3 at a potential step by taking the values of cir-
cuit elements obtained from the CNLS fitting method of
experimental impedance spectra.

The experimental and simulated current transients coin-
cided well with each other, indicating the time constant dis-
tribution of the carbon electrode crucially influences the
current transients in value and shape. In particular, the
current density for the as-activated carbon electrode speci-
men decayed more slowly with time as the ions penetrated
into the pores than that current density for the as-reacti-
vated carbon electrode specimen, which is due to higher
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Fig. 10. Plots of the reduced current density against the applied
potential obtained from the as-activated carbon (dot-
ted line) and as-reactivated carbon (dashed line) elec-
trode specimens. The reduced current density was
calculated by dividing the current density by the
steady-state current density v C, /Ay, at a scan rate
of 20 mV s™. Solid line represents the ideal double-
layer capacitor where the time constant is zero.

time constant for the former carbon electrode specimen
than that for the latter carbon electrode specimen.

It should be emphasized that the initial current level at
t=0 for the as-activated carbon electrode specimen was
smaller in value than that for the as-reactivated carbon
electrode specimen. Since the same cell configuration was
used throughout this work, the solution resistances were
the same in both carbon electrode specimens. Therefore, it
is reasonable to say that the resistance at or near the orifice
of the pores of the as-activated carbon electrode specimen is
larger as compared with that resistance at or near the ori-
fice of the pores of the as-reactivated carbon electrode speci-
men. This is because the oxygen functional groups are
mainly attached on the external surface where edge planes
are predominant. Even though most of total surface area of
activated carbon is composed of the internal surface area,
the external surface area plays a very important role in
charging/discharging rate, because it serves as a passage for
the ions to the internal surface area.

From Fig. 10, the rate capability was determined to be
0.60 for the as-activated carbon electrode specimen. This
value is lower than that for the as-reactivated carbon elec-
trode specimen (0.76). From these results, we concluded
that the surface oxygen functional groups impede the ion
penetration into the pores during double-layer charging/dis-
charging of the carbon electrodes.
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