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Nanostructured Activated Carbons for Supercapacitors
Wentian Gu, Xinran Wang, and Gleb Yushin

1.1
Supercapacitors

Production and storage of clean and renewable energy has become one of
the most exciting yet challenging topics in recent decades. The pressing need
for green energy production and efficient energy storage has been further
emphasized by the shortage of conventional energy sources and the continuous
environment deterioration. While many forms of natural energy, such as solar,
wind, and water power, have been considered candidates for the next-generation
energy sources, electrochemical energy storage devices, such as rechargeable
batteries and supercapacitors, dominate the solutions for the transmittance and
storage of renewable energy. By now, these devices have been commercialized
and applied in a wide range of industries, ranging from portable electronics to
transportation to military and aerospace.

A significant performance gap exists between the energy and power per-
formance characteristics of batteries and electrolytic capacitors, as shown in
Figure 1.1. Batteries offer very high specific energy and energy density (energy
stored per unit mass or volume of a device), but suffer from relatively low specific
power and power density. Conversely, electrolytic capacitors offer excellent power
density characteristic at the expense of lower energy density. Electrochemical
capacitors (which are often called supercapacitors) nearly bridge the existing
gap in performance, by offering moderate energy and power characteristics. In
contrast to batteries, supercapacitors additionally offer significantly longer cycle
stability and broader temperature window of efficient applications.

On the basis of the differences in energy storage mechanisms, supercapacitors
can be classified into two broad categories. One is the electrical double-layer
capacitor (EDLC), in which the capacitance comes from the pure electrostatic
charge accumulated across the so-called double layer at the electrode/electrolyte
interface. The large surface area of the EDLC electrodes combined with a small
thickness of the double layer results in a specific and volumetric capacitance two
orders of magnitude larger than that of the electrolytic capacitors (Figure 1.1).
The second category is a pseudocapacitor, in which fast and reversible Faradic

Nanocarbons for Advanced Energy Storage, Volume 1, First Edition. Edited by Xinliang Feng.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.



2

1 Nanostructured Activated Carbons for Supercapacitors

10 000

Hybnd
capacitors

1000

Specific power (W kg™')

Li-ion
batternies
1 e : N/ MNitdH
1. . .-

100

10
1E-3 0.01 0.1 1 10 100 1000

Specific energy (Wh kg™')

L L syl p
L s S ) B B 1) B B L ) B i

Figure 1.1 Schematic illustration of the specific power versus specific energy for various
electrical energy storage devices.

(charge transfer) processes take place across the electrode/electrolyte interface.
Quite often, these two mechanisms may function simultaneously in many
supercapacitors.

The energy density of supercapacitors is dependent on the capacitance of their
electrodes and the maximum operating voltage. The latter is determined by the
window of electrochemical stability of the electrolyte. Such stability windows,
however, may be influenced by the surface chemistry and other properties of the
supercapacitor electrodes as well as electrolyte purity.

The energy of an EDLC could be estimated according to following equation:

c_-C 2
EEDLC — - + . VEDLC 1.1
C_ + C+ ( max ) ( )

where E is the energy, V., is the maximum voltage difference between two elec-
trodes, C, and C_ are the capacitances of the positive and negative electrodes,
respectively. The energy of an EDLC is maximized when C, and C_ are identical:
EEDLC _ %C- (VEDLC)2 (1.2)

max

In a symmetric EDLC, the specific capacitance of each electrode (capacitance
per unit mass of the electrode material) could be identified by a galvanostatic (con-
stant current) charge—discharge test, where the specific capacitance is calculated
using the following equation:

C=Idt/dv (1.3)
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where C is the specific (normalized by an electrode mass) capacitance, [ is the
specific current, and dv/d¢ is the changing rate of the voltage. In an ideal EDLC,
the voltage slope, dv/dt, is constant for a fixed current.

The calculation of a pseudocapacitance (or a total capacitance, which includes
both pseudocapacitors and a double-layer capacitance) could be similar to that
of a pure double-layer capacitance, in case when dv/d¢ stays constant, in spite
of the additional Faradic reactions. If dv/d¢ varies with time, one may approxi-
mate the capacitance by using an average value of the voltage slope. We shall note
that because of lower cost, faster rate, longer cycle life, and lower self-discharge,
EDLC-type of supercapacitors currently dominate the market. The current market
fraction for pseudocapacitors is tiny.

1.2
Activated Carbon as Electrode for Supercapacitors

In addition to high capacitance, other desirable properties of electrode materials
for EDLCs include (i) Free of uncontrolled side reactions with utilized electrolyte
to achieve a low self-discharge and long cycle life; (ii) low cost; (iii) abundance;
(iv) low toxicity and health hazard; (v) scalability of the synthesis; (vi) mechanical,
chemical, and electrochemical stability during the device assembling and opera-
tion; (vii) high packing density; and (viii) reliable and reproducible properties.

By now, high-surface-area carbon materials are utilized in EDLCs, with acti-
vated carbons (ACs) taking nearly all of the current market. The large specific
surface area (SSA) of ACs, their relatively high chemical stability, somewhat rea-
sonable cost, abundance, and diversity of AC precursors, biocompatibility, scal-
able synthesis, and other useful properties make ACs the choice of the device
manufacturers. ACs could be produced in various shapes and forms, such as pow-
ders and fibers of various size and pore size distributions, mats, monoliths, films,
foils.

Many raw materials, natural and artificial, have been utilized as precursors for
AC synthesis. The pore size of ACs can be partially controllable by selecting par-
ticular precursor chemistry, activation method, and conditions. Still, commercial
ACs for use in EDLCs suffer from some limitations, such as the presence of bottle
neck pores, high resistance to ion diffusion and limited volumetric and gravi-
metric capacitance, to name a few. With the goal of efficient ion diffusion and
reduction in equivalent series resistance (ESR), several routes for a more delicate
control on the pore size distribution and microstructure of ACs have recently been
explored.

In this chapter, we review the development of nanostructured ACs as electrode
materials for EDLCs. In Sections 1.3 and 1.4, we review the precursors and pro-
cesses for AC synthesis in various shapes and forms. In Section 1.5, we review
the key factors determining the performance of AC-based EDLCs, including the
porous texture of the electrode, the electrical and ionic conductivity within the
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electrode, and the electrolyte selection. In Section 1.6, we discuss some of the AC
properties, which may induce self-discharge within EDLCs.

1.3
Synthesis of ACs

1.3.1
Precursors

ACs are prepared by thermal treatment and partial oxidation of organic com-
pounds, including a very wide selection of natural and synthetic precursors. Most
of the pores in ACs are in the 0.4—4 nm range, and the pore size distribution
is generally relatively broad. Some of the most common natural precursors for
AC synthesis include nutshells (mostly coconut shells [1-8]), waste wood prod-
ucts, coal, petroleum coke, pitch, peat, lignite, while other precursors, such as
starch, sucrose, corn grain, leaves, seaweed, alginate, straw, coffee grounds are also
occasionally used (Tables 1.1-1.3) [9-28]. More advanced (and unfortunately
more expensive) ACs with reproducible properties, more uniform microstructure

Table 1.1 Physical properties of the ACs from various precursors.

Precursors Density of Carbon yield Conductivity References
carbon (gcm™3)  (wt%)

Natural Coconut shell 1.834-2.131 25-40 — [1,2,4-8, 36, 37]
precursor Pitch 0.54-0.75 33.6 22Q [16, 17, 38—-41]
Starch — — 0.1Q [13, 42, 43]
Seaweed 0.47-0.80 16 - [44, 45]
Coal — 40 — [16, 19]
Apricot shell 0.504 23.2 — [20]
Ramie — 38.1 0.08 Q [46]
Sugarcane bagasse — 34.2 — [18]
Wheat straw — 37 0.62-1.63Q [22]
Petroleum residue — — 0.6 Q [47]
(ethylene-tar)
Egg shell — — 0.018Qm [28]
Artificial Polyacrylonitrile — 30 4.91 (S-em™1)/0.5Q [48]
precursor Poly(vinylidene — 18-22 0.1Q [49-51]
chloride)
Poly(amide imide) — 55 — [52]
Phenol — 40 — [53]
formaldehyde resin
Polybenzimidazole 1.2 49 9S-cm™! [54]
Sulfonated 0.66 — — [33]
poly(divinylbenzene)

Polystyrene — 48 — [55]
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1.3 Synthesis of ACs

and pores, and often better developed porosity (higher SSA) can be produced
from synthetic polymers, such as polyacrylonitrile (PAN), polyvinylidene chlo-
ride (PVDC), polyfurfuryl alcohol (PFA), polyvinyl chloride (PVC), polypyrrole
(PPy), polyaniline (PANI), polydivinylbenzene (PDVB) [9, 29—-35], to mention a
few. Most organic materials rich in carbon that do not fuse upon thermal decom-
position can be used as precursors. Some physical properties of the selected pre-
cursors for ACs synthesis are listed the following sections:

1.3.2
Activation Method

Current methods for the preparation of ACs are often classified into two cate-
gories: physical (or thermal) activation and chemical activation. On the basis of
some of the representative works, the porous structures of ACs activated from
different activation methods are summarized in Table 1.2.

1.3.2.1 Physical Activation

Production of ACs by physical activation commonly involves two steps:
carbonization of a precursor (removal of noncarbon species by thermal decom-
position in inert atmosphere) and gasification (development of porosity by partial
etching of carbon during annealing with an oxidizing agent, such as CO,, H,O,
or a mixture of both) [78, 79]. In some cases, low-temperature oxidation in air (at
temperatures of 250-350 °C) is occasionally performed on polymer precursors to
increase the carbon yield. The reactions occurring during the physical activation
could be simplified to the following:

C+H,0 - H,+CO
C+2H,0 - 2H, + CO,

C+CO, - 2CO

It has to be pointed out that all these reactions are endothermic [80, 81]. This
provides better control over the temperature uniformity and activation rate within
the powder, but requires sufficient thermal energy (commonly heating to above
800 °C) and a relatively long (hours) period of activation for generating high SSA
and pore volume. Such porosity development during activation commonly results
in 20—-30 wt% yield (oxidation of 60—80wt% of the initial carbon to CO), which
may be considered a critical drawback of physical activation.

1.3.2.2 Chemical Activation

Chemical activation is one-pot preparation method for ACs, utilizing the
microexplosion behavior of the activating agent. Production of ACs by chemical
activation generally involves the reaction of a precursor with a chemical reagent
(such as KOH [40, 41, 49, 61, 68], H;PO, [74], ZnCl, [65], H,SO, [73], among
a few) at elevated temperatures. Compared to physical activation, chemical

1
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activation generally results in smaller pores, higher carbon yield, and more
uniform pore size distribution [82—84].

KOH and NaOH are among the most effective chemical agents for porosity
development. The pores are believed to be created via both exfoliation and partial
oxidation of carbon [85]. This commonly leads to a larger volume of micropores
formed (Table 1.2) and often high carbon yield. The mechanism of carbon etching
during metal hydroxide activation can be qualitatively expressed as follows:

4MOH + C - M,CO; + M,0 + 2H, (where M = K or Na)

Chemical activation methods commonly result in higher specific capacitance
in both aqueous and organic electrolytes [86—88]. For example, Kierzek et al.
[16] chemically activated highly volatile coal by utilizing KOH. The produced AC
exhibited SSA of 3150 m? g~! with the pore volume of 1.61 cm? g~*. Its applica-
tion in EDLC showed a specific capacitance of 300Fg~! and 9.9 yFcm™2 in 1M
H,SO, (aq. solution) electrolyte. This capacitance is very high and superior to
the reported performance of one of the most promising commercial ACs, PX 21
(240 F g! and 8 uF cm~2) when measured under the same conditions.

For some precursors, however, well-developed porosity is difficult to achieve
even by using chemical activation. For example, Hwang et al. [89] systematically
investigated variations in the activation process of sewage sludge and coal tar pitch
as carbon precursors, by varying the activation temperature, operation time, and
activating agent concentration. The total surface area of AC from KOH and NaOH
were found to be only 450 and 381 m?g~! with the pore volume of 0.394 and
0.37 cm® g~!, respectively. The more open porous texture from KOH activation is
attributed to the larger ionic radius of K*, which is 0.27 nm, compared to 0.19 nm
of Nat.

Alkali metal carbonates, such as K,COj, Na,COj, and Li,COj, can be alterna-
tively used as the activating agent. The reaction involved is listed as follows:

M,CO; — M,0 + CO,

M,O +C — 2M + CO

(where M = K, Na, or Li)

The remaining alkali metal and redundant carbonate salts are then removed by
using HCI and subsequent distilled water wash.

According to Addoun’s research, the radii of cations plays an important role in
the development of porosity via alkali metal carbonates [90]. With the increase
in cation radii, the pore volume increases as well. Besides, carbonate agents with
larger alkali metal cations are usually thermally unstable, which promotes CO,
bubbling.

ZnCl, is another promising activating agent for ACs synthesis. Different from
alkali hydroxides and alkali metal carbonates, ZnCl, can be impregnated into the
precursor and remove hydrogen and oxygen from the precursor with the forma-
tion of H, O, resulting in the development of porosity. For example, Du et al. [46]
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prepared activated carbon hollow fibers (ACHFs) from renewable ramie fibers
through ZnCl, activation for the EDLC electrode. ACHFs calcined at 400 °C for
2 h exhibited an SSA of 2087 m? g~! with 38.1% carbon yield. In 6 M KOH elec-
trolyte (aq. solution), the optimal ACHFs showed an impressive capacitance of
287 Fg~! under a specific current of 50mA g!.

1.3.2.3 Electrochemical Activation

Sullivan et al. [91, 92] reported the surface activation of glassy carbon via electro-
chemical process. The activation consisted of applying a large positive potential
in an aqueous electrolytic solution (e.g., 1 M H,SO, aq. solution), during which a
reduced thin layer of “activated” (partially oxidized to increase ion accessible sur-
face area) glassy carbon was formed on the surface of the electrode. Besides the
development of porous structure, in this process, surface functionalities were also
obtained, which contributed to pseudocapacitance. The thickness of the active
layer could be controlled in between <1 pm and around 100 pm. They found a
strong correlation between the capacitance provided by the active layer and its
thickness. An outstanding areal capacitance as high as 460 F cm~2 was achieved
in this work. This activation method was followed by several works, with various
results [93-97].

1.4
Various Forms of ACs as Supercapacitor Electrodes

Various forms of ACs have been synthesized, with different morphologies, porosi-
ties, and conductivities (Figure 1.2). In this section, we provide a brief review on
the basic properties and pros/cons of each form of ACs as electrode material for
supercapacitors.

14.1
Activated Carbon Powders

Commercial AC powders (Figure 1.2a) commonly offer SSA in the range of
700-2200m? g~! and moderately high specific capacitance in the range of
70-200Fg~! in aqueous and 50-120Fg~! in organic electrolytes [70, 71,
100-102]. Furthermore, the recent developments in the synthesis of ACs having
greatly enhanced specific capacitance (up to 250-300 F g~! in aqueous, organic,
and IL-based electrolytes) demonstrate that for a significant portion of EDLC
applications, ACs may remain the material of choice [14, 29, 36, 44, 45, 55, 103,
104-107].

In order to minimize the ion diffusion distance within individual carbon par-
ticles, the particle size can be reduced to submicrons and even 10—30 nm range
[108]. However, the use of porous nanoparticles reduces both the electrode den-
sity (and thus the energy density of the fabricated device) and the size of pores
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AC powder

AC fabric
Figure 1.2 SEM images of (a) acti- fabric [69] (Copyright © 2012 Elsevier);
vated carbon powder [98] (Copyright and (d) macroporous activated car-
© 2014 ACS Publications); (b) acti- bon monoliths [99] (Copyright © 2007
vated carbon fibers [69] (Copyright Wiley). (All figures reproduced with
© 2012 Elsevier); (c) activated carbon permission.)

between the individual particles, which may ultimately lead to high ionic resis-
tance in thick electrodes and reduced power density. In a systematic study per-
formed on microporous carbon particles having different particle size but similar
electrode mass per unit current collector area, small 20 nm size particles (also
having small interparticle pore size), in fact, demonstrated power performance
inferior to that of 600 nm particles [108]. In addition, with the exception of AC
aerogels having interconnected nanoparticles, the major particle size reduction
leads to a lower electrical conductivity of the electrodes (due to point contacts
between individual particles), which may become significant enough to impact
the EDLC’s power characteristics. In addition, handling nanoparticles is difficult
and they are difficult to pack densely, which reduces the volumetric device perfor-
mance. Therefore, commercial EDLC electrodes continue to adopt microsized AC
powder with large mesopores between the individual particles in the assembled
and compressed electrodes.

14.2
Activated Carbon Films and Monoliths

Formation of EDLC electrodes from films and porous monoliths of ACs
(Figure 1.2d) allows for a significant increase in their electrical conductivity (due
to the elimination of both the nonconductive binder and the high resistance
particle-to-particle point contacts) and, in cases when the pore volume in
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monoliths is relatively small, their volumetric capacitance increases (due to the
elimination of the large macropores between the particles) 33,47, 57, 75, 76, 109].
For example, meso/microporous AC monoliths (1 mm thickness) produced by
chemical activation (KOH) of mesophase pitch precursors and exhibiting SSA of
up to 2650 m? g~! and surface area of micropores of up to 1830 m? g~! showed an
outstanding initial capacitance of up to 334 F g~! in 1 M H,SO, [47], which is one
of the highest capacitance values reported for carbon materials. Nitrogen-doped
macro/meso/microporous AC monoliths (cylindrical shape with up to 17 mm
diameter) having a very moderate SSA of 772m?g~! were recently shown to
exhibit high specific capacitance of up to ~200 F g~! in 6 M KOH electrolyte [76].
In another recent study, S-containing macro/meso/microporous AC monoliths
produced by physical (CO,) activation of carbonized PDVB also demonstrated a
specific capacitance of up to ~200 F g~! in 2 M H,SO, electrolyte [33] (volumetric
capacitance was not provided in the last two studies, but it is not expected to
exceed ~40 F cm™ due to the presence of high content of macropores). A recent
publication on patterned thin (1-3 pm) AC films reported a specific capacitance
greater than 325F g~! (>250 F cm~3) in 1 M H,SO, electrolyte [110].

143
Activated Carbon Fibers

AC fibers/fabrics (Figure 1.2c) commonly exhibit high electrical conductivity
[39, 48, 51, 52, 54, 56, 59, 60, 63, 64, 111-116]. In contrast to monolithic
electrodes, AC fabric electrodes could offer very high mechanical flexibility.
Their higher power characteristics often originate from the smaller electrode
thickness, high volume of macro/mesopores between the individual fibers,
and higher electrical conductivity. Depending on the fiber diameter and the
activation process utilized, the ion transport and the overall specific power of AC
fiber-based EDLCs may vary in a broad range.

Apart from catalyst-grown carbon fibers, the smallest diameter AC fibers are
produced by carbonization and activation of electrospun polymer solutions [48,
53, 54, 69, 77, 117-119]. The produced AC nanofiber electrodes exhibit an out-
standing rate capability, but suffer from low density [48, 54]. In fact, the density of
high-power AC fiber electrodes is often noticeably lower than that of AC powder
electrodes, which leads to their lower volumetric capacitance. However, several
studies have demonstrated very promising performance of dense AC fiber —based
EDLCs. For example, pitch-derived carbon fiber electrodes (individual fiber diam-
eter in the range of 2—30 pm) physically activated in an H, O stream to moderately
high SSA of 880 m? g~! while retaining high density (up to 0.8 gcm™3) exhibited
a specific capacitance of up to 112F g™ (90 Fcm™3) in 1 M KCl electrolyte [59].
Chemical activation can similarly be used to control the density and porosity of
carbon fibers. For example, chemically (KOH) activated mesophase-pitch—based
carbon fibers showed an SSA increase from 510 to 2436 m? g~! upon increase in
the KOH-to-C ratio from 1.5 to 4 [114]. The highest gravimetric capacitance in
both ILs and tetraethyl ammonium tetrafluoroborate (TEATFB)-based organic

15



16

1 Nanostructured Activated Carbons for Supercapacitors

electrolytes (up to ~180 F g71) was achieved in the sample with the highest SSA,
while the highest volumetric capacitance (up to ~88 F cm™2) was achieved in mod-
erately activated fibers with an SSA of 1143 m? g~! [114].

Oxygen-containing plasma treatment of AC fibers was found to increase their
SSA and specific capacitance in aqueous (0.5M H,SO,) electrolytes [115, 116].
Interestingly, treatment in a pure O, atmosphere at moderate temperatures
(~250°C) did not significantly change the SSA, but introduced a higher content
of C=0 functional groups, which resulted in an increase in specific capacitance
from 120 to 150 Fg~! in 1M H,SO, electrolyte, presumably owing to improved
wetting and a higher contribution from pseudocapacitance produced by the
introduced functional groups [66].

As summary to this section, the capacitive performance of AC-based electrodes
reported by representative previous works is listed in Table 1.3.

1.5
Key Factors Determining the Electrochemical Performance of AC-Based Supercapacitors

The capacitive performance of AC-based supercapacitors is dependent on sev-
eral key factors. Independent contributions of each factor could be challenging to
separate, because most of these factors are strongly correlated. In this section, we
summarize some of the most critical properties of ACs that affect their perfor-
mance in cells.

1.5.1
Pore Size and Pore Size Distribution

According to the simplified equation for the capacitance calculation,

g.e,A
d

The specific capacitance provided by carbons should be proportional to their
SSA, often approximated as Brunauer—Emmett—Teller (BET) SSA. This lin-
ear dependence was indeed suggested in early studies for small Spp; values
[19, 120], but the capacitance was found to be almost constant for Sypr at
1200-3000 m? g~!. To explain this nonlinear behavior, the complicated pore
structures of ACs need to be carefully characterized for better understanding
of their electrochemical performance. ACs are highly porous materials with
different types of pores, which are classified on the basis of their diameters:
micropores(<2nm), mesopores(2—50nm), and macropores(>50nm) [121].
Micropores play an essential role in the formation of electrical double layers. Shi
[122] studied the relation between SSAs of microbeads and carbon fibers and
their specific capacitances. It was suggested that the micropore surface is the
most efficient in capacitance contribution (15—20 pF cm™2), while capacitance
from external (meso- and macropore) surface is dependent on the morphology
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of pores and surface functionalization. Since then, many works have confirmed
the outstanding capacitive performance of micropores, especially ones with
diameters <1 nm [123, 124]. Because electrolyte ions are generally shielded with
solvent molecules, one may hypothesize that electrode pores that contribute
capacitance should be at least larger than solvated ions. This theory was soon
challenged by experimental observations [123, 125]. It was reported that pores
that are smaller than solvated ions could still contribute capacitance [123]. In
this case, the ion adsorption is realized by distortion of the solvation shell. This
process provides a closer approach of the ion center to the electrode surface,
which may result in anomalous increase in capacitance (Figure 1.3). The follow-up
report applied solvent-free ionic liquid (IL) and revealed that the pore size leading
to the maximum double-layer capacitance is very close to the ion size.

However, determination of the true SSA of AC with irregular shape of pores,
reduction of the SSA during electrode processing, and the difference between the
electrolyte ion accessible SSA and the SSA determined using gas sorption studies
(N,, Ar, CO,) may induce significant discrepancies. Some of the smallest micro-
pores accessible by gas molecules may not be accessible by ions and thus may not
contribute to double-layer capacitance. Similar, ion intercalation might open some
surface areas, which were previously inaccessible by gas molecules.
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The use of simplistic BET model may induce significant inaccuracies in SSA
determination; and more advanced models for SSA and pore size distribution
measurements are constantly being developed. For example, Ravikovitch and
Neimark [126] developed a method for pore size distribution calculation on the
basis of nonlocal density functional theory (NLDFT) of capillary condensation
hysteresis in cylindrical pores. Chmiola et al. [124] compared the correlation
of the specific capacitance of microporous carbide-derived carbons (CDCs)
with their SSAs calculated on the basis of both BET and NLDFT, respectively.
The researchers found a better correlation between the specific capacitance
and DFT (density functional theory) SSA (SSAppy) than between the specific
capacitance and BET SSA (SSAg) (Figure 1.4). Compared to BET method, DFT
method allows a further comparison of double-layer capacitance with ultra-small
micropores (<1 nm). On the basis of the analysis of pore size distribution, they
found that the specific double-layer capacitance of CDC is mostly dependent on
the surface area of the pores <2 nm (Figure 1.5).
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While micropores lead to a higher volumetric and gravimetric capacitance
than mesopores, electrodes with only micropores may suffer from the slow
ion transport and the resulting high ionic resistance even under moderate
current densities. Conversely, mesopores allow smooth entry for electrolyte ions
and therefore enhance the capacitance and the power density of devices [87,
127-129]. Frackowiak et al. studied the coal-based ACs as electrode material for
EDLC and found the optimized range of mesopore content within 20—50% [128].
This result, although still qualitative, shows that one needs to consider the balance
in the pore size distribution of ACs for optimal EDLC performance in a given
application. Chen et al. synthesized a series of micro- and mesoporous carbon
materials with different SSA and pore size distribution by using different carbon
sources and preparation methods. On the basis of the capacitive performance of
these materials, they developed a general model for the estimation of capacitance,
which is linearly proportional to “effective SSA,” as determined by both the
measured SSA and pore size distribution [130]. Further detailed models have
been developed by taking pore curvature into consideration. Meunier et al.
developed separate models for the calculation of micropore, mesopore, and
macropore capacitances, respectively [131].

152
Pore Alignment

A recent study revealed the significant effect of pore alignment on the transport
of ions within carbon nanopores [132]. In that work, zeolite-templated carbons
were synthesized using low-pressure chemical vapor deposition (CVD). Identical
micropore (<2nm) size distributions with varying levels of pore alignment (as
well as pore tortuosity) were achieved by manipulating the annealing conditions.
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Electrochemical impedance spectroscopy measurements and cyclic voltammetry
studies showed up to three orders of magnitude enhancements in the ion transport
and frequency response accompanying the micropore alignment and a decrease in
the concentration of obstacles for ion diffusion. This finding proves that other than
introduction of mesopores as conducting paths, designing ACs with straight pores
and low concentration of defects might be an alternative strategy for achieving
rapid ion diffusion within individual electrode particles.

In response to the discovery of the essential role of pore alignment and opti-
mization of pore size distribution for fast electrolyte diffusion and high power
output of carbon EDLCs, researchers proposed various strategies to control the
pore size and alignment of AC-based electrode materials. In order to achieve
a higher SSA and eliminate bottle-neck pores, while uniformly enlarging the
smallest micropores produced in the course of carbonization of organic pre-
cursors, several promising routes were proposed. According to one method, an
equilibrium content of oxygen-containing functional groups is uniformly formed
on the porous carbon surface during room temperature treatment in acids [32].
These groups together with the carbon atoms are later removed via heat treatment
at 900 °C. Repetition of the process of uniform formation of chemisorbed oxygen
functional groups, and subsequently removing them, allows for the uniform pore
broadening needed to achieve the optimum pore size distribution [32]. In another
study, an environmentally friendly low-temperature hydrothermal carbonization
was utilized in order to introduce a network of uniformly distributed oxygen
within the carbon structure in one step [14]. This material, produced from natural
precursors (such as wood dust and potato starch), was then transformed into
microporous carbons with high SSA of 2100-2450 m? g~! via simultaneous heat
treatment (and thus uniform removal of the oxygen-containing functional groups
from the internal material surface) and opening of closed and bottle-neck pores
by activation. A very high specific capacitance of 140—-210F g~! was demon-
strated in a TEATFB-based organic electrolyte [14]. Another efficient method
for synthesis of carbons with controlled pore size distribution and alignment
is the template method. In this method, highly ordered porous oxides, such as
mesoporous silica are used as sacrificial template materials. Carbon precursors
(sucrose solution, propylene, pitch, resin, etc.) are deposited inside the pores of
the template and then carbonized. Then, the template is removed by dissolution
in the hydrofluoric acid. The detailed discussion on highly ordered porous carbon
is beyond the scope of this review, but readers are encouraged to refer to the
representative works [133—137] on this important category of carbons.

153
Surface Functionalization

A variable amount of heteroatoms (oxygen, nitrogen, sulfur, etc.) can be added
into the structure of carbon materials and functionalize their surfaces. Function-
alized carbons can be synthesized by applying precursors containing heteroatoms
[72, 138, 139] or posttreatment of carbons in heteroatom-enriched atmosphere
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[66, 140]. The resulted functional groups can considerably enhance the gravi-
metric capacitance of electrodes by contributing additional pseudocapacitance,
which involves rapid charge transfer reactions between the electrolyte and the
functional moieties. The usually denser functionalized carbons, although with
smaller SSA, provide a higher volumetric capacitance than highly porous intrinsic
ACs. However, pseudocapacitance based on surface functionalization also suffers
from intrinsic shortcomings, including relatively sluggish charge transfer process,
serious self-discharge, and high leakage currents. These limitations are further
discussed in Section 1.6.

154
Electrical Conductivity of the Electrode

To achieve high power output, charge carriers must move quickly and smoothly
through electrodes, which requires high electrical conductivity. The electrical con-
ductivity of AC-based electrodes strongly depends on the thermal treatment in
the synthesis process, porous texture of the electrodes, and the content of het-
eroatoms [101].

Most carbon precursors are good insulators with a high content of 6- or sp?-
bonded carbon structures. During the thermal treatment at elevated tempera-
tures, conductivity of the material is rapidly increased with the increasing content
of sp?-bonded conjugated carbon, because electrons associated with n-bonds are
delocalized and become available as charge carriers [141]. The structural disorders
and defects are healed to various extents, depending on the temperature applied
for this process. Conductivity of carbon begins to increase at 600—700 °C, which
corresponds to the range where loss of surface functionalities happens, until the
formation of perfect crystalline graphite structure at over 2500 °C.

Generally, higher porosity leads to poorer electrical conductivity because of
higher content of insulating voids. To enhance the electrical conductivity of highly
porous ACs, several strategies could be applied, such as adding conductive agents,
high-pressure packing of AC particles, and additional bonding network connect-
ing particles.

In the previous section, we have discussed the enhancement of the capacitive
performance of AC-based electrodes by surface functionalization. However, the
effect of surface functionalization on the electric conductivity of the AC-based
electrodes is largely negative. However, exceptions exist. For example, some
functionalized carbons have higher density and, therefore, better electrical
conductivity than porous intrinsic ACs [45]. Considering different categories
of functionalities, oxygen functionalities, which preferentially form at the edge
sites of graphite-like microcrystallites, increase the local barrier for electrons
to transfer in between neighboring crystallite elements [142, 143]. Conversely,
nitrogen functionalities are often grafted on basal planes of graphite crystallites,
with an increase in local free electrons. As a result, proper amount of nitrogen
doping increases the electrical conductivity of carbons. However, previous works
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also reported aggravation of the capacitive performance of carbon materials
from excess amount of nitrogen doping [144]. In summary, an optimized content
of functionality is necessary for enhancement in capacitive performance of
AC-based supercapacitors.

1.5.5
Electrolyte Selection

Electrolytes used in EDLCs may be divided into three classes: (i) aqueous
(solutions of acids, bases, and salts), (ii) organic, and (iii) ILs. Each electrolyte
has been intensively studied and widely acknowledged for its pros and cons
[145]. ILs are nonflammable, are nontoxic, and offer a higher operating voltage
than their counterparts. Serious shortcomings of ILs are their very high (often
prohibitively high) current cost and relatively low ionic mobility at room tem-
perature and below, which limits the charge/discharge rate of IL-based EDLCs.
The advantages of using aqueous electrolytes include their very low cost, safety,
and high ionic conductivity. Their disadvantages, however, include their low
narrow electrochemical window and corrosion of EDLC electrodes observed at
higher temperatures and voltages (particularly for acid-based electrolytes, such
as H,SO, solutions), which limits the cycle life of the EDLCs and contributes
to self-discharge. Organic electrolytes are somewhat in between aqueous ones
and ILs in terms of the price, voltage, and charge—discharge time. Organic
electrolyte-based EDLCs offer cycle life in excess of 500000 and are used in the
majority of commercial EDLCs. In addition, EDLCs with organic electrolytes are
much less flammable than Li-ion batteries.

Besides the selection of the electrolyte solvent, it is important to properly
match the size of the electrolyte ions and the electrode pores of ACs. Aurbach
et al. demonstrated that it was possible to selectively electroadsorb ions based
on size [32, 146, 147]. They applied CVD of carbon on active porous carbon
fibers to reduce the average pore size to 0.5—0.6 nm, which is in between the
size of solvated monovalent (Na*, ~0.4nm) and bivalent cations (Ca?*; Mg?*,
0.6—0.7 nm) in the aqueous electrolytes applied. Electrodes with various average
pore sizes were tested with different electrolytes in the three-electrode cyclic
voltammograms (CVs). As a result (Figure 1.6), with MgSO, electrolyte, for
larger pore sizes, which match the size of bivalent ions, rectangular shape of
CV diagram was obtained; while for smaller pore sizes, negligible current was
recorded in all potential ranges. Then, they replaced the cation and anion,
respectively, with monovalent ions (Na* and Cl~) and obtained asymmetric or
even triangular CV diagrams, where the adsorption of much smaller monovalent
ions contributes to much higher current than the opposite polarization. This
result confirms the necessity of pores with proper size for the ion electroadsorp-
tion and insertion. Therefore, in manufacturing of AC-based supercapacitors,
ion-sieving effect needs to be avoided for efficient access of electroadsorption
sites to electrolyte ions.
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solutions [32, 146, 147]. The current is

1.5.6
Understandings of lon Adsorption in Porous Structure

With the goal of better understanding of ion adsorption behavior in polarized elec-
trodes with different porous textures, several works relied on computer modeling
and calculations for additional insights [148—152]. Realistic material systems are
too complex for ab initio simulations. Many assumptions and simplifications were
made as a prerequisite for meaningful calculations, each of which may significantly
affect the obtained results.

Designing of systematic experiments with uncoupled parameters is also chal-
lenging. First, the key parameters determining the pore structures are strongly
correlated. Carbon materials with different pore size distribution are also differ-
ent in microstructure, pore shape, tortuosity, defects, and surface functionalities.
Second, the conventional characterizations of porous texture depend on adsorp-
tion of gas molecules, which have different size than electrolyte ions. Third, there
are no accurate models capable of deducing the SSA and pore size distribution
from the commonly used gas sorption measurements in porous carbons with a
realistic pore shape and size. The BET model is very simple and commonly used,
but as previously discussed, it does not accurately represent gas sorption in micro-
porous solids [153]. More advanced models, including the ones based on DFT
calculations [154], are based on simplified pore shapes (such as infinitely long slit-
shaped pores or cylindrical pores between perfect graphite pore walls), which are
quite different from the realistic structure of microporous carbons.
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Nuclear magnetic resonance (NMR) is a powerful tool that enables observations
of the chemical and dynamic behaviors of the electrolyte ions present in the pores
or adsorbed on the pore walls of porous structures [155—157]. Nucleus of certain
elements involved in electrolyte ions that contain an odd number of protons or
neutrons are often selected as the object of observation (e.g., 2H, 1°B, !B, F).
The electron distribution of these nucleus varies with their local geometry (e.g.,
inside/outside pores), which results in distinguishable difference in the chemical
shift. The number of electrolyte ions occupying a certain geometry is therefore
proportional to the intensity of the corresponding chemical shift.

For example, Lee et al. [155] studied the adsorption of BF,~ anion in ACs with
different SSA and pore size via !B NMR. They labeled the possible states that
could be occupied by !'B by analysis on a nonpolarized, electrolyte-impregnated
sample. Then, the ex situ ''B NMR spectra at various charge stages were obtained
and compared. As a result, they found a stronger adsorption of electrolyte ions
on M500 carbon, which presented a smaller SSA but higher capacitances. To the
contrary, although with alarger SSA, M3000 carbon showed a smaller capacitance,
because of the rapid exchange between the adsorbed and free electrolyte ions. The
fast ion exchange is attributed to the larger pore size of this carbon.

To get rid of the unintended discharge of the tested electrodes during the cell
disassembly, which is necessary for ex situ tests, Wang et al. [156] proposed in
situ NMR studies for EDLCs. The in situ measurement was made possible by a
special configuration, in which the NMR coil was directly set up around a plastic
bag containing cell assemblies. This approach enabled the real-time observation of
migration of ions between the supercapacitor electrodes and change in the nature
of ion binding to the electrode surface.

Deschamps et al. [158] applied 1*C and !B NMR studies to characterize the
states of both electrode and electrolyte in ion adsorption between graphene layers,
respectively. They found that the more disordered carbon shows a better capac-
itance and a better tolerance to more vigorous polarizations. Furthermore, they
observed the unexpected excess of cations or anions between the graphene layers
during polarization, which actually compensates the electronic charge carried by
these layers.

Besides NMR-based methods, Boukhalfa et al. [159] proposed to use neutron
scattering method to study ion adsorption in microporous carbons as a function
of pore size and applied potential. The researchers showed that by monitoring
changes in the distribution of either hydrogen or boron (which could be present
in either electrolyte solvent molecules or ions or both) in pores of different size,
one can elucidate where the ion adsorption takes place. In their first work, they
showed that depending on the solvent properties and the solvent—pore walls
interactions, either enhanced or diminished ion adsorption may take place in
sub-nanometer pores. The reported tests have been performed in electrolytes
based on the solution of H,SO, in H,O and D, O (heavy water). In the case of an
H,O solvent, under the application of —0.6 V, the scattering intensity increases by
~6% (Figure 1.7a), which represents the H enrichment of 6% within the relatively
large pores. The smallest pores (Q > 0.5 A_l) exhibit even higher ion adsorption
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Figure 1.7 In situ neutron scattering experi- SANS profiles normalized by the 0V one,
ments on AC electrodes immersed into H,O-  (b,d) relative changes in the intensity of the
based (a,c) and D,0-based (b,d) electrolytes  normalized SANS profiles [159]. (Figure repro-
under the application of a potential between duced with permission. Copyright © 2013
the working and counter electrodes: (a,b) Wiley.)

capacity, as manifested by higher H concentration in such pores at negative
potentials and lower H concentration at positive potentials. In Figure 1.5¢ show-
ing the relative changes in the normalized scattering intensities, such an effect
can be seen most clearly. In case of a D,O solvent (Figure 1.7b,d), the negative
polarization increases the neutron scattering intensity more dramatically because
the scattering contrast between carbon and D,O is much smaller than that
between carbon and H,O. Under the application of —0.6V, the concentration of
H increases by ~35% in large pores. However, in sharp contrast to H,O solvent
studies (Figure 1.7c), cation adsorption is significantly reduced in the smallest
pores (Q > 0.4 f\_l) in case of a D,O solvent (Figure 1.7d). By analyzing the
adsorption of D,O and H,O vapors, it was found that a significant portion
of the smallest pores (Q > 0.3 A™") is not filled with D,0O and not accessible
by electrolyte. The higher energy cost of maintaining a stronger deuterium
bond network (compared to a protium bond network) at the sub-nanometers
proximity to the hydrophobic carbon surface was proposed to be responsible for
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the formation of D,0O-based electrolyte depletion regions and for the dramatic
difference between the electroadsorption of D,0- and H,O-based electrolyte
ions in the smallest carbon nanopores. In contrast to other studies, in which
the impact of pore size was studied by analyzing completely different carbons,
neutron scattering experiments allow unambiguous observation of the different
ion adsorption in various pores of the same material. The reported methodology
may become instrumental in clarifying the existing controversies. It may also
contribute to the formulation of the predictive models of ion adsorption.

157
Quantum Capacitance of Carbon and Doping

Early studies on graphite-based electrochemical capacitors revealed a peculiar
phenomenon [160-163]. The interfacial capacitance provided by graphite
electrodes is unusually small compared with that of metal electrodes with
identical dimensions. Furthermore, the capacitance of graphite performs a
V-shaped dependence on the applied voltage. This phenomenon was interpreted
by Gerischer as a low density of electronic energy states (DOSs) around the
Fermi level of graphite [164]. In other words, the Fermi level of semiconductive
electrodes such as graphite cannot accommodate as many charge carriers as
conductive electrodes, such as metals. When a graphite-based electrode is
charged, electrons are filled in the negative side and depleted from the positive
side. Energy of electrons on both sides deviate from the Fermi level, which results
in an extra voltage change over the Galvani potential difference. The effect of
quantum capacitance is equivalent to an extra capacitor in series with the original
capacitor: the smaller capacitance dominates the total value. For in-depth under-
standing, great efforts have been made on the accurate and intuitive measurement
of quantum capacitance effect. Graphene and semiconductive carbon nanotubes
(CNTs) are often selected as the research objects because of their well-defined
band structures. Details on the characterization of quantum capacitance are
beyond the scope of this chapter, but interested readers are encouraged to refer
to representative studies [165—167].

To diminish the reduction in capacitance of semiconductive electrodes caused
by the quantum capacitance effect, researchers intended to dope heteroatoms in
the electrodes to increase the density of energy states. For example, Jang et al.
[168] modified the surface of double-walled CNTs via oxidation using nitric acid.
Despite of their smaller SSAs, the oxidized CNTs exhibited higher capacitances
than pristine CNTs in both aqueous and nonaqueous systems. This could be
explained, unfortunately, by multiple factors, including pseudocapacitance
contribution, changes in the electrolyte/carbon surface energy, changes in the
electrolyte desolvation behavior, in addition to possible changes in the carbon
DOS. Zhang et al. [169] enhanced capacitance of graphene via nitrogen-doping,
which may similarly be caused by multiple factors. With 2.3 at% nitrogen-doping,
the area-normalized capacitance of graphene increased from 6 to 22 pF cm ™2,
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Self-discharge of ACs-Based Supercapacitors

For some of the supercapacitors applications, such as alternative and emer-
gency power supply, long shelf-life and low self-discharge of supercapacitors
are required. Unfortunately, AC-based supercapacitors are prone to a gradual
decrease in voltage during long-term storage. This spontaneous (thermodynam-
ically favored) process is named “self-discharge” and is known to depend on the
initial voltage, purity of carbon, and electrolyte as well as on electrolyte acidity.
There are several possible reasons for self-discharge. First, when the electrode
is polarized to a potential that exceeds the electrochemical window of the elec-
trolyte, the decomposition of the electrolyte happens at the electrode/electrolyte
interface. This Faradic process reduces the cell potential continuously until
the electrode potential falls into the electrochemical window of the electrolyte
or the electrolyte is totally consumed. Besides, this process usually produces
gases, which may block the pores of the electrodes and the separator and even
induce a separation of individual particles within the electrode. This, in turn,
may result in the capacitance fading (due to the reduction of accessible SSA of
the electrodes) and in the reduction of power performance (due to the increased
separator resistance). It also leads to an increase in the ESR. Second, some redox-
active impurities on the surface of the electrodes or in the electrolytes (such as
0,, H,0, H,0,, metal ions, and others) may be involved in undesirable (parasitic)
Faradic processes, which may consume the charge stored in an EDLC or lead to
electrolyte degradation.

Other than impurities, the intentionally grafted surface functionalities on
carbon electrodes are also claimed to be responsible for the capacitance fading
[120, 170]. Although these surface functionalities contribute to pseudocapaci-
tance, they are often thermodynamically unstable within the potential range and
either readily decompose themselves or induce electrolyte decomposition, thus
producing various gases (such as NO,, SO,, SO;) [101].

Some researchers speculate that selected functional groups on carbon may
possibly be stable in the operating potential range. Unfortunately, selective
functionalization of carbon surface only with some particular functional groups
is a challenging task. Furthermore, commonly available surface chemistry
characterization tools (Fourier transform infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), chemical titration, etc.) have difficulties to
unambiguously interpret the presence of particular functional groups because the
peaks corresponding to different groups are relatively broad and their position
may be sufficiently close. Currently, no comprehensive understanding exists on
the specific contributions of various functional groups to either the desirable or
undesirable performance characteristics of EDLCs in various organic and aque-
ous electrolytes. So far, the feasibility of the concept to induce pseudocapacitance
on carbon without penalties in leakage and degradation is unclear [171]. We
notice in our studies that the degree of leakage current may depend on both the
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presence of functional groups in carbon and the electrolyte utilized (pH-neutral
aqueous electrolytes commonly induce lower leakage) [72].

Successful formation of stable functional groups on carbon that do not induce
leakage has not been achieved in commercial devices. Carbon electrodes utilized
in commercial EDLCs are nonfunctionalized and purified to a high degree. Histor-
ically,improvements in the purification procedures allowed commercial devices to
increase their cycle life from tens of thousands to several million cycles. In addi-
tion, such improvements in the purification of carbons and electrolytes allowed
EDLC manufacturers to reduce the characteristic self-discharge time constant
from a few hours to months (at room temperature).

Finally, besides surface impurities and functionalities, self-discharge may also
be attributed to Ohmic leakage from unintended interelectrode contacts or leaky
bipolar electrodes.

Several theories have been developed to distinguish the mechanism that
causes self-discharge of a supercapacitor via electrochemical characterizations.
According to Conway’s model [172, 173], self-discharge processes that follow
different mechanisms would perform different potential fading rate. Other than
this work, studies on proper modeling and simulation of self-discharge have been
performed by many [63, 174—176], including some supplement to Conway’s
model. For example, Kaus et al. [174] suggested that charge distribution at an
open circuit may contribute to self-discharge. According to one recently proposed
model by Yushin et al. [72], functional groups on the AC electrode surface locally
change pH in their vicinity. Because electrolyte stability is pH dependent, higher
pH at local areas of the cathode (positive electrode) may lead to electrolyte
oxidation even when the electrolyte should generally be stable at the cathode
potential. Similarly, lower pH at local areas of the anode (negative electrode) may
lead to electrolyte reduction [72].

1.7
Summary

In this chapter, we reviewed some of the recent studies of syntheses and
applications of various nanostructured ACs as electrode materials for super-
capacitors and then discussed the related structure-property—performance
relationships. The impact of the activation processes and selection of precursors
have been reviewed and discussed as well. For AC-based EDLCs, electrochemical
performance is determined by a broad range of AC properties, such as the pore
size distribution, pore alignment, and tortuosity; the presence of defects and
functional groups; carbon density; carbon doping; density of states in carbon; and
electrolyte/electrode interfacial energy, to name a few. Surface functionalities add
extra pseudocapacitance but may result in sluggish kinetics and self-discharge
from side-reactions involving electrolyte decomposition and redox reactions with
functional groups. Recently introduced advanced characterization and modeling
efforts may help scientists to deepen their understanding of ion electrosorption
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in nanopores of ACs. We hope the discussions in this chapter may serve as
guidance for future efforts in research, development, and production of novel
carbon materials for advanced supercapacitors with improved performance.
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