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Abstract

Electrochemical capacitors are high-power energy storage devices having long cycle durability in comparison to secondary
batteries. The energy storage mechanisms can be electric double-layer capacitance (ion adsorption) or pseudocapacitance (fast
redox reaction) at the electrode-electrolyte interface. Most commonly used electrode materials are carbon materials with high
specific surface area, microporous-activated carbons. A considerable number of studies have been conducted to optimize the pore
structure and surface functionalities of activated carbons. In addition to conventional activated carbons, other types of carbon
materials such as carbon aerogel/xerogel, templated carbons, carbide-derived carbons, carbon nanotubes, and graphene-based
materials have been investigated. This review highlights the key features of advanced carbon materials for application to

commercial capacitor devices.
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Introduction

Since the Paris Agreement, global energy requirements have
accelerated toward the need for clean energy, which has
prompted further electrification of energy for the world econ-
omy [1]. Electrification of energy comprises the stages of
generation, transmission, distribution, and utilization.
Electric energy storage is a key technology to support the
above processes, as it can help to meet the flexible supply
and demand of electrical energy. Because of their high power
densities and long life cycles, electrochemical capacitors have
attracted significant interest for several applications, such as
portable energy devices, power-assist systems in electric
(hybrid) vehicles, and for load leveling of renewable energy
generation (e.g., solar, wind) [2—5]. The most typical and fun-
damental electrochemical capacitor device is the electric
double-layer capacitor (EDLC), which stores energy in an
electrostatic manner—accumulation of negative and positive
charges on the surface of electrodes (non-Faradaic process) in
a symmetrical configuration—as illustrated in Fig. 1. Carbon
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materials are usually used as electrode materials because of
their unique properties, such as high electrical conductivity,
chemical stability in different solutions (acidic, basic, organ-
ic), easy processability, controllable porosity, and low cost [6,
7]. Indeed, several types of carbon materials (activated car-
bons, carbon aerogels, templated carbons, carbon nanotubes,
etc.) have already been studied for electrochemical capacitor
as summarized in Fig. 2 and Table 1.

Among them, microporous-activated carbons with high spe-
cific surface area are the most commonly used electrode mate-
rials for EDLCs. In principle, owing to the energy storage
mechanism, a high specific surface area is important for storing
a large amount of energy. However, the performance of EDLCs
significantly depends not only on the surface area but also on
the pore size distribution of carbon materials. Consequently,
numerous efforts have been made to optimize the pore structure
of carbon materials [6—8, 25-27]. Micropores (< 2 nm in diam-
eter), which are accessible to electrolytes play an important role
in capacitive behaviors in aqueous and non-aqueous solutions
[9, 28]. In addition, using carbide-derived carbons, Chmiola
et al. demonstrated that anomalous increases in capacitance
occur for at pore sizes of less than 1 nm, and Largeot et al.
reported that a pore size equal to the ion size is the most effec-
tive size for high capacitance in ionic liquids [16, 29]. Thus,
although the micropore contribution to EDLC performance is
clearly significant, the mesopores (2-50 nm in diameter) are
considered more favorable for high-power applications, be-
cause ions can migrate more readily through mesopores than
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through micropores [8, 27]. Therefore, it is essential to control
the pore size distribution (the ratio of micropores to
meso/macropores) to achieve enhanced capacitive perfor-
mance. This condition is also important to realize large energy
and power density per unit volume in EDLCs, because the
volumetric characteristics are strongly influenced by the density
of the electrode materials [3, 7, 30, 31]. However, it is difficult
to control the pore size distribution of activated carbons pro-
duced by the activation process using an oxidation reaction with
water vapor and/or other chemicals. In this view, the template
method is one of the most effective techniques to obtain the
controlled pore structures of carbons, in which a hard template
(that must be removed with a post treatment) or a soft template
(that decomposes during the synthesis process) is used [32, 33].
The most attractive point of the template method is that the pore
size distribution of the mother template is transferred to the
carbon materials, which enables a relatively narrow pore size
distribution. Various templated carbons have been synthesized
to control their morphology and pore structure for use as elec-
trode materials in EDLCs [33-35]. Among them, MgO-
templated carbons are now produced on a mass scale, and they
currently are the most feasible templated carbons for industry
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[36]. Another promising strategy to control the pore structure of
carbons is a sol-gel route using organic aerogels, mostly based
on resorcinol and formaldehyde; the obtained carbon aerogels
possess a large amount of mesopores with interconnected car-
bon networks [6, 7, 14, 15]. In this method, the gel preparation
conditions, such as the basic catalyst concentration and pH of
the solution, determine the pore structure of the final-product
carbons.

Other carbon nanomaterials, such as carbon nanotubes
[37-42] and more recently graphene-based materials [23,
43-48] have attracted attention as innovative capacitor elec-
trode materials. An EDLC electrode, in principle, must be
electrically conductive and remain inert during charge/
discharge process. However, activated carbons possess insuf-
ficient electrical conductivity and must be used with conduc-
tive additives such as carbon black, [3] which reduces the
effective carbon mass loading in a carbon electrode.
Moreover, activated carbons are composed of small structural
units of turbostratic carbon having multiple electrochemical
active sites (graphene edges with functional groups). On the
other hand, a graphene, ideally, has high electrical conductiv-
ity (high electron mobility), and the basal plane of graphene is
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Table 1 Reported surface area and capacitance value of various carbon materials (2-E, 3-E: two- or three-electrode system)

Material and method Surface area/m? g_1 Electrolyte Capacitance/F g_1 (Cell configuration) Ref.

Activated carbon

Coal/steam AC 1270 1 M H,SO, 147 2-E) [8]
6 M KOH 124 2-E) [8]

Coal/KOH AC 3030 6 M KOH 260 (2-E) [9]

Coconut shell/steam AC 1550 1 M TEMABF4/PC 25 (2-E) [10]

Templated carbon

Furfuryl alcohol/silica 1880 1 M H,SO,4 199 (2-E) [11]
6 M KOH 205 (2-E) [11]
1 M TEABF,/AN 113 (2-E) [11]

C,Hy/Zeolite 3040 1 M TEABE/PC 168 (3-E) [12]

Mg citrate/MgO 2100 40% H,SO, 470 (3-E) [13]
1 M TEABF,/PC 30 (2-E) [13]

Carbon aerogel/xerogel

Resorcinol-Formaldehyde 1340 0.8 M TEABF,/PC 108 (2-E) [14]

Resorcinol-Formaldehyde 800 30% H,SO, 185 (3-E) [15]

Carbide-derived carbon

TiC 1270 1.5 M TEABF,/AN 143 (2-E) [16]

Carbon nanotube

SG-SW sheet 530 1 M TEABF4/PC 20 (2-E) [17]

HiPco-SW sheet 726 1 M TEABF,/PC 70 3-E) [18]

HiPco-DW sheet 588 1 M TEABF,/PC 45 (3-E) [18]

Heteroatom-doped carbon

O (Na alginate) 270 1 M H,SO,4 19 2-E) [19]

N (Pyridine/mica template) 83 1 M H,SO4 182 (3-E) [20]

N (Melamine foam) <1 1 M H,SO,4 240 (3-E) [21]

B (Sucrose-Boric acid) 660 1 M H,SO,4 110 3-E) [22]

Graphene-based materials

GO 705 5.5 M KOH 135 (2-E) [23]
1 M TEABF,/PC 95 (2-E) [23]

ExCF (Mesophase pitch) 300 18 M H2S0O4 450 (3-E) [24]

less active in redox reactions than its edge plane. Although
monolayer graphene has a theoretical surface area of
2630 m”> g ', multilayered graphene composed of stacked
graphene layers produces a lower effective surface area. To
provide high-surface-area graphene electrodes, various types
of pore structure control techniques such as oxidative activa-
tion, template methods, and fabrication of foam or aerogel
morphologies have been performed [45-47]. Combination
with nanosized particles, fibers and tubes to avoid agglomer-
ations that cause layer stacking, thus providing effective sur-
face area and pore channels for the adsorption and transporta-
tion of ions, is a characteristic strategy for preparing the
graphene-based materials [45, 48]. A carbon nanotube
(CNT), especially a single-walled carbon nanotube
(SWCNT) which has a hollow fibrous form obtained by seam-
lessly rolling a graphene, has a basal plane with a large surface
area without active edge sites provided it has integrity and a

high aspect ratio. CNT, a molecular-like building block, is one
of the ideal EDLC electrode materials with high electrical
conductivity and inactivity, and its 3D features provide useful
design capability for forming a high-surface-area electrode.
From the application viewpoint, highly conductive materials
allow for electrodes with high power density and durability
and an inactive surface for redox reactions, leading to a high
working cell voltage that contributes to both the energy and
power densities of capacitor devices using organic electro-
lytes. Recent progress in the mass production of pure
SWCNT has enabled investigation of electrode performance
from both application and commercialization viewpoints, as
well as the actual fabrication of a 1000 F class capacitor cell
suitable for power regeneration [49]. Because the intrinsic
nature of solid electrode materials and pore structure design
remarkably influence the EDLC device performance, we fo-
cused on this area as the second topic in this review.
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In addition to nanostructure engineering, the chemistry of
surface functionalities and heteroatom doping in the carbon
framework have been explored to improve capacitive perfor-
mance. These techniques often involve Faradaic reactions to
develop pseudocapacitors. Because the most obvious short-
coming of EDLCs is their smaller energy density than that
of secondary batteries such as lithium ion batteries (LIBs),
introducing pseudocapacitance is one of the approaches that
can be used to increase the energy density of capacitors
[50-52]. A considerable number of studies have been con-
ducted on pseudocapacitors or hybrid (asymmetric) capaci-
tors. Surface functional groups of carbon materials [19, 21,
53-59], conducting polymers [60—62], transition metal oxides
[63—66], and their composite electrodes [67, 68] with carbon
additives as a conducting support have also been investigated.
Among these materials, conducting polymers and transition
metal oxides can provide relatively high capacitance, but car-
bon materials are most advantageous in view of low cost, easy
processability, and eco-friendliness. In addition, as these
pseudocapacitive behaviors significantly depend on both the
electrolyte and electrode materials, matching electrode mate-
rials with electrolytes is also one of the key technologies to
enhance capacitor performance.

Thus, carbon materials are at the center of discussion as
promising electrode materials for electrochemical capacitors
involving Faradaic or non-Faradaic reactions to store energy
in symmetric or asymmetric configurations. In this review, we
highlight the key features of carbon materials as primary elec-
trode materials for commercial capacitor devices in the future.

Templated carbon
EDLC performance of templated carbons

Various template materials, such as anodized alumina [69, 70],
mesoporous silica [11, 34, 71-73], zeolites [12, 35, 74], col-
loidal silica [75], and magnesia [33, 36, 76—79] have been
used for synthesis of templated carbons. The preparation of
templated carbons generally involves the incorporation of a
carbon precursor (such as sucrose, furfuryl alcohol, acetylene,
or phenol resin) through either a solution-phase or a vapor-
phase reaction into a hard template, followed by the pyrolysis
of the carbon precursor. The elimination of the template ma-
terials often requires the use of hydrofluoric acid or high-
concentration alkali solutions in a hard-template method. For
example, Fig. 3 shows a synthesis process of zeolite-
templated carbon (ZTC) with three-dimensionally connected
micropores reported by Nishihara et al. [74]. Carbon is loaded
into the nanochannels of the zeolite framework and then ZTC
with micropores of ca. 1.2 nm in diameter is obtained after the
zeolite is washed by a hydrofluoric acid solution. Using ZTCs
as electrode materials for EDLCs, Nishihara et al. reported
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that such a three-dimensionally ordered micropores signifi-
cantly enhanced the ion transfer compared with
microporous-activated carbons having very broad pore size
distributions [12].

MgO-templated carbons are typical mesopore-dominant
materials with high specific surface areas and can be produced
more easily because dilute acids are applicable to dissolve the
MgO templates unlike silica or zeolite templates [13, 80—83].
Indeed, MgO-templated carbons are now produced on an in-
dustrial scale and are available to buy on the market under the
product name CNovel. The details of the production method
are described in the literature [33, 36]. Kado et al. reported the
correlation between the pore structure and electrode density of
the MgO-templated carbon electrodes for EDLCs in organic
electrolyte as summarized in Fig. 4 [82]. The obtained MgO-
templated porous carbons (MPCs) are denoted as MPC-1,
MPC-10, MPC-20, and MPC-40, where the numbers corre-
spond to the different ramping rates used (°C min"). N, iso-
therm shown in Fig. 4a presented that the faster heating rates
resulted in larger mesopores being produced and greater
mesopore volumes. As a result, it is possible to control the
pore size distribution of the MgO-templated carbons derived
from magnesium citrate only by changing the heating rate in
the carbonization process. Thus, the MPCs have the advantage
of a high specific surface area (~2000 m? g ") originating from
the presence of both micropores and mesopores. However, the
electrode density decreased upon an increase in the pore vol-
ume, particularly mesopore volume, of carbons as shown in
Fig. 4b, which is closely linked to capacitance per volume [84,
85]. Indeed, the volumetric capacitance of MPCs was lower
than that of microporous-activated carbon (YP-17) at a current
density of 0.1 A g ' due to their small electrode densities,
except MPC-1 with the largest electrode density of
0.48 g cm ° (Fig. 4c). However, at 10 A g ', the MPCs with
a large mesopore volume were clearly observed to have great-
er volumetric capacitance values than that of YP-17. This
result indicates that the positive effect of the presence of
mesopores on the rate capability is more significant than the
negative effect of the small electrode density. It should be
noted that the positive effect is limited, when comparing
MPC-10 with MPC-20 or MPC-40 (Fig. 4¢). This indicates
that the rate performance is significantly enhanced by the
presence of a small number of mesopores, but the effect of
further increasing the number of mesopores is relatively small.
Thus, the observed rate capabilities of the MPCs were remark-
able, which was attributed to the presence of mesopores as an
accessible ion pathway [8, 27]. On the other hand, there has
been some reports claiming that the better performance at a
high rate is ascribed to a lower content of oxygen functional-
ities (in particular, CO,-desorbing groups) of templated meso-
porous carbons rather than to their pore structures '86, 87..
But, no clear influence of the carboxylic groups on the rate
capability was observed in the case of MgO-templated
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carbons. These outstanding effects of mesopores on the ion
diffusion were also observed in low-temperature operations;
mesopores of carbon materials can provide a smooth pathway
for the ions, minimizing the elevation of the diffusion resis-
tance at low temperatures [13, 80]. To further investigate the
relationship between the pore volume and electrode density,
the theoretical maximum value for the electrode density was

calculated as shown in Fig. 4d (the details are described in the
literature [82]). In a similar manner to that of the calculated
values, the measured electrode densities decreased upon an
increase in the pore volumes of the carbons. The differences
between the measured and calculated values can be attributed
to the void spaces between the carbon particles. The maxi-
mum ratio of the measured and calculated densities was only
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Reproduced with permission from ref. [82]. Copyright 2016 Elsevier
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70%, indicating that the electrode density could be further
improved by reducing the number of void spaces between
the carbon particles, although a certain amount of space is
required for electrolyte penetration.

Thus, the pore structures of carbons can be tuned effective-
ly by template methods and the EDLC performances of tem-
plated microporous and mesoporous carbons have been stud-
ied. In recent years, efforts have been made to elucidate the
degradation mechanism and improve the charging voltage of
EDLCs using carbon materials [10, 17, 83, 88-92]. According
to the literature, capacitance loss is mainly caused by the elec-
trochemical decomposition of electrolytes at the electrode sur-
faces and/or in the pores. One of the causes of electrochemical
decomposition is the presence of oxygen functionalities on the
carbons, which work as electrochemically active sites. For
instance, Shiraishi reported that reducing the number of oxy-
gen functionalities of the activated carbons by heat treatment
resulted in better durability [90]. Another major issue is the
breakdown of the electrical network in the carbon electrode
caused by the decomposition products or generated gases.
According to Shiraishi’s work, a boundary-free electrode
structure, as well as a porous current collector, is effective in
improving the durability of the system, because of the robust
electrical networks in the electrode [10]. The addition of car-
bon nanotubes to the electrode was also found to enhance the
durability by maintaining the electron conductivity in the elec-
trode (discussed in the last part of “Electrode design based on
the formability of CNTs” section) [17]. Most of these investi-
gations involved the use of microporous-activated carbons.
Recently, Kado et al. reported the durability and degradation
behaviors of MgO-templated mesoporous carbons, CNovel,
in comparison with those of microporous activated carbons
[83]. Table 2 shows the results of durability tests using these
carbons were conducted under floating conditions: 3.0 or
3.2 V/70 °C/100 h. A comparison of the capacitance retention
values at low current densities (0.1 or 1.0 A gfl) revealed that
YP50F is slightly more durable than CNovel. However, at
high current densities (4.0 A g '), the capacitance retention
of CNovel was much higher than that of YPSOF. This remark-
able durability at high current densities can be explained by
the fact that CNovel showed a relatively lower increase in
equivalent series resistance (ESR) than YP50F after the dura-
bility test. On the other hand, CNovel showed a much greater
leak current density than YPSOF. The origin of the leak current
density is a Faradaic reaction, indicating that the electrolyte
decomposition was more significant for CNovel than for
YP50F. One possible reason is that mesopore surfaces are
more electroactive than micropore surfaces. When mesopo-
rous carbons are employed as anode materials in lithium- or
sodium-ion batteries, a huge irreversible capacity is observed
due to the formation of a solid electrolyte interface (SEI) layer
caused by the electrochemical decomposition of the electro-
lyte [93-96]. It is proposed that solvated ions can pass more
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readily through mesopores than through micropores to the
active surface area of the carbons for decomposition. It is
deduced that the degradation mechanism of EDLCs made
using templated mesoporous carbons is different from that of
EDLCs made using microporous carbons. Note that no clear
influence of the oxygen functionalities was confirmed in case
of the MgO-templated mesoporous carbon [83].

Figure 5a, b shows the pore size distributions of the carbon
electrodes before and after the durability test, that was estimat-
ed using quenched solid density functional theory (QSDFT).
In the case of YP50F, the volume of the micropores decreased,
but the size of the micropores was unchanged, suggesting that
the decomposition products did not accumulate inside the mi-
cropores but instead deposited around the entrance of the mi-
cropores. On the other hand, for CNovel, the peak mesopore
size decreased as the mesopore volume decreased, indicating
that the decomposition products accumulated inside the
mesopores. This trend possibly affects the diffusion of ions,
because the presence of mesopores is vital for the high-rate
performance of CNovel. However, AC impedance measure-
ments showed that the charge transfer resistances significantly
increased rather than the distributed resistances for both
YP50F and CNovel. This could be attributed to deposition
of the solid products around the entrance of the micropores.
Notably, CNovel maintained a low ion diffusion resistance
despite the decomposition products being deposited inside
the mesopores because of a sufficiently large number of
mesopores for fast ion migration even after the durability test,
leading to its remarkable durability at high current densities.
Thus, it can be concluded that although the mesopores unfor-
tunately promote electrolyte decomposition, their influence on
the capacitive performance is not significant because the de-
composition products are deposited in the mesopores without
increasing the diffusion resistance of the ions. Nonetheless,
the high leak current is one of the challenging problems in
practical operations of capacitor devices. It is still controver-
sial which electrode dominates the capacitance loss, positive
or negative electrode in PC-based solution [83, 89, 91, 92, 97].
The degradation behavior must be made clearer in the future
work for further improvement of EDLCs using carbon
materials.

Application of templated carbons to anode materials
for Na ion energy storage

The amounts of energy that can be stored in EDLCs is heavily
limited by the energy storage mechanism as discussed above.
In recent years, lithium (Li) insertion to bring about
pseudocapacitance in electrode materials such as TiO, [98],
MnOs [99], Fe,O5 [100, 101], and carbon [93, 102] has been
explored because Li-based capacitors or batteries are very
promising energy storage systems due to their high-energy
densities [103—106]. However, given the increasing demand
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Table 2  Results of the durability test at 3.0 and 3.2 V. Reproduced with permission from ref. [83]. Copyright 2017 Carbon Society of Japan

Rot No. Voltage/ Capacitance retention®/% ESR ratio® LC

v mA g
01Ag"' 1Ag! 4Ag"

YP50F-1 3.0 92 80 53 L5 1.9
YP50F-2 32 87 70 33 2.0 2.7
CNovel-1 3.0 88 80 73 1.4 9.3
CNovel-2 32 76 66 54 1.7 18

#Retention at each current density after the durability test

®Ratio of the equivalent series resistance before and after the durability test which was estimated by the IR drop in the discharge curves
¢ Leak current density determined as the current density after 100 h during the durability test

for Li-based systems, there is concern about the depletion of
Li resources, which are limited and unevenly distributed in the
world. Thus, sodium (Na) has attracted interest as an alterna-
tive to Li for use in energy storage systems in view of its low
cost and abundance (the Clarke of Na is 500 times greater than
that of Li) [107—-109]. Recently, carbon materials such as non-
porous hard carbon and mesoporous carbon prepared using
different methods have been studied for use in Na-ion batteries
or capacitors [94-96, 110—122]. By templating strategies,
Wengzel et al. have demonstrated the improved rate capability
of silica-templated carbons [113]. Tang et al. also have report-
ed hollow carbon nanospheres with superior rate capability
that was made by soft templating method as shown in
Fig. 6a, b [114]. Uniformly shaped hollow nanospheres hav-
ing a specific surface of 410 m* g ' was produced, and a
capacity of 50 mAh g ' was maintained even at 10 A g’
due to such a unique structure. The reaction scheme is illus-
trated in Fig. 6¢ claiming that, in addition to the efficient
electron transfer through the well-connected hollow car-
bons, a large specific surface area offered a large number
of active sites for charge transfer reactions and the large
interlayer spacing facilitated the transport and storage of
Na between the graphene layers.

Very recently, Kado et al. investigated the Na ion storage of
MgO-templated mesoporous carbons (CNovel) in comparison
to a commercial hard carbon (LN-0001) for application to Na
ion capacitors as summarized in Fig. 7 [94-96]. Cyclic volt-
ammograms showed the reduction/oxidation peaks at approx-
imately 0.1 V vs. Na*/Na in both materials (Fig. 7a), which are
attributed to Na insertion into the carbon layers. The peaks
were observed to be much sharper for the hard carbon elec-
trode than for CNovel. This increase in sharpness is due to the
difference in the crystallinity of each carbon. CNovel was
annealed at a relatively low temperature (1000 °C); therefore,
its carbon layers contain fewer Na-insertion sites compared to
the carbon layers of the hard carbon. In addition, capacitive
contributions were observed to be significant for CNovel due
to its large specific surface area, and no plateau region was
observed in the potential profiles in charge-discharge tests

(Fig. 7b). The CNovel electrode exhibited a discharge (Na-
deinsertion) capacity of 180 mAh g, which is comparable to
that of the hard carbon electrode at low current density. The
most remarkable result was the excellent rate capability, as
shown in Fig. 7c, which is in good agreement with the above
studies [113, 114]. It was concluded that Na-ion storage mech-
anism in the MgO-templated mesoporous carbons is the com-
bination of Faradaic Na intercalation in the carbon layers and
non-Faradaic electric double-layer capacitance. In this view,
the appropriate balance between crystallinity and pore struc-
ture of carbon is important for Na-ion storage. The challeng-
ing problem of porous carbons for Na ion storage is the huge
irreversible capacity and very low coulombic efficiency of the
first cycle. This is attributed to the formation of SEI layers on
the carbon electrode surfaces and is significant for high-
surface area carbons [93, 96]. The coulombic efficiency was
less than 30% for these templated carbons, and this low value
is an issue that must be solved for Na-ion battery applications.
However, the use of these templated carbons as negative elec-
trode materials for Na-ion capacitors is promising because the
irreversible behavior is not observed after pre-doping which is
an essential pretreatment for operation of hybrid capacitor
systems. Figure 7d shows the relationship between the energy
density and power density (the Ragone plots) using YP-17
and CNovel as the positive and negative electrode materials
(denoted as the YP-CN cell). For comparison, another full cell
was assembled using YP-17 and LN-0001 as the positive and
negative electrodes (denoted as the YP-LN cell). Pre-doping
of CNovel and LN-0001 was performed by short-circuiting
for 24 h using Na foils as the counter electrodes. Their energy
densities were comparable at a low power density, but the YP-
CN cell exhibited a significantly greater energy density than
the YP-LN cell at a high power density. This was attributed to
faster Na-ion storage in the CNovel negative electrodes. In
addition, it should be noted that cycle-life measurements
showed 90% retention and coulombic efficiencies of almost
100% after 1000 cycles for both cells. These results further
confirm that MgO-templated carbon shows promise for use as
a negative electrode material in Na-ion capacitors.
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Fig. 5 QSDFT pore size 1.0
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Thus, although templated mesoporous carbons are promis-
ing as a negative electrode material for Na-ion batteries, their
use in Na-ion capacitors would more effectively utilize their
high-rate performance, because capacitors offer high-power
operation in contrast to batteries. However, the accompanied
huge irreversible capacity is one of the critical issues that must
be overcome. In this view, pre-doping process, which is nec-
essary for operation of hybrid capacitors, could prevent the
issue of initial irreversible behavior. The performance could
be further enhanced by optimizing the pre-doping conditions,
as well as the weight balance of the positive and negative
electrodes.

Carbon nanotube

A CNT consisting of carbon atoms only, discovered by Dr.
Sumio Iijima in 1991 [123], is one of the typical materials in
the field of nanotechnology that still attracts the attention of
many researchers since CNT is theoretically expected and has
been experimentally shown to have excellent electronic and
mechanical properties for various applications that thereof will
be developed. Carbon nanotubes have a hollow fibrous form
that is obtained by cylindrically and seamlessly rolling a
graphene sheet roughly categorized into two types based on
its structure; one is SWCNT and the other is a multi-walled
carbon nanotube (MWCNT). MWCNTSs have excellent
electroconductivity, and hence have been practically
employed as a conductive additive for electrodes in secondary
batteries. Although the energy density of an EDLC is theoret-
ically proportional to the solid surface area of the electrode, in
a MWCNT where the cylindrical graphene is rolled concen-
trically, there will be planes where parts of graphene are in
contact with one another, and therefore the surface area where
electrolyte can reach becomes smaller than that of a SWCNT.
From the viewpoint of designing capacitor electrodes, a
SWCNT is considered as the ideal form of a CNT since the
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theoretical surface area of a SWCNT, combining the exterior
and interior walls of the tube, is 2630 m? gfl which is the same
as a monolayer graphene. The application of SWCNTSs syn-
thesized by the super growth method (SGCNTs) as a capacitor
electrode material boosted and raised up the world largest
SWCNTs factory production [18, 49, 124—134]. The mass
production of pure SWCNT enabled us to determine the in-
trinsic properties of the graphenic nanomaterials as capacitor
electrodes for the first time and to configure and set up a
1000 F-scale cell [49]. In addition, it has been revealed that
pure SWCNT is an excellent binder materials of composite
capacitor electrodes on its high conductivity and wide poten-
tial window in organic electrolytes. Here, three characteristic
properties of SWCNTs are focused upon, their electrochemi-
cal behavior in terms of their electronic structure, their wide
potential window in organic electrolytes, and their excellent
formation ability regardless of the presence of electrochemi-
cally active materials, which are all crucial for developing
high-performance capacitor devices in commercial use.

Electrochemical behavior of pure SWCNTs

Around the year 2000, early attempts to use CNTs were made
in the research field of capacitors [7, 37-40]. However, at that
time, the integrity and purity of CNTs could not be satisfacto-
rily controlled, especially for SWCNTs, and the products were
inevitably contaminated with metal catalysts and/or amor-
phous carbons. In order to remove considerable amounts of
the metals, the products must be subjected to strong acid treat-
ment. Since the treatment often cleaves the C—C bonds and the
tubes themselves, the resultant nanotubes have many defects
and edges containing oxygen functional groups, and conse-
quently there is a strong possibility that their structures are far
from the ideal ones. Although Shiraishi et al. have studied the
properties of purified HiPco nanotubes (commercially avail-
able SWCNTs synthesized using a high-pressure carbon mon-
oxide method) in an organic electrolyte and showed that the
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Fig. 6 a TEM image of hollow
carbon nanospheres, b rate
performance of hollow carbon
nanospheres (HCS) and carbon
nanospheres (CS), and ¢ schemes
of the electrochemical reaction
process of HCS and CS.
Reproduced with permission
from ref. [114]. Copyright 2012
WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim

SWCNTs have a higher specific capacitance per surface area
of electrode material than activated carbon fibers, although the
mechanism was not clearly identified [135].

A technique called “the super growth method” that enables
the manufacture of extremely high purity SWCNTs with an
impurity concentration of several hundred ppm or less by
weight has been developed by Hata et al. [125] at AIST in
2004. The method employs a silicon or metal substrate with a

Fig. 7 a Cyclic voltammograms,
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catalyst-dispersed surface and hydrocarbons as the carbon
source, with the SWCNTSs being formed from the source on
the substrate surface using a chemical vapor deposition pro-
cess. The method enables the synthesis of a few millimeter-
long SWCNTs aligned perpendicularly on the substrate in a
short time. The SWCNTs prepared using this method (SG-
SWCNTs) can be peeled off the substrate leaving the catalyst
on the substrate. In addition, the SG-SWCNTs do not tend to
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form bundle-like structures, and instead prefer to grow in a
perpendicular alignment on the substrate to form a sheet-
shaped object in which the surface area of the closed
SWCNTs have a high specific surface area of 1100 m* g ',
on the basis of the theoretical value of the outer surface area of
SWCNTSs, which is 1315 m?* g .

The characteristic properties of pure SWCNTs as a capac-
itor electrode material, the potential dependent energy storage,
are clearly shown in its cyclic voltammograms (CVs) in or-
ganic electrolytes. Figure 8a, b shows the CVs of the SG-
SWCNT electrode measured in two- and three-electrode cell
systems, respectively [126]. The CV of the activated carbon
YP-17 was recorded for comparison, in which the current is
independent of the cell voltage and hence a rectangular-shape
CV is observed, as a result of the typical electric charge accu-
mulation in an electric double-layer, while for the SG-
SWCNT system, the current steeply increased with increasing
of the voltage (Fig. 8a). This aspect becomes more recogniz-
able in the CV recorded for the SG-SWCNT system in the
three-electrode set up, where the profile is butterfly shaped,
i.e., there is a symmetric increase and decrease in the current
observed for both the positive and negative potentials from the
center (ca. —0.3 V against an Ag*/Ag reference electrode)
resulting in minima currents (Fig. 8b). This indicates that the
SWCNT electrode can accumulate electrical charge at a highly
polarized potential range. In situ measurements on the elec-
tronic conductivity of the SG-SWCNT electrode sheets im-
mersed in an electrolyte resulted in an order of magnitude
increase, observed as a V-shape (Fig. 8c), in which the poten-
tial of the minimum conductivity (—0.3 V) matched the po-
tentials associated with the minima currents in the CV plot. It
is known that the electronic structure of SWCNTs becomes
metallic or semiconducting depending on the chirality, due to
the way how the graphene is rolled. The electrochemical be-
havior of the SG-SWCNT electrode arises from the unique
electronic structure of the SWCNTs and can be explained by
electrochemical doping of the semiconducting SWCNTs, in
which the injection of electrons and holes causes a potential
dependence of the electronic conductivity, as shown in
Fig. 8c. Due to the above unique electrochemical properties,
a capacitor comprising a SWCNT electrode differs in its cell
characteristics from the use of one comprising a normal acti-
vated carbon electrode. In Fig. 8d, the specific capacitances of
the SG-SWCNT and activated carbon electrodes, normalized
by their BET surface areas, were plotted against the charging
voltage in a two-electrode cell system. While the capacitance
of the activated carbon electrode cell is almost constant
against the charging voltage, that of the SG-SWCNT electrode
cell increases almost proportionally with the voltage [127].
This is one of the cell characteristics unique to SWCNT elec-
trodes [128]. With respect to the specific capacitance per sur-
face area, the SG-SWCNT electrode is far superior to the
activated carbon electrode in that the capacitance is 1.5 times
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or even higher than that of the activated carbon electrode at a
charging voltage over 3 V, as shown in Fig. 8d.

Normally, SWCNT synthesis procedures have no chirality-
selectivity, and accordingly the product is a mixture of metal-
lic and semiconducting nanotubes. Yamada et al. have report-
ed upon the electrochemical behavior of metallic and semi-
conducting SWCNTs that were separated using agarose gel
chromatography [129]. The CV curves of the metallic and
semiconducting SWCNTs separated from the HiPco
SWCNTs are shown in Fig. 9a. Although the CV profile of
the semiconducting SWCNTs seems to be different from that
of the SG-SWCNTs, it showed amphoteric behavior with po-
tential dependence on the current and minima currents at the
center potential, while the shape of the CV of the metallic
SWCNTs showed less potential dependence. The shape dif-
ferences of the CV profiles between the SG-SWCNTs, the
diameter of which is 3 nm on average with a slightly larger
diameter than that of normal SWCNTs, and the separated
semiconducting HiPco SWCNTSs can be attributed to the dif-
ference in the nanotube diameter, which affects the electronic
structure of the SWCNTs. It has been more clearly shown by
Al-zubaidi et al. [136] that a dumbbell-shaped CV (Fig. 9b) is
observed for semiconducting SWCNTs produced using an
arc-discharge method and separated through a density gradi-
ent ultracentrifugation method. They discussed the relation-
ship between the CV profiles and the density of states for
the metallic and semiconducting SWCNTs. Heller et al. car-
ried out simulations on the relationship between the capaci-
tance and the electronic structures of metallic and semicon-
ducting SWCNTs [137]. Regarding the electrochemical dop-
ing of SWCNTs, Ruch et al. [138, 139] have observed chang-
es in the Raman intensities and shifts of the D and G* bands,
as well as in the radial breathing modes (RBMs) during elec-
tron and hole injection using in situ Raman spectroscopy, as a
function of the electrode potential.

Double-walled carbon nanotubes (DWCNTs), which have
different electronic properties from those of SWCNTs due to
their coaxial structure, have previously been studied as capac-
itor electrodes [140—142]. Potential dependent CV profiles
similar to those of SWCNTs were reported by Jang et al.
[141]. Yamada et al. [18] compared the properties of
SWCNTs and DWCNTs prepared using the HiPco method.
Although the potential dependence in the CV profiles was not
remarkable for the DWCNTs, the sheet conductivity change
dependent on the potential was clearly observed, as shown in
Fig. 9c. On the other hand, the potential dependence of the
specific capacitance is moderate for the DWCNTs, as shown
in Fig. 9d and as a result, the difference in the specific capac-
itance values between the SWCNTs and DWCNTs became
large at higher and lower potential ranges apart from the center
potential.

Enhancement of the electrode surface area where the elec-
trolyte and ions can come into contact has been attempted for
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Fig. 8 Cyclic voltammograms in d
a two-electrode and b three-
electrode cell systems (scan rate:
1 mV/s). Schematic mechanism
of capacitance on SG-SWCNTs is
shown in Fig. 1b. ¢ Potential
dependence of in-situ measured
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SWCNTs [130-132]. Since the as-synthesized SG-SWCNTs
are basically closed tubes, Hiraoka et al. [131] oxidized the
SWCNTs by air and succeeded to increase the surface area up
to 2200 m” g~ '. Yamada et al. [132] studied the hole opening
conditions needed to open up the tubes of the SWCNTs and
the correlation between the size of the holes and electrolyte
intrusion inside of the tubes was discussed in relation to the
capacitance. At a charging voltage of 2.5 V, the capacitance
enhancement brought about by hole opening at the side of the
wall was not adequate in proportion to the increase in the
electrode surface area. The potential dependence of the capac-
itance that occurs because of electrochemical doping indicates
that the charge accumulation at the interface between the elec-
trode and the electrolyte is controlled by the charge capacity in
the solid side. This means that the capacitance is independent
of'the electrode surface area, as far as the charge is deficient in
the solid electrode side, which is unlike in other carbon mate-
rials. As discussed by Yamada et al. [129], optimization of the
SWCNT electronic structure by controlling the diameter and/
or chirality is considered to be more crucial than enlarging the
surface area for SWCNT capacitors in order to maximize the
capacitor performance within a limited potential window of
the electrolyte from an application viewpoint.

0.5 1 2 3 4
Charging voltage / V

High-performance SWCNT capacitors working
at a high operating voltage

Izadi-Najafabadi et al. [133, 134] reported the excellent dura-
bility of binder-free SG-SWCNT electrodes. As shown in
Fig. 10a, the SG-SWCNT electrode shows a higher specific
capacitance upon an increase in the cell voltage. The results
shown in Fig. 8d also indicate that pure SWCNT capacitor
cells can be operated at a higher voltage of more than 3 V
which is higher than that of conventional activated carbon
capacitors (Fig. 10b), which normally operate at 2.5-2.7 V.
Since the activated carbon electrode is made by mixing poly-
mer binders to connect powdered-activated carbon particles
and the auxiliary conducting agent carbon black in order to
reduce the contact resistance between the particles, it is possi-
ble that these additives can induce the decomposition of all of
the components, themselves, activated carbon and electro-
lytes, under high-voltage conditions. In addition, the additives
have no activity for energy storage and hence inhibit any in-
crease in the energy density of the cell system. In contrast, a
flexible and highly conductive SWCNT electrode sheet can be
obtained without adding a conductive additive or binder, and
is thus free from the limitation on the working voltage, which
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is restricted by the additive substances. This means that pure
SWCNT electrodes, composed of 100% active material, can
be used to pursue the intrinsic performance of only the pure
electrode in relation only to the electrolyte.

As is shown in the cycle performance results in Fig. 10c,
compared to conventional activated carbon electrodes, it was
found that sufficiently good durability is maintained for SG-
SWCNT electrodes consisting only of pure SWCNTs, even
when operated at a high voltage of up to 4 V. In addition to the
use of an electrode composition without additives, this is
thought to be because there is only an extremely small amount
of contaminants present, such as functional groups or metal
elements, that may promote the decomposition of the electro-
lyte solution, on the graphene surface in SG-SWCNT itself.
Since the energy density of the capacitor is proportional to the
square of the charge voltage, this property is extremely impor-
tant for increasing the energy density. Due to the increase in
the operating voltage up to 4 V and the specific capacitance
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Fig.9 CVs of metallic and semiconducting SWCNTs, a HiPco SWCNTs
separated by agarose gel chromatography, adapted with permission from

ref. [38], Copyright (2012) Elsevier, and b Meijo SWCNTSs separated by
the density gradient ultracentrifugation method, adapted with permission
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increasing with an increase in the cell voltage (Fig. 10a), the
energy density and the power density of the electrodes reached
94 Wh kg' (47 Wh L") and 210 kW kg ' (105 kW L™,
respectively. Attempts at achieving the practical application of
SG-SWCNT capacitors have been undertaken and a trial sam-
ple cell working at a maximum voltage of 3.5 V exhibited an
energy density of 20 Wh L™ with an excellent durability,
estimated to be over 15 years [49]. The large-scale production
of SG-SWCNT electrode has enabled actual setup of'a 1000 F
class EDLC (Fig. 10d), the size of which is suitable for the
power regeneration system.

Electrode design based on the formability of CNTs

Numerous reports have detailed the fabrication of capacitors
using CNT composites combined with electrochemically ac-
tive materials for enhancing the electrode performances and/or
for flexible and wearable devices, which can be artificially
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modified depending on the excellent formability of the CNTs
[6, 26, 41, 42, 143—151]. As for the formability of the
SWCNT electrode itself, Futaba et al. [152] have reported
shape-engineerable and densely packed SG-SWCNT capaci-
tor electrodes. By use of a capillary cohesive force of solution,
this method resulted in the formation of a sheet with a density
0f 0.5 t0 0.6 g cm >, which is 20 times or even larger than the
density of a sheet-shaped object as prepared using CVD. The
capacitor electrode sheet thus obtained has a high density but
exhibits an excellent rate performance compared with that of
an activated carbon electrode of the same thickness. The same
group studied the design of energy circuits using SWCNTs
and lithographically integrated micro-supercapacitors have
been reported by Laszczyk et al. [153]

Since it is possible to design various electrochemical capaci-
tors by combining different metals or polymer active materials,
pure SWCNTs are excellent binder materials, with durability at
high voltage and high capacity. In addition, SWCNTSs, with their
intrinsic high conductivity and high surface area that are crucial
requirements when combining them with other active materials
dispersed finely, are outstanding conductive materials. CNTs
have been reported as a more effective conductive additive for
activated carbon (AC) electrodes than conventionally used acet-
ylene black [154—157]. It is believed that this is due to CNTs
providing a uniform conductive network, as the tendency for
acetylene black particles to aggregate is detrimental to conduc-
tivity. Binder-free composite electrodes in which CNTs act as
both a binder and conductive material are a promising option
for EDLC applications [143, 146, 158—162] because polymer
binders (such as polytetrafluoroethylene) that are normally need-
ed to make robust conventional film electrodes from AC pow-
ders create high electrical resistance [162]. As indicated below, a
high power density and durability are the remarkable advantages
of binder-free composite electrodes made using pure SWCNTs.

Izadi-Najafabadi et al. [163] have reported single-walled
carbon nanohorn (SWNH)/nanotube composite electrodes
shown in Fig. 11a—d. The composite was assembled by first
mixing SWNH particles (80 wt%) with SG-SWCNTs
(20 wt%) in dimethylformamide (DMF). After sonication at
a moderate power in DMF, the well-dispersed suspension of
SWCNT and SWNH particles was poured into a glass dish
and then dried. The composite was used to form a
supercapacitor electrode with a high maximum power rating
(990 kW kgfl; 396 kW Lfl), which stemmed from its unique
meso—macro pore structure and exhibited durable operation
(only a 6.5% decline in capacitance was observed over
100,000 cycles) because of its monolithic chemical composi-
tion and mechanical stability.

Kado et al. [17] have demonstrated the superior perfor-
mance of commercial microporous-activated carbon and SG-
SWCNT composite electrodes based on their electrical resis-
tance and stability. In the scanning electron microscope
(SEM) image of the AC/SG-SWCNT (80:20 wt%) electrode

shown in Fig. 11e—g, it can be obviously observed that the AC
particles are distributed and retained in the CNT conductive
network, thus leading to a high electronic conductivity. In
contrast, the PTFE binder in the conventional AC electrode
(AC/AB/PTFE) connects the carbon particles, resulting in a
high resistance. The conductivity of the SG-SWCNT elec-
trode was observed to be very high due to its conductive
CNT networks, and the AC/SG-SWCNT electrode exhibited
a value of 12 S cmfl, which represents more than a tenfold
increase in the value compared to that of the conventional AC
electrode (0.21 S ecm ™ Y). 1t is considered that there are fewer
electrical contact points in the SG-SWCNT composite elec-
trode than in the electrode made from the powdery carbon
material. A large difference was observed in the Nyquist plots
of the AC impedance spectra of the electrodes. As seen in
Fig. 11h, the addition of SG-SWCNTs removed the semicircle
in the high-frequency regions and decreased the charge trans-
fer resistance. This charge transfer resistance is mainly attrib-
uted to the contact resistance between the electrode and alu-
minum current collectors. Thus, in addition to improving the
electrode conductivity, contact with the etched aluminum foils
should be enhanced upon adding SG-SWCNTs. More remark-
able is the stability of the composite electrode demonstrated
by the results of the accelerated deterioration testing at 60 °C
at 3.0 V (Fig. 11i). Here, the ordinate reflects the capacitance
retention at given intervals with respect to the initial capaci-
tance, which after 1000 h was higher for the AC/SG-SWCNT
electrode (75%) than the AC/AB/PTFE electrode (52%). One
possible reason for this result is the electrochemical decompo-
sition of PTFE binders leading to a degradation in the perfor-
mance of the conventional electrode. Thus, SG-SWCNTs can
be effectively used as a binder-free electrode material, i.e., the
porous carbon/SG-SWCNT composite electrode was shown
to exhibit a lower charge transfer resistance and better cycle-
life performance than a conventional electrode. The partial use
of pure SWCNTs in electrodes is an effective way of improv-
ing EDLC performance, considering that the cost of SWCNTSs
is still high compared to commercial activated carbons, al-
though SG-SWCNTs are now produced on a mass scale.

Carbons with pseudocapacitive nature

As discussed in the “Introduction” section, introducing the
pseudocapacitance is one of the most effective strategies to
develop high-energy density capacitors using carbon mate-
rials. Although combination with electrochemically active
materials such as metal oxides which remarkably enhance
the capacitance by redox reactions in aqueous electrolyte is
one of typical ways, carbon materials without admixed mate-
rials are focused in this section. Since all of carbon materials
are composed of graphene layer as a 2D building block, they
are able to include the other atoms inside the carbon
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hexagonal network and have a possibility to show the interac-
tion through electrons with foreign guest species. In graphene-
based materials, while pseudocapacitance is basically due to
heteroatom doping, a intercalation-like behavior has been sug-
gested on graphene nanosheet and exfoliated carbon fibers,
causing a high capacitance per specific surface area.

Heteroatom-doped carbons

Several researchers have explored doping of heteroatoms such
as O [19, 53, 54], N [21, 55-59], B [22, 164], S [165], and P
[166] inside the carbon network or at the edge of graphene,
that was performed mostly by post thermal treatment of car-
bons or pyrolysis of heteroatom-containing carbon precursors.
Comparing the two methods, use of heteroatom-containing
precursors results in a larger amount of heteroatoms in the
resultant carbons. In addition, combining this doping method
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discharge at 1 A g ', the capacitance of the SG-SWCNT cell with or
without metal current collector (MCC) operated at 4 V declines only by
3.6%. In contrast the AC electrode suffers a decline of 46% while oper-
ated at 3.5 V [134]. d A 1400F SG-SWCNT capacitor cell [49]

and template method discussed in the former section can re-
alize the heteroatom doping as well as the pore structure con-
trol of carbons at the same time. The most studied dopant with
the template method is nitrogen using mica and mesoporous
silica as templates [20, 167—171]. Kodama et al. have success-
fully produced N-enriched carbons from quinoline using ex-
pandable fluorine mica as a template [20]. Mica is one of
layered silicate materials which can accommodate small N-
containing organic molecules, such as quinoline and pylidine,
in their interlayer spaces. After carbonization, followed by
dissolution of mica template, N-enriched carbons can be ob-
tained with a relatively large amount of nitrogen content orig-
inating from N-containing organic precursors. The morpholo-
gy of the carbons reflected the mica template; a very thin
circular film was surrounded by the rim having a constant
width of ca. 20 nm (Fig. 12a). The obtained N-enriched car-
bons had a specific surface area of about 80 to 100 m* g ' and
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) %,

Fig. 11 SWNH/SWNT composite. a Fabrication process. b Image of a
typical SWNH/SWNT composite electrode. ¢ Image of the same elec-
trode bent to show its self-supporting capability. d Schematic depicting
the role of SWNTs as scaffolding for SWNH particles. Adapted with
permission from ref. [163]. Copyright (2011) American Chemical

a gravimetric capacitance of about 100 to 180 F g ' in 1 M
H,S0, electrolyte. This result corresponded to the areal spe-
cific capacitance values ranging from 1.2 to 2.2 F m ™2, which
were tenfold larger than those of conventional activated car-
bons. Such a unique structure and high capacitance of N-
enriched carbons were also observed when the mesoporous
silica was used as templates [170, 171]. Figure 12b shows
SEM and TEM images of N-enriched mesoporous carbon
materials synthesized from quinoline pitch using SBA-15
templates [171]. In the micrographs, a series of straight and
aligned mesopores can be clearly observed. The walls of the
mesopore structures were composed of N-enriched carbons
containing ca. 6 wt% nitrogen and had a significant number
of micropores (indicated by N, adsorption measurement).
Nitrogen-enriched and free carbons showed 250 and
143 F g ' in 1 M H,S0, electrolyte, with the BET surface
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and i capacitance retention in the accelerated degradation test (60°C,

3.0 V) in 1 M TEABF,/PC for pure SG-SWCNT, AC/SG-SWCNT, and

AC/AB/PTFE [17]

area of 729 and 595 m* g, respectively. Clearly, N-enriched
carbons showed a higher capacitance than N-free carbons that
was made using the same template. Nitrogen content in the
carbons can be increased using N-richer carbon precursors,
e.g., melamine (C3HgNg), with a mica template. Hulicova
et al. synthesized the melamine-derived carbons containing
10-40 wt% nitrogen after heat treatments at 650-1000 °C,
and exhibited 50-200 F g "' even though the carbons had only
20-440 m? g ' specific surface areas [167]. Figure 12¢ shows
a chemical state of nitrogen in melamine-derived carbons;
nitrogen existed mainly in the pyridinic, quaternary, and oxi-
dized states. Comparing the spectra of carbons heated at 850
and 1000 °C, the peak owing to quaternary bonding (substitut-
ed nitrogen bonded to three neighboring carbon atoms) in-
creased and the peak due to pyridinic bonding (nitrogen locat-
ed at the outside edges of the carbon rings bonded to two
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Fig. 12 a TEM bright field
images of quinoline-derived N-
enriched carbons synthesized at
750 °C using expandable fluorine
mica template. Reproduced with
permission from ref. [20].
Copyright 2004 Elsevier. b SEM
(upper) and TEM (bottom)
images of N-enriched
mesoporous carbons synthesized
using SBA-15 templates.
Reproduced with permission
from ref. [171]. Copyright 2013
the Carbon Society of Japan. ¢

XPS spectra of N1s core level on
the N-enriched carbons
synthesized from melamine-
intercalated mica at 850 and
1000 °C. N-p, N-q, and N-o
denote pyridinic, quaternary, and
oxidized chemical state of N
bonds, respectively. Reproduced
with permission from ref. [167].
Copyright 2005 American
Chemical Society

neighboring carbon atoms) decreased with increase in the
heating temperature. Nitrogen in the carbon framework would
contribute to the fast Faradic reactions between the cations and
lone pair electrons in the pyridinic state. However, no clear
evidence for any redox reactions were observed in electro-
chemical measurements such as cyclic voltammetry.
Although the mechanism behind the large gravimetric capac-
itance of carbons with a low surface area was deduced to be
some kinds of redox reactions, cyclability has been confirmed
up to a few million cycles while maintaining the initial capac-
itance value.

Apart from the template method, carbonization of mela-
mine foam (used as commercially available cleaning sponges)
produced a unique morphology because the obtained carbon
foams have resiliency and maintain the shape of original
sponges, which enable their use as electrodes without any
binders (Fig. 13a) [21]. In addition, the SEM picture shows
the entwined branched fibers with a diameter of several mi-
crometers, which is originated from the microstructure of pris-
tine melamine sponge (Fig. 13b). The gravimetric capacitance

@ Springer
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of the carbon foams reached 240 F g ' at 02 A g 'in 1 M
H,S0, electrolyte. The BET surface area of the carbon foams
was so small that it was regarded less than 1 m? g ' from the
geometrical surface area. Such a large capacitance value per
unit surface area cannot be explained by simple charge accu-
mulation in the electric double layers. This result is, therefore,
attributed to the pseudocapacitance involving the nitrogen
functionalities. It is also likely that the enhanced wettability
relates to the capacitance because of the increased number of
hydrophilic sites on the electrode surfaces.

Thus, nitrogen in the carbon network seems to bring about
pseudocapacitance of carbon materials for improving energy
density, although the mechanism of pseudocapacitance is still
not clear. Hulicova et al. [172] reported that
pseudocapacitance of N-enriched carbons is significant in
acidic and basic media, but not in neutral solutions. In addi-
tion, a similar behavior was observed in organic solutions, but
the effect was not notable compared to acid or basic aqueous
solutions. The nitrogen content in carbonized materials is de-
pending strongly on the type of organic precursors and the
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Fig. 13 a Photograph of melamine foam (sponge) and its carbonized
materials. Dimensions of a pristine melamine foam = 20 x 20 x
110 mm, carbonization temperature = 700-1000 °C. b SEM image of

heat treatment temperature. The increase of nitrogen content
in carbons tends to reduce the electrical conductivity of mate-
rials, thus this could lead the decrease in high power response
in actual capacitor devices. In addition to the doping strategy,
matching the carbon materials with electrolytes will be one of
the key technologies in designing pseudocapacitors.

Graphene nanosheet and exfoliated carbon

In recent years, there has been great interest in graphene-based
materials that are new class carbon materials for the electro-
chemical application [23, 43—48]. Miller et al [43] have dem-
onstrated graphene double-layer capacitor using vertically ori-
ented graphene nanosheets grown directly on metal current
collectors. It has been suggested that the capacitor contains
pseudocapacitance derived from ion intercalation into ex-
posed edge planes of the graphene structure. In graphene-
based materials research, the exfoliated carbon fibers
(ExCFs) are one of the pioneers for capacitor electrode mate-
rials which show pseudocapacitance by intercalation-like be-
havior without apparent redox reaction [24, 173—175].
ExCFs were synthesized from carbon fibers (mesophase-
pitch- or PAN-based) as a starting material, though many
graphene-based materials were prepared from graphite crystal.
The intercalation compounds with carbon fibers were obtain-
ed by electrolysis in 13 M HNO; and then they were rapidly
heated to around 1000 °C for a few seconds to achieve exfo-
liation. The detailed exfoliation behavior of carbon fibers has
been reported in several studies [176—178]. The X-ray diffrac-
tion patterns of the pristine, electrolyzed, and exfoliated car-
bon fibers are shown in Fig. 14a. Conventional activated car-
bon with a low crystallinity is also shown for comparison. The
pristine carbon fibers are highly crystalline, exhibiting a sharp
diffraction peak with a d-spacing of 0.337 nm (Fig. 14a(i)).
After electrooxidation in HNOs, the diffraction peaks of the
graphite structure disappeared and a broad peak at a d value of

carbonized melamine foam at 800 °C. Reproduced with permission from
ref. [21]. Copyright 2007 Elsevier

0.78 nm appeared (Fig. 14a(ii)). According to the chemical
analysis of this material, the product of this treatment was de-
termined to be graphite oxide. Subsequently, the graphite oxide
was completely decomposed after heat treatment at 1000 °C
(Fig. 14a(iii)) and the carbon structure was recovered, although
the carbon layer stacking along the c-axis was smaller than that
observed in pristine carbon fibers, due to the nature of the
exfoliation process. SEM observations revealed that individual
fibers had formed bundles of thin filaments after the exfoliation,
reflecting the fibril texture along the fiber axis. The nitrogen
adsorption isotherm for the ExCFs at 77 K showed a developed
mesoporous structure, with a BET surface area of around
300 m* g '. Mercury porosimetry measurements were conduct-
ed and indicated that the ExCFs have a total pore volume of
around 20 cm® g ', which can be reasonably attributed to the
meso- and macro-porous regions among the thin filaments.
Extremely large capacitance values reaching 555 and
450 F g~' on ExCFs were observed in the CV and galvano-
static charge—discharge measurements, respectively, when
18 M H,SO, electrolyte with three electrode cells was used.
The CV curve slightly deviated from the ideal rectangular
shape, but no redox peak was observed. The galvanostatic
experiments at low current density resulted in a triangular
charge—discharge curve with a linear change in the potential,
reflecting the CV curve without any redox peaks.
Galvanostatic cycling at a high current density (500 mA g ')
in 18 M H,SO,4 was measured as being stable for more than
7000 cycles. Figure 14b shows the areal-specific capacitance
of the ExCFs and activated carbon fibers (ACFs), plotted
against the H,SO, electrolyte concentration. The capacitance
value for the ExCFs was observed to increase gradually upon
an increase in the concentration up to 10 M then suddenly
jumped to an extremely large value in the higher concentration
region, reaching about 1.4 F m 2 (450 F g~ '). However, the
capacitance value of the ACFs did not show any trend upon a
change in the electrolyte concentration and maintained an
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Fig. 14 a X-ray diffraction
patterns of carbon fiber: (i)
pristine mesophase-based
graphitized carbon fiber, (ii)
electrolyzed in 13 M HNO;3
forming intercalation compound,
(iii) exfoliated (heat-treated at
1000°C for 5 s), and (iv)
conventional activated carbon.
Reproduced with permission
from ref. [173]. Copyright 2003
Elsevier. b Dependence of areal
specific capacitance of EXCF
(circle) and activated carbon fiber

1’5 L I ] I I ' L]

o
W
|
|

0]

Specific capacitance [F/m’]

(triangle) on the concentration of
H,S0; electrolyte. Reproduced ] L | 1

with permission from ref. [24]. 10 20
Copyright 2004 Elsevier 20 ( CuK OL)

approximately constant, small value of about 0.1 F m 2. Since
the capacitance value of the ExCFs in concentrated H,SO, is
considerably large compared with the reported value of con-
ventional carbon materials, the value for ExCFs obtained here
cannot be explained only by the electric double-layer capaci-
tance, the pseudocapacitance due to intercalation of H,SO,
must be also considered. In the case of exfoliated natural
graphite (ExXNG) with the higher crystallinity which showed
a similar trend, abnormally large capacitances were obtained
in 12 and 18 M solutions, and a distinct intercalation reaction
of H,SO,4 molecules into the graphite interlayer (stage struc-
ture) was identified. This observation indicates that the en-
hancement of the specific capacitance of ExCFs with concen-
trated electrolyte is not associated with the formation of a
stage structure caused by the intercalation reaction, although
there may be some strong interactions between the carbon
layers and the H,SO, molecules. The lack of stage structure
formation in the ExCFs may be due to the lower crystallinity
and more distorted nature of its structure compared to that of
graphite. The capacitive performance of the ExCFs is better
than that of ExXNG, because of no formation of the stage struc-
ture involving a volume change in the electrode and subse-
quent electrode collapse at short cycling times. In addition, the
enhanced rate performance of ExCFs could be also expected,
if the surface reaction makes a major contribution to the pseu-
do-capacitance.

Thus, the pseudocapacitive behavior of graphene and related
materials (including ExCFs) could be attributed to the enhanced
adsorption of ions, in other words the interactions between the
ions and basal planes [179] or edge sites (intercalation [24, 43,
173, 175] and functional groups [180, 181]). Because both the
intercalation reaction into interlayer spaces and the ion adsorp-
tion on basal planes result in the charge transfer between guest
species and 7t-electron of graphene sheet, the design of 3D ar-
chitecture of graphene-related materials with suppressed ag-
glomeration is being the current topic. The system composed
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of safe guest species with graphenic materials is necessary to
apply for actual devices, though high concentration of sulfuric
acid with ExCF indicates the basic concepts.

Summary and future perspectives

In this review, we have highlighted the design and synthesis of
a variety of advanced carbons as primary electrode materials
for electrochemical capacitors. The template method for high-
ly ordered carbon pore structures has become a powerful tool
to enhance ion transfer in the pores, which contributes to high-
power performance. To improve the energy density, it is pos-
sible to develop pseudocapacitors or hybrid capacitors based
on carbons without any admixed materials. For instance, the
reactions between cations and lone pair electrons in N-doped
carbons and the intercalation (-like) behaviors of ions (SO,*",
Li*, Na*, etc.) can be utilized as redox reactions for high-
energy density capacitors. It is challenging to establish fast
and reversible reactions without any loss of desired EDLC
features, such as high-power, long durability, and high reli-
ability. In addition, as indicated by the research on SWCNTs,
not only improving the specific capacitance but also enhanc-
ing the working cell voltage in relation to the properties of the
electrolyte used are keys to enhancing the energy density of
capacitor devices.

Recently, the most popular research topic in carbon elec-
trode materials has been graphene-based materials (including
composite electrodes with other active materials) for applica-
tion to electrochemical capacitors (and other energy devices).
In addition to the structural design of carbon materials, com-
prehensive understanding of the relationship between the in-
trinsic nature of carbon solids (of which the graphene layers
are basically composed of sp” carbon atoms) and the proper-
ties of electrolytes is not only basic but also crucial for devel-
oping commercial capacitor devices using any carbon
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material. For example, pure SWCNT has been proven to be an
excellent binder of composite capacitor electrodes, not
diminishing the cell performance (unlike polymer binders),
because the material has high electrical conductivity and a
wide potential window in organic electrolytes, as demonstrat-
ed by its EDLC performance. Thus, study on graphene as a
carbon family reminds us again that many of the superior
characteristics of CNTs come from the nature of hexagonal
carbon networks with sp> hybridization. In line with this con-
sideration, various types of carbon materials, including ad-
vanced and conventional carbons with different morphology,
microtexture, porous structure, surface, and edge chemistry,
will be explored with the help of graphene science to develop
future capacitor electrode materials.
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