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Preface

Application fields of supercapacitors are expanding because they have a very

large charge/discharge current density and a cycle durability of tens of thousands
of cycles or more compared to secondary batteries. There are various kinds of
supercapacitor: electric double layer capacitors with a relatively long history,
pseudocapacitors that utilize electrochemical reactions, and the progress of hybrid
capacitor technology that combines double layer capacity and electrochemical
reactions. Development of electrode materials and electrolytes and new cell design
for constructing devices support the performance improvement and expansion

of new applied fields such as automobiles, heavy machinery, and energy harvest-
ing. This book aims to provide engineers with the opportunity to review the latest
information by integrating cutting-edge papers on the science, technology, and the
application of supercapacitors.

The first chapter reviews the properties of carbon nanomaterials such as activated
carbon, graphene, and carbon nanotubes. The author evaluates the current state of
carbon nanomaterials and their composite materials for supercapacitor applications
and describes future prospects (Khalid et al.). Chapters 2 and 3 focus on device
flexibility and introduce the latest material technologies for developing wearable
supercapacitors (Shanov et al.). In the fourth chapter, a constant voltage charge test
is performed using a conventional electric double layer capacitor, and the relation-
ship between the applied voltage and the deterioration behavior of the capacitor is
considered from a practical point of view (Tashima). Chapter 5 explains the lithium
doping method, which can increase cell capacity while maintaining the output and
cycle characteristics of the capacitor. The author discusses the lithium ion hybrid
capacitor, which has attracted attention in the field of capacitor technology (Sun
etal.). In Chapters 6 and 7, two authors introduce high-capacity pseudocapacitors
by using metal oxide nanomaterial and chromium nitride as electrode materials
(Das et al. and Singh et al.). In the last chapter, the authors explain the application
of supercapacitors to hybrid buses by drawing a realistic solution related to the
controlling method for capacitor and power train based on precise energy efficiency
calculation and simulation (Wang et al.).

Takaya Sato
National Institute of Technology,
Tsuruoka College,

Japan
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Chapter1

Carbon-Based Composites for
Supercapacitor

Mohmmad Khalid, Prerna Bhardwaj and Hamilton Varela

Abstract

Supercapacitor is an emerging technology that promises to play an advance
role in new generation electronic devices and systems. Carbon (activated carbon,
graphene and carbon nanotube) have attracted tremendous attention for their
potential applications in supercapacitor technologies due to their excellent mechan-
ical strength, good electrical conductivity, high electron mobilities, excellent
chemical stability in acidic and basic medium, good thermal stability in wide range
of temperature, various morphological structures, and large specific surface area.
This chapter aims to assess the current status of carbon nanomaterials and their
composites for supercapacitor application by discussing the literature in this field
and presenting a perspective for future research in supercapacitor technologies.

Keywords: carbon nanomaterial, mesoporous carbon, graphene, carbon nanotube,
composite, supercapacitor

1. Introduction

The ever-growing need for energy because of continuous depletion of fossil
fuels and associated increasing air pollution, has caused the urge of developing
sustainable and clean energy sources. Renewable energy sources like solar and
wind energy systems are intermittent in nature and do not show potential impact
unless the effective energy storage system is connected. Though, traditional bat-
teries are used to store the electricity produced by renewable sources, their toxic
components and high cost have precluded them from wide adoption in modern
technologies. The traditional capacitors which are made of two metal plates
separated by dielectric materials show very little tendency to store energy as the
batteries store. One of the latest energy storage systems is supercapacitor. It is an
emerging technology that promises to play pivotal role in laying out the roadmap
of energy storage system for future. Supercapacitor technology provides a bridge
between traditional capacitors and batteries, where supercapacitors could store
greater amount of energy than the conventional capacitor and are able to deliver
more power than existing batteries. Energy in supercapacitors is directly related to
the capacitance of the electrode, which can be boosted by developing highly porous
carbon or by introducing pseudocapacitive materials into the carbon network.

By this way, the energy storage capability of the supercapacitor electrodes can be
increased at much high level than traditional capacitors. Besides having high power
capability than batteries, their charge storing and charge releasing mechanism

is efficiently reversible, so they are extremely promising candidates with long
charge/discharge life. However, their energy storing capacity is still far behind
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than the traditional batteries [1-5]. Therefore, there is a huge interest in increasing
the energy density of supercapacitors. Almost all worldwide supercapacitor com-
panies such as NESSCAP, Panasonic, AVX Maxwell and NEC use activated carbon
as active material for the construction of commercial supercapacitors. However,
progress in the development of other allotropes of carbon like graphene, carbon
nanotube and other materials such as metal oxides and conducting polymers are
continuing at a steady rate in supercapacitor applications. In order to boost the per-
formance of supercapacitor, introduction of the pseudocapacitance in double-layer
capacitive electrode seems to be a prevalent target amongst the current research
and offers a good chance of developing the next generation high performance
supercapacitor. The construction of a supercapacitor is slightly different from that
of traditional capacitor, where electrolyte is the conductive connection between
two electrodes unlike conventional capacitors [6]. These electrodes are polarized
by applying suitable potential in the same way that batteries are polarized. The
polarity of the supercapacitor electrodes is controlled by designing the superca-
pacitor assembly in the form of asymmetrical or symmetrical systems. Asymmetric
supercapacitors, where positive and negative electrodes are different from each
other, while, in case of symmetric supercapacitor both electrodes are consisted
with the same materials in identical shape and size of the electrodes. The voltage of
the supercapacitor devices in asymmetrical manner enhances by taking the advan-
tage of the potential ends of two different electrodes. If the both electrode are same
as in case of symmetrical supercapacitor design, the total value of capacitance is
roughly half that of one electrode. On the basis of charge storage mechanism of the
electrodes, supercapacitor can be divided into three types (Figure 1): (1) electrical
double layer capacitors (EDLCs)—generally high surface area carbon materials
and its derivatives are used for making electrodes, where ions are adsorbed on the
surface of electrodes in the form of electric double layers (Helmholtz layer), one
electrode collects positive ions and other is mirrored with opposite negative ions,

Electiolyin

Separaton

Figure 1.
Schematic representation of (A) traditional capacitor, (B) electrical double layer capacitor,
(C) pseudocapacitor and (D) hybrid supercapacitor [7].
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therefore the total capacitance value of a double layer capacitor is the result of two
capacitors connected in series, (2) pseudocapacitors—metal oxides and conduct-
ing polymers are used for fabrication of the electrodes, where redox (Faradaic)
reactions occurs at the interface of electrode surface and electrolyte, It should
also be noted that the suitable potential should be selected for the pseudocapaci-
tive electrode materials, beyond the suitable potential window electrode will be
degraded, and (3) hybrid supercapacitor—where electrodes are constructed using
the significant features of both EDLC and pseudocapacitors, the most promising
outputs seem to lie in the use of hybrid supercapacitors, which consists of carbon
material and metal oxides/conducting polymer [8]. Figure 1 demonstrates the
schematic illustration of traditional capacitor, EDLC, pseudocapacitor and hybrid
supercapacitor.

The fundamental equation (Eq. (1)) governing the capacitance of a traditional
capacitor also stands for supercapacitors.

Capacitance,C = €€, A./d (1)

Where £, is the permittivity of free space, £, is the relative permittivity, A, is the
surface area of the electrodes and d is the distance between them [9]. Hence, if we
could increase the area of electrodes and decrease the distance between them then
the capacitance will be improved.

Therefore, in order to choose an electrode material for a supercapacitor [10, 11]
the following factors should be taken into account, i.e.,

* The specific surface area of the electrodes.

* Pore size distribution.

* The conductivity of the electrodes.

* The resistance to any oxidation/reduction on the surface of the electrode.

* Electrochemical stability of the electrolyte in the operating voltage.

* Resistance of the electrolyte towards electrode.

* Wettability of the electrolyte on the electrode.

In this chapter, we will focus on the advancement in research concerning use of
carbon nanomaterials in developing supercapacitors.
2. Carbon nanomaterials

Carbon is one of the most abundant materials in nature. Thus, it is thought to be
an economical choice for employing in energy conversion and storage technologies.
Owing to the excellent mechanical strength, good electrical conductivity, high elec-
tron mobility, high chemical stability, large surface area and high tunable properties
make carbon materials an ideal candidate for energy storage systems. Some of the
common carbon materials which fulfill majority of the desired properties to act

as an effective and efficient electrode for supercapacitors are—activated carbon,
graphene and carbon nanotubes (CNTs).
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2.1 Activated carbon

The basic properties of activated carbon (AC), i.e., low cost, high electrical
stability and large surface area makes them most common materials used in com-
mercial supercapacitors. ACs are generally produced by physical (thermal) and/
or chemical activation of raw materials with high carbon content like coal, wood,
etc. The physical activation is carried out by heating the raw material in absence of
atmospheric air at very high temperatures, usually in the range 700-1200°C. The
chemical activation process requires heating of carbon resource at a lower tem-
perature of 400-700°C in presence of an activating agent such as zinc chloride,
phosphoric acid, sodium hydroxide and others [12]. These two processes results in
activated carbon with a high surface area (3000 m?/g) but with a pore size distribu-
tion in a wide range of macro-pores, mesopores and micropores (>50-2 nm)

[13, 14]. The micropores are in general considered to be inaccessible for electrolyte
ions thus not capable of supporting an electrical double layer. The mesopores have
maximum contribution towards capacitance in an electrical double layer capacitor
followed by micropores [15-17]. As discussed above, EDLC and pseudocapacitance
both are surface phenomena, thereby, activated carbon with high surface area are
perfect candidates for application as electrode material [12]. However, the experi-
mental value of capacitance for activated carbon-based supercapacitor were found
to be in the range 1-10 pF/cm? which is lower than the theoretical calculations [18].
This has been explained in detail by Kierzek et al. [19] and found that the surface
area of the electrode material is not the only factor that determines performance of
the electrode. There are other parameters which need to be considered for calculat-
ing capacitance for instance; shape, structure and size distribution of the pores
along with the electrical conductivity and wettability of electrode in the particular
electrolyte [12]. This gave birth to a new concept, i.e., use of mesoporous carbon
(pore size 2-50 nm) for supercapacitor applications, which contributes in easy
ion-transport over the conventional activated carbon and hence, demonstrates
high power capability [20]. Ferndndez et al. [21] synthesized mesoporous carbon
by carbonizing a mixture of poly(vinyl alcohol) and inorganic salt and showed

a specific capacitance of about 180 F/g in aqueous H,SOy, electrolyte. The perfor-
mance of mesoporous carbons can be further enhanced by controlled introduction
of micropores. Xia et al. [22] showed that a specific balance between mesopores to
micropores ratio can tune the specific capacitance to 223 F/g in 6 M KOH electrolyte
at 2 mV/s scan rate with 73% retention cyclability. This improved capacitance has
been attributed to the presence of hierarchical porous structure of the electrode
material that consists interconnected micropores and mesopores, having the high
surface area of 2749 m*/g, and large pore volume of 2.09 cm’/g. The intercon-
nected porous structure facilitates the easy movement if ions. The performance of
mesoporous carbon can also be improved by its functionalization. The functional-
ized mesoporous carbon can then act as an efficient pseudocapacitor electrode in
addition to EDLC. Different functional groups like —OH, —COOH or —C=0 can be
easily introduced by activating the mesoporous carbon using strong acids like nitric
acid, sulfuric acid or ammonium persulfate. For example, Jia et al. [23] pyrolyzed
the mixture of milk powder and sodium hydroxide without any substrate resulting
in the formation of N-doped mesoporous carbon which showed a high capacitance
of 396.5 F/g at 0.2 A/g in the electrolyte solution of H,SO, along with high stabil-
ity in their capacitance value (95.9% capacitance retention after 2000 cycles at

50 mV/s). Ren et al. [24] have also observed that the capacitance of mesoporous car-
bon increased from 117 to 295 F/g (10 mV/s scan rate) after its treatment with nitric
acid. Table 1 summarize some carbon-based electrical double layer supercapacitors.
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Electrode Electrolyte Specific Current Retention capacity Refs.
(M) capacitance density
(F/g)
Layered 'NOMC H,S0, (0.5) 810 1.0A/g 50,000 cycles [25]
Li,SO, (2.0) 710 1.0A/g between 0 and 1.2 V
Ordered NOMC H,SO, 262 0.5A/g [26]
KOH 227
hierarchically H,S0, (0.5) 537 0.5A/g 10,000 [27]
porous NOMC
NOMC from Ionic Liquid 225 05A/g 1000 [28]
phenol-urea-
formaldehyde
NOMC from Ionic liquid 186 0.25A/g — [29]
aqueous assembly
N-doped micro- KOH (6.0) 226 1.0A/g 2000 [30]

mesoporous carbon

NOMC 288 0.1A/g 25,000 [31]

"NOMC, nitrogen-doped mesopovous carbon.

Table 1.
Summarizes some of the studies carried out by different research groups on capacitance values of N-doped
mesoporous carbon materials.

Incorporation of heteroatoms such as nitrogen, boron, phosphorous, and sulfur
(N, B, P, and S) into the carbon network by replacing some carbon atoms offers a
significant change in the electronic, electrical, and surface charges properties of the
carbon materials. Doping of heteroatom in carbon materials can be done either by
in situ preparation of carbon or through post-treatment by heteroatom containing
precursor. In particular, nitrogen doping has gained more attention in supercapaci-
tor, because nitrogen doping not only improves the electrical conductivity and wet-
tability but also contribute additional pseudocapacitance by enhancing the surface
polarity and electron donor affinity of carbon. According to the studies made by
Wang et al. [31], nitrogen doping facilitates the formation of well-defined meso-
pores and resulted improved electrochemical performance. Lin et al. [25] developed
N-doped mesoporous few-layer carbon with a large surface area of 1900 m*/g for
supercapacitor. It was reported that the as-developed few layer carbon showed
highest ever specific capacitance of 810 F/g in three-electrode cell and 710 F/g in
full cellat1 A/g in 0.5 M H,SO, and 2 M Li,SO, electrolytes. The full cell device
showed high stability with 50,000 repeating cycles between 0 to 1.2 V, and demon-
strated highest specific energy of 23.0 W h/kg while maintaining the specific power
density of 18.5 kW/kg in 2 M Li,SO, electrolyte. However, the exact mechanism has
not yet been confirmed but it is evident that the pyrrolic N, pyridinic N or quater-
nary N plays a crucial role in determining the ion flow towards the electrode, hence,
influencing the capacitance of the electrode [32]. Nitrogen and phosphorus dual
doped mesoporous carbon was also prepared, which reveals a high specific capaci-
tance of 220 F/g at a current density of 1 A/g with excellent rate capability of 91%
in a 6 M KOH aqueous electrolyte [33]. This value of capacitance was found lower
than nitrogen and sulfur or nitrogen and oxygen dual doped mesoporous carbon
synthesized using polyhedral oligosilsesquioxanes, which showed almost rectangu-
lar cyclic voltammogram curve in wide potential window from —2 to +2 V in ionic
liquid electrolyte. These electrode materials showed a gravimetric and volumetric
specific capacitance of 163 F/g and 106 F cm ™ at a current density of 0.25 A/g [34].



Science, Technology and Advanced Application of Supercapacitors

Another form of activated mesoporous carbon is the carbon nanofibers. The ease
of preparation and highly mesoporous structure of these fibers exhibited excellent
electrode material for electrochemical double layer capacitors [35]. Xu et al. [36]
prepared polyacrylonitrile fibers followed by NaOH activation, and observed high
specific capacitance of 371 F/g in the aqueous KOH (6 M), 213 F/g in non-aqueous
LiClO4 (1 M) and 188 F/g in ionic liquid electrolyte solutions. Mesoporous carbons
have also been extensively studied in the form of composites with other active
materials, including conductive polymers (polyaniline [37], poly3-hexylthiophene)
and metal oxides (Manganese oxide MnO; [38, 39], Ruthenium oxide RuO, [11]). In
particular, pristine conducting polymers with their excellent electrochemical prop-
erties have displayed capacitance 10-100 times higher than EDLCs but they suffer
from some limitations like poor stability and short lifetime. Thus, combining the
properties of conducting polymers with mesoporous carbon can result in an elec-
trode material with optimum properties. For instance, chemical polymerization of
polyaniline onto an ordered bi-modal-mesoporous carbon resulted in the formation
of PANI nanowires growing out of mesoporous carbon substrate has been reported
by Yan et al. [40]. The subsequent composite exhibited a specific capacitance of
517 F/g in 1 M H,SOy, electrolyte with 91.5% retention rate after 1000 cycles. Chen
et al. have presented a facile synthesis of highly porous N-doped carbon nanofibers
coated with polypyrrole by carbonization which showed a specific capacitance of
202 F/g in aqueous KOH (6 M) electrolyte at a current density of 1 A/g. It exhibited
maximum power density of 90 kW/kg while maintaining high capacitance reten-
tion and cyclability. This kind of N-doped carbon nanofiber-based composites
exemplifies unconventional and practically potential candidates for a competent
electrode material for supercapacitors [41].

2.2 Graphene

Since the discovery of graphene by Novoselov and Geim in 2004, the research
on this flattish material has received enormous attention. This flat sheetis a
one-tom-thick layer of sp’-bonded, 2D honeycomb lattice of carbon with a fully
conjugated structure of alternating C—C and C=C bonds. Its unique physico-
chemical properties make this material a promising candidate for a large variety of
applications. However, the use of graphene for most of the electronic applications
often requires precise functionalization of individual graphene sheets into various
device elements at molecular level. Therefore, surface functionalization of graphene
sheets is essential, and researchers have devised various covalent and noncovalent
chemistries for making graphene materials with the bulk and surface properties
needed for many potential applications including energy conversion and storage. Its
high mechanical strength, excellent electrical and thermal conductivity and large
theoretical surface area (2600 m°/g) make this material particularly interesting for
energy-storing devices. The other forms of carbon allotropes like Fullerene (0-D),
carbon nanotubes (1-D) and graphite (3-D), all resemble the graphene hexagonal
ring structure of graphene with different orientations in space, and each of these
structures represent a unique property of its own [42]. Graphene, despite having
exclusive physical and chemical properties and high theoretical surface area, it is
not free from some drawbacks. The major drawback is of its sheet to sheet restack-
ing (due to strong n-7 interactions between its layers), which reduces the effective
surface area rendering it nonfunctional for its application as multidimensional
flexible electrode material. In order to overcome these shortcomings, constructive
experiments have been made to fabricate nanoporous graphene by intercalation
of other nanoparticles in graphene layers. Efforts are also being made to utilize
the surface defects of crystal lattice structure of host material originated during
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chemical synthesis for immobilization of electrolyte ions. In general, graphene
activation can be achieved by methods like; introducing spacers between its lay-
ers, exfoliation method, templating technique or forming hydrogel by reducing
graphene oxide. Thus, for application purposes graphene is not used as pristine but
it has to be employed as reduced graphene oxide or activated graphene or doped
graphene or graphene/metal oxide composites or graphene/polymer composites
[43]. For instance, Zhang et al. [44] pioneered a new carbon material by chemical
modification of one-atom thick layer of graphene (specific surface area 705 m?/g),
which demonstrated high specific capacitance values of 135 F/g in aqueous electro-
lyte and 99 F/g in organic electrolyte. In addition, it showed good retention ability
over a wide range of voltage scan rates. Another group led by Vivekchand et al. [45]
have reported the synthesis of graphene using thermal exfoliation of graphitic oxide
at very high temperature of 1050°C. The product obtained had a high surface area
of 925 m*/g and specific capacitance is 117 F/g in aqueous H,SO, electrolyte. On
the other hand, functionalization of graphene can also be achieved by controlled
thermal exfoliation at low temperatures [46] without compromising its capacitance
performance. Chemical functionalization of graphene oxide platelets grown on an
intrinsically flexible, highly porous and ordered carbon films by nitrogen doping
[47] has shown to enhance its electrical as well as supercapacitive properties. All the
above-mentioned activation methods have led to the production of materials with
high capacitance but for real-life practical application of these materials, another
important factor to be considered is energy density. The commercially available
batteries have higher energy density than supercapacitors. This means that super-
capacitors can provide a very high energy pulse when required but can store less
energy per unit weight, as compared to batteries. Liu et al. [48] have demonstrated
the synthesis of 1-layer graphene in a curved form which restricted the face to face
restacking of its sheets, hence, utilizing maximum possible electrode surface. This
resulted in supercapacitor electrode material with very high specific energy density
of 86 and 136 Wh/kg at room temperature and 80°C respectively at 1 A/g current
density. Xu et al. [49] have also described the development of sponge-like graphene
nanostructures that showed high energy density of 48 kW/kg. A new approach to
efficiently exploit the surface of each layer of graphene structure is by employing
the “in-plane” strategy in place of stacking [50]. In case of conventional (stacked)
assembly, the entire electrochemical (specific) surface area cannot be used as some
of the regions are unapproachable to the electrolyte ions (Figure 2a). Whereas the
new structural design assists the percolation of electrolyte ions between graphene
layers to reach the current collector. Consequently, facilitating the maximum usage
of available specific surface area [50]. This type of in-plane 2D graphene super-
capacitor has shown a maximum specific capacitance value of 250 F/g at current
density 176 mA /g with good retention rate for 1500 cycles.

2.2.1 Graphene/metal-oxide composites

Variety of metal-oxides such as RuO,, MnO,, NiO, Fe;0,4, ZnO, TiO,, etc. have
been explored for possible electrode material in supercapacitors. These so called
active material, when added in an appropriate quantity to the graphene structure can
result in excellent electrode material. The addition of metal oxide nanoparticle acts
as nanospacers between the graphene layers to prevent its restacking. On the other
hand, the flexible space between the 2-D graphene sheets provides a smooth hori-
zontal way for the mobility of electrolyte ions improving its energy storing capacity.
Lu et al. [51] have described the supercapacitor behavior of graphene-ZnO and
graphene-SnO, composite materials. They found that electrochemical performance
of graphene-ZnO composite was improved to a great extent in terms of capacitance
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Figure 2.

Schematic depiction of the (a) stacked geometry where all graphene layers are parallel to the current collectors,
(b) operating principle in case of the in-plane supercapacitor device utilized for the performance evaluation of
graphene as electrodes. Reproduced with permission from Ref. [50]. Copyright (2011) to American Chemical
Society.

value and reversibility when compared to pristine ZnO or SnO, or graphene. Its
specific capacitance was 61 F/g and energy density of 4.8 Wh/kg, which was also
greater than that of graphene-SnO, samples. Graphene-MnO, composite with high
MnO, content (78 wt.%) demonstrates a specific capacitance of 310 F/g ata scan
rate of 2 mV/s. The authors claim that hybridization of graphene and MnO, caused
increase in specific surface area resulting in higher conductivity and eventually
high-performance rate [52]. Apart from conventional symmetric supercapacitors
(using same material for both electrodes), a number of studies have been carried out
to exploit the potential of asymmetric supercapacitors (using different material for
each electrode) based on metal oxide/graphene composites [53]. The objective for
fabrication of asymmetric supercapacitors is to obtain a higher energy density. The
most vital step in its assembly is the choice of two such electrodes, which have same
working potential range and sufficient wettability in the same electrolyte. The use
of asymmetric model for supercapacitor allows the extension of operating potential
window along with the improved capacitance performance rate. For example, Cao

et al. [54] have established that an asymmetric supercapacitor developed using MnO,
nanoparticles as anode and graphene as cathode exhibits a specific capacitance of

37 F/g and could operate up to voltage range of 2.0 V with 96% capacitance retention
for 500 cycles. It displayed much higher energy density of 25.2 Wh/kg and power
density of 100 W/kg when compared to 4.9 Wh/kg (MnO,/MnO,) and 3.6 Wh/kg
(graphene/ graphene) based symmetric supercapacitors.

2.2.2 Graphene/conducting polymer composites

The composites made from graphene and electrically conductive polymers
[polyaniline, polythiophene, polypyrrole, poly(3,4-ethylenedioxythiophene)] have
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attracted great deal of attention. The flexible and conductive nature of conduc-
tive polymers when combined with the intrinsic layered structure of graphene
results in a material with potential for electrode application in supercapacitors. The
increasing need for lightweight, flexible and smaller size supercapacitors in future
electronics world has stimulated the interest in such graphene/polymer composite
electrodes. These composites have improved mechanical strength and conductivity
as compared to each material individually. They have been successfully implied in
other applications like solar cells, fuel cells, transparent electrodes, etc.

The synthesis of graphene/polymer composite is facile and cost effective.
Anodic in-situ polymerization of aniline on the graphene layered structure has been
reported by Wang et al. [55]. The product formed was flexible, self-standing, strong
and electrochemically stable. It showed a high electrochemical capacitance of 233 F/g
at 2 mV/s scan rate with good stability for 2000 reversible cycles. The 2D structure
of graphene can also be used to grow 1D nanorods of conductive polymer [56]. This
represents an opportunity to utilize the maximum available surface area, hence,
enhancing the energy storing capacity of the electrode. For example, graphene/
polyaniline nanorod composite showed very high specific capacitance of 555 F/g in
1 M H,S0; electrolyte with cyclic stability of 2000 cycles [57]. Some graphene and
conducting polymer based composites have been listed in the Table 2. It is evident
from the capacitance values in the table: that compositing conducting polymer with
graphene convalesces its capacitance performance rate. However, this process may
also lead to increase in the n-x stacking of graphene layer which in turn lowers the
specific surface area of electrode. Therefore, there is a need to develop techniques
for constructing 3-D structures of polymer matrix and introducing 1-D layer of
graphene into it to avoid layer restacking.

2.3 Carbon nanotubes

Carbon nanotubes (CNTs) are quasi 1D nanomaterial formed by rolling one or
more sheets of graphene concentrically. They have a unique cylindrical structure

Electrode material Electrolyte Capacitance Current Retention Refs.
(M) (Flg) density cycle
Graphene/Ppy LiClO, (0.1) 1510 — — [58]
GNS/PANI H,S0, (1) 1130 — 1000 [59]
Graphene/PANI H,SO, (1) 1126 — 1000 [60]
rGO/PANI H,S0, (0.5) 970 25A/g 1700 [61]
PANI/Graphene HCIO, (1) 878 1.0A/g 1000 [62]
GO/PANI H,S0,4 (1) 746 02A/g 500 [63]
Graphene/PANI H,S0,4 (1) 640 01A/g 1000 [64]
Graphene/PANI H,S0, (2) 526 0.2A/g — [65]
G-doped PANI H,S0, (1) 531 02A/g — [66]
GO-Ppy H,S0,4 (1) 510 03A/g — [67]
Graphene/PANI H,SO, (2) 480 01A/g 1000 [68]
Graphene/ Ppy H,SO, (1) 420 05A/g 200 [69]
Graphene/PEDOT H,SO, (2) 342 0.02A/g — [70]
Table 2.

Some graphene and conducting polymer based composites and their capacitances.
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with few micrometer length and diameter in the range of nanometers. CNTs are
typically classified as single-walled (SW), double-walled (DW), or multi-wall
(MW), corresponding to the number of graphene layers forming CNTs. The very
first CNT was formally reported in 1991 by lijima, when he closely observed the
structure of carbon-soot obtained by an arc-discharge method using TEM tech-
nology [71, 72]. Since then, both SWCNTs and MWCNTs have been extensively
studied for their numerous possible applications. The presence of hexagonal lattice
structure of graphene with sp’ bonded carbon atoms in CNTs contributes to its
excellent properties like electrical and thermal conductivity, high mechanical
strength, optimum chemical stability and low mass per unit volume [73]. In terms
of tensile strength, CNTs are hundred times tougher than steel. They have Young’s
modulus of about 1.2 TPa (1 TPa for SWCNTs and 1.28 TPa for MWCNTs) and can
withstand large strains before mechanical failure. The electrical conductivity of
CNTs depends on their structure, i.e., MWCNTSs with concentric tubular structure
having inter-layer distance of about 0.34 nm shows metallic conductivity. Whereas,
the SWCNTs have shown both metallic or semiconducting behavior depending

on their chirality and diameter size. CNTs have been successfully synthesized and
employed in various application namely chemical sensors, field emission sources,
nanotweezer, scanning microscope probe tip, electro-mechanical actuators, etc.
CNTs have a large crosswise dimension (<1, 1-2, 2-5, 5-10, and >10 pm), high
specific surface area (SWCNT > 1600 m?/g, MWCNT > 430 m?/g), and excellent
carrier mobility for both ions and holes (15,000 cm®/Vs) and are being widely used
as the active electrode in supercapacitors [74]. This can be attributed to the fact
that CNTs have high aspect ratio so they tend to get entangled and form a porous
structure with nanotube network skeleton. It also creates a mesoporous open
central canal in case of MWCNTs. This provides an easy pathway for the electrolyte
ions to move freely between electrode/electrolyte during charge and discharge
cycles. In order to minimize the size of supercapacitor-based power cell for its
real-world application, it is important to work towards high power density elec-
trodes. Niu et al. [75] have fabricated a supercapacitor based on MWCNTs, which
showed a capacitance value of 102 F/g, high power density >8 kW/kg and an energy
density of ~1 Wh/kg in H,SO, electrolyte. They also showed that such electrode
material did not require any binder and was self-sufficient. A supercapacitor based
on SWCNT electrode as reported by An et al. [76] showed comparatively higher
specific capacitance value of 180 F/g in KOH (7.5 M) electrolyte solution with power
density of 20 kW/kg and energy density in the range 7-6.5 Wh/kg. Similar to other
carbon materials, CNTs are also being more commonly used as its composite. CNT/
conductive polymer composite have attained a lot of attention in terms of its capaci-
tive applications as it combines high pseudocapacitance of conductive polymers
with excellent mechanical properties of CNTs. They can be synthesized chemically
or electrochemically. The electrochemical method involves either deposition of
polymer on a CNT electrode, or co-deposition of polymer and CNT on electrode.
The composites formed by electrochemical co-deposition are found to be most
homogeneous. They show enhanced electron delocalization due to the presence

of conjugated carbon chain and an unusual interaction between the polymer and
CNTs. As a result, they exhibit excellent electrochemical charge storage properties
and fast charge/discharge switching, making them promising electrode materials
for high power supercapacitors.

2.4 Hybrid carbon materials

More recently, several attempts have been made to merge the unique properties
of several carbon-based nanomaterials to form a hybrid material. For instance, Li
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et al. [77] have reported synthesis of a flexible, light weight and self-standing film

by combining activated carbon, CNT and reduced graphene oxide. The hybrid film
is prepared by weaving 3D porous framework using CNTs and graphene that was
further used to accommodate activated carbon particles using their intrinsic van der
Waals force. In such a material, each component has an important role to play like
carbon particles block the restacking of graphene structure and the CNTs improve
electronic conductivity. The AC/CNT/rGO electrode thus formed showed a specific
capacitance of 101 F/g in organic electrolyte at 0.2 A/g current density with a maxi-
mum energy density of 30 Wh/kg. Supercapacitors, are generally known to work only
in a narrow temperature range. However, a flexible hybrid film consisting of CNTs
and rGO has been reported to be able to operate between the temperature range —40
and 200°C. The electrode material exhibited a maximum area specific capacitance

of 330 mF/cm’ with energy density of 1.7 mWh/cm® and 90% retention even after
100,000 cycles [78]. More interestingly, CNTs were intercalated between graphene
sheets to retain high specific surface area by minimizing its aggregation [79], where
n—7 interaction between graphene sheets and CNTs also improve the electrical
conductivity and mechanical strength. Similarly, Yu and Dai produced hybrid films of
CNT and graphene interconnected network with well-defined nanoporous structure
[80], which exhibited a specific capacitance of 120 F/g in 1 M H,SO, electrolyte and
an almost rectangular cyclic voltammogram even at high scan rate of 1 V/s. Yu et al.
developed a continued CNT and graphene hybrid fiber with well-defined mesopo-
rous structure [81], which showed specific surface area as high as 396 m*/g with an
electrical conductivity of 102 S/cm. The corresponding fiber-shaped supercapacitor
demonstrate a volumetric specific capacitance of 305 F/cm3 at 26.7 mA/cm® current
density and a volumetric energy density of 6.3 mWh/cm?, which is comparable to the
energy density of a 4 V-0.5 mAh thin-film lithium ion battery.

3. Summary and perspective

Carbon has already made a revolution in the world. Now its surface engineering
with variety of functional materials and nanoporous structure are the fascinating
parts of the research. In the light of the aforementioned studies, a broad range of
carbon nanomaterials with various dimensions and unique morphological structure
designs have been made and successfully implemented in energy storage device
fabrication technologies. The incorporation of heteroatoms into the carbon network
provides a new class of carbon materials with unique properties unmatched with
parental carbon materials. Compositing carbon nanomaterials with metal oxides/
conducting polymers having pseudocapacitance increases energy density largely
but compromise with rate capability and cycling life. In this chapter, we have thor-
oughly conferred the recent progress of carbon nanomaterials based supercapaci-
tors. The potential of carbon nanomaterials and its composites for supercapacitors
is in resolving the foreseen of clean energy mitigation. Various materials, methods
and technologies have been employed in finding a solution for an energy storing
device with high capacitance along with high energy/power density. No doubt,
carbon materials are potential candidates for supercapacitor electrode materials but
they need a supporting active material to enhance their performance. Nevertheless,
increase in specific capacitance value, power density and energy density in certain
cases gives a hope that if the research continues in right direction then one-day
carbon material based supercapacitor can bring a new revolution in the electronic
world. We are confident that the information presented in this chapter would
definitely help in the research and development of carbon nanomaterials based
supercapacitors.
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Abstract

With the introduction of flexible and wearable electronic technologies such
as displays, antennass, etc., there has been an increased need for integrable, easily
scalable, and safe electric power sources. Advances in flexible lithium-ion batteries
have been recently reported, however they may still suffer from potential thermal
runaways. In this chapter we review the progress in the topic of wearable energy
storage devices. These devices have taken the form of both sheets and fibers entirely
made of active material. We also discuss the advantages and drawbacks of each
forms. Finally, we present our own work revealing a simplistic way to integrate
working carbon electrode materials into suitable textile and to functionalize the
obtained flexible structure with ionic liquid thus creating fabric supercapacitors.
These devices can then be connected easily in series (9 V) or in parallel (high cur-
rent), depending on the current or voltage requirements. The area of the electrodes
can also be tuned to sustain higher capacitances. We report an energy density of
48 Wh/kg for a functional device at 3 V working window, which reveals no losses in
energy density after 10,000 bending cycles.

Keywords: supercapacitor, EMIMBE,, wearable electronics, gel electrolyte, energy
storage

1. Introduction

Wearable technology has seen a great spike in development over the past decade
[1-3] in the form of fabric integrated sensors (heart rate, chemical gas, etc.), infor-
mation transfer lines and even energy harvesting (piezoelectric). This comes with
the need to develop flexible and durable devices that can effectively power them
[4, 5]. Energy storage devices typically consist of current collectors (for transfer
of current to and from the electrodes), high surface area electrodes (for actively
storing energy in the form of ions), insulating separators (for preventing shorting
between electrodes) and an electrolyte. High surface area carbon such as graphite
and activated carbon has become the standard electrode for many mainstream
energy storage applications. However, metals (copper, steel and aluminum) are still
heavily relied upon for taking on the role of current collector. This is a major issue
for wearable devices as metals very easily succumb to fatigue through bend cycles
and are also prone to oxidation. In addition, metal electrodes substantially add to
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the total weight of the device. Care must be taken to prevent the metal from having
direct contact with electrolyte as this would cause unwanted oxidation reactions
and subsequent deterioration of the device. All these factors combined make it nec-
essary to find an alternative to the metal current collectors for developing wearable
energy storage devices.

Carbon based nanomaterials have emerged as promising candidates for the role
of a flexible and durable current collector [6]. The}l boast very high theoretical spe-
cific surface area [7-11] reaching up to 3100 m~ g~ for graphene [11]. Some of the
materials also have very high strength and conductivities owing to their sp” bonds
[12]. All these properties are valuable when it comes to energy storage. Further,
most of carbon-based nanomaterials can be synthesized employing non-expensive
and scalable processes, making them an ideal alternative to metals. These materials
can even be tuned and equipped to function differently depending on the applica-
tion and need (energy vs. power) represented in the Ragone plot in Figure 1a [13].

Electric double layer capacitors (EDLC) are employed where the power is of
utmost importance, i.e. the ability to charge and discharge quickly. This is achieved
through a non-reactive mechanism wherein the ions of the electrolyte are simply
housed on and in the electrodes [14-17]. This process is depicted in Figure 1b, the
pore size and volume being the most important parameters affecting the energy
stored. The size of the pores must be very similar to that of the ion size, meaning
different electrolytes require different pore size distributions. Since the mechanism
of ion housing is a simple potential assisted diffusion, it allows for very high power
[18-20] and high stable cycling of over 100,000 cycles. However, the stored energy
is limited as it is heavily restricted by the achievable pore density. This can be
partially overcome by using higher voltage stable electrolytes. Ionic liquids are one
such class of electrolytes that have a stable window of about 4.5 V.

Pseudocapacitors are a class of energy storage devices that fit the need for high
power without compromising on energy. The electrode materials used here have the
disadvantage of being low in conductivity, leading to heavy losses through resis-
tance. This is overcome by depositing them on conducting templates. They rely on
fast redox reaction mechanism, usually involving surface absorption of electrolytic
cations and proton absorption that leads to change in oxidative state [13, 21]. This
involves protonation/electronation of the electrode resulting in a change in oxida-
tion state. The briefly described mechanism is depicted in Figure 1c. Since redox
reactions require actual chemical change, the electrode unavoidably degrades over
time due to inefficiencies. The degradation is also attributed to volume expansions
that cannot be sustained by the poor mechanical properties of the material. This
results in lowering of the cyclability considerably [22]. Another consequence of the
higher energy is lowering of the power. To fully utilize the electrode surface area,
engineered nanostructures of pseudocapacitive materials with high surface area to
volume fractions needs to be realized.
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Figure 1.

(a) Ragone plot of specific power vs. specific energy for different energy storing devices—reproduced from [13]
with permission from Springer Nature; (b) EDLC; (c) pseudocapacitors; and (d) battery—reproduced from
[17] with permission from The Royal Society of Chemistry.
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Batteries are electrochemical devices that fulfill the needs of high energy stor-
age densities at the expense of power reduction. Their charge-storing mechanism
involves actual chemical reactions taking place at the electrodes [23]. This includes
ions reacting and transferring from one electrode via the electrolyte and intercalat-
ing into the other electrode, as displayed in Figure 1d. Depending on the chemical
makeup of the electrode and the electrolyte used, the voltage window and charge
stored can be tuned [24]. Due to the formation of actual compounds, the reversibil-
ity of this mode of charge storage is limited. It also gives the lowest power density of
all the energy storage mechanisms described here.

All the mechanisms discussed above can be taken advantage of by using carbon-
based nanomaterials to make them adapt to a wearable form. Energy storage in the
form of wearable devices has seen considerable development in recent years and has
achieved 3 major milestones (methods).

(i) Introduction of sp2 bonded carbon nanomaterials.
(ii) Employment of dip coating and its optimization.
(iii) Synthesis of fiber-based devices.

The intention of this chapter is to give a concise view of the progress that the
wearable energy storage research has achieved, to discuss the advantages and
drawbacks of each milestone and finally to introduce our approach for fabricating
integrated energy storage devices.

2. Choosing electrode material

Conventional fabric materials do not inherently have the ability to store energy.
Thus, the materials that functionalize and allow textile fabric to become energy
storage devices are of high importance. It is necessary to explore and develop these
materials, mainly carbonaceous, to best suit the application. Owing to this, there
has been extensive research conducted on the synthesis/fabrication and character-
ization of carbon nanomaterials.

The most simplistic form of carbon nanomaterials is the exfoliation of coal to
create carbon black and activated carbon [25, 26] (Figure 2a). The latter has a very
high porosity in both the micro (<2 nm) and mesoporous (2-50 nm) range. This
makes them ideal for their application as EDLC electrodes. Their ease of synthesis
lowers the price to fabricate them. However, they suffer from some drawbacks.
They are produced as flakes and as such are not freestanding. This requires the use
of a polymer binder which further reduces the conductivity of the material. It is also
overwhelmed by significant amounts of amorphous carbon that does not contribute
effectively to the electrical conductivity of the material. Furthermore, this carbon-
polymer mixture must be cast onto metal current collectors [27-30] to form elec-
trodes, since in their free standing form they are not structurally stable. This makes
them difficult to be used as wearable devices.

Carbon nanotubes (CNTs) (Figure 2b), have emerged as a very promising
electrode material candidate because of their high theoretical property values. The
individual multiwalled CNT (MWCNT) has been measured to have an average
tensile strength of 60 GPa [31] and a Young’s modulus of over 1 TPa [32, 33], witha
low electrical resistivity of 3 x 10~° ohm c¢m [34-36], and a thermal conductivity of
3500 Wm K" [37, 38]. All these properties arise from the sp> bonds connecting the
carbon atoms in the form of a tube. However, as dispersed tubes, they would pose
the same problems that traditional powdered carbon materials reveal. Hence, there
has been extensive research on exploring ways to scale them up into macro-assem-
blages. This is directly related to their synthesis process. There are presently three
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Figure 2.
SEM images of: (a) activated carbon, reprinted with permission from [45]; (b) CNTs and (c) graphene.

major established ones, namely direct assembly from gaseous phase, wet spinning
and dry spinning from vertically aligned arrays. Macro-assemblages gathered from
wet phase are drawn from lyotropic liquid-crystalline phase CNT matrix-which
requires the use of corrosive acids to make the CNT solution [39-41]. This results
in a final product that has already undergone post processing and contains catalyst
impurities, which makes them less effective to further post processing treatments.
The macro-assemblages drawn from vertically aligned (VA) CNT arrays, as made
in a chemical vapor deposition (CVD) reactor, are in a much more pristine state.
This makes them more ideal for further processing. The individual tubes are held
together via van der Waals forces and hence require no binding material. This gives
CNT assemblages the ability to act as free-standing structures and makes them a
good candidate for wearable electrode material.

Graphene, Figure 2c, and reduced graphene oxide (rGO) are both highly researched
allotropes of carbon for energy storage electrode material. However, as rGO is pro-
duced in the form of flakes, it requires a binder and thus cannot be very easily trans-
lated into a wearable device. Graphene provides the opportunity to be synthesized in
a paper form. This, added with its high surface area and conductivity [11], makes it
ideal candidate for a structurally stable current collector. CVD is the more versatile
synthesis method as this allows for inclusion of various precursors for functionaliza-
tion of the graphene. The catalyst can also be modified to tune the porosity of the
graphene material. All of these tunable properties allow graphene paper to be used as
a conductive housing for different active materials and electrolyte [42-44].

It is seen that sp’ bonded carbon nanomaterials such as CNTs and graphene
have the best suitable properties—high surface area, conductivity and strength—to
elevate energy storage in the wearable format. Thus, they lend themselves as a
pivotal milestone in the development of fabric-based energy storage devices.
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Prior to establishing the norm of using carbon nanomaterials as conductive
pathways/current collectors, active materials themselves have been used as elec-
trodes. We define active material as those oxides, compounds or polymer chains
that can store charge in the form of chemical reactions or volume expansions.
However, due to their insulating nature and poor structural strength, their pristine
form is mostly avoided for composite materials.

3. Dip coating as a tool for fabricating of fabric-based energy storage
devices

Textile fabric materials made by weaving synthetic or natural fibers are highly flex-
ible and possess high surface area. This makes them ideal templates for housing active
materials that can store energy. Dip coating takes advantage of this characteristic by
applying CNTs or graphene on the surface of the textile fibers via dipping in an aque-
ous solution that contains a dispersion of the active material (Figure 3a and b). Drying
the fabric results in a coated material that is ready to be used as a flexible electrode.
Cotton, owing to its strength and hydrophilicity, is primarily used for this process as
it involves an aqueous solution. Hu et al., utilized this process to make CNT coated
cotton fabric electrodes [46] (Figure 3a and b). They achieved high active loading
of 8 mg/cm’ resulting in a capacitance of 120 F/g. The impregnation and consequent
coating is highly dependent on the permeability/retention ability of the textile used in
this process. This renders dip coating a non-versatile and non-reproducible process.
The density of packing is also affected making the material not highly conductive. To
overcome these issues, screen printing was introduced. By the simple employment of
a screen resist on top of the fabric before the application of a thick slurry of the active
material, a binder-active material solution can be very evenly coated to the surface of
the fabric textiles [46]. This allows for good control over exactly how much of active
material is loaded depending on the concentration and volume of the slurry used. The
method allows for multiple repetitions as an easy way to increase the mass loading.
This way, a reproducible capacitance of 90 F/g was achieved [46].

However, there is an upper limit to the amount of active material that can be
added because of the shrinking porosity of the fabric skeleton with impregnation. As
a consequence, there is a maximum for the capacitance values that can be achieved.
One factor that can be easily changed to better the properties is the active material.
Pseudocapacitive materials can be used as active material known for their higher
theoretical specific capacitance (F/g). Thus, with the same mass loading, much
higher capacitances can be achieved. Yu et al. explored electrodeposition to coat
manganese oxide onto graphene coated textile fibers [47], as shown in Figure 4a,
which successfully increased the capacitance to 350 F/g. The same approach can
be adopted to deposit other pseudocapacitive material, such as ruthenium oxide or
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Figure 3.
(a) Schematic of screen printed CNT-cotton fibers and (b) picture of the dip coating process with cotton fabric.
Reprinted with permission from [46]. Copyright 2010 American Chemical Society.
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(a) Schematic of electrodeposition of manganese oxide on graphene coated textile fibers; (b) half-cell cyclic
voltammetry of manganese oxide—graphene—fabric electrode; (c) capacitance vs. scan rate curves. Reprinted
with permission from [47]. Copyright 2011 American Chemical Society.

conductive polymers. An asymmetrical device with high energy densities can be
fabricated by carefully choosing the electrodes based on their working reduction
potential ranges. Changing the crystallinity and nanostructure of the deposited
material by controlling the deposition parameters and composition can also yield
better properties. The alpha phase of the manganese oxide is more conductive

and electrochemically stable than its beta and amorphous forms. Thus, a very fine
nanorod-structured deposition of alpha phase manganese oxide can greatly increase
the energy density. Another option for the device property improvement is explor-
ing more electrochemically active materials such as lithium metal oxides, sulfur, etc.
Thus, with the use of a polymer electrolyte matrix separator, a flexible battery device
can be fabricated.

As demonstrated in the cyclic voltammetry curves in Figure 4b and c, there is
still a very non-capacitive (rectangular) nature to the fabric devices. This is in part
a contribution from the low loading of conductive material —CNT or graphene.
The other active materials (pseudocapacitive or battery) are not very conductive
in nature and highly rely upon the carbon-base material for their electron trans-
fer requirements. Thus, there are heavy losses in terms of power density in such
materials. This can be avoided with the use of metals as current collectors, however
making the device non-flexible.

The most promising advantage of the discussed dip coating is the low produc-
tion cost and time consumption. However, further improvement of the carbon
coating material needs to be realized to progress in this fabrication method. An
alternative is a fully core to shell design made completely of conductive carbon
material and coated active material. This would result in a 100% mass loading of
active material and would give more energy per unit gram of fabric.
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4. Fiber-based electrodes

Electrodes in the form of yarns that can be readily stitched as a textile fabric has
the potential to overcome many of the disadvantages discussed in the previous sec-
tion. The research in fiber/yarn-based electrodes began with dip coating techniques
and as discussed in the sections before, some challenges have emerged. The conduc-
tivity and active loading of the material was low, and the related research eventually
moved towards more promising approaches. One of them is the possibility to realize
a fully active material loaded fiber form.

A conductive carbon-based core that provides the strength, conductivity and
flexibility with an outer shell of active material that secures high energy density has
been explored. CNTs dispersed in acid and extruded in the form of a fibers which
have been easily fabricated. These porous fibers act as a current collector and housing
for the active material. Vertically aligned CNT arrays can be used to spin long and
porous fibers. These are produced in a more pristine format and hence can be easily
processed and react less with electrolytes. These full core-shell carbon structures
have very high surface area ~1400 m”/g, which gives the opportunity to take advan-
tage of the ELDC characteristic of these fibers [48]. Novel fiber structures utilizing
higher surface area graphene have also been fabricate. RGO based fibers that are
highly porous and boasting surface area up to 2400 m?/g have been reported, which
results in a very high energy density of 400 F/g [49] (Figure 5i a—c). Hybrids involv-
ing both CNTs and graphene have been synthesized, utilizing the high surface area
of both material to create a sponge like fiber material [48] (Figure 5ii a—c). Flexible
fibers were successfully woven into a fabric and its performance remained consistent
through exposure to bending stress. The major drawback of these high energy stor-
age materials is their strength. Although their Young’s modulus is appreciable, which
allows them to be flexible, their tensile strain to failure is quite low. This makes them
prone to breakage and unfit to survive as a self-supporting fabric patch. Addition of
any active material to the fiber would make them too brittle to handle.

Carbon fibers, which are a very sturdy and high strength materials, haves been used
as a substrate to house pseudocapacitive manganese oxide [50] (Figure 5va-c). The
resulting fiber proved to be quite strong and showed appreciable energy storage values.
However, the electrical conductivity of the material is still a concern. Conventional
carbon nanotube fibers have also been used as conductive substrate for housing man-
ganese oxide [51] (Figure 5iva—c). The resulting composite was wound like a spring
and encapsulated in a gel polymer, showing no losses in energy storage properties for
tensile strains of up to 100%.

A polymer core with carbon nanomaterials grown/deposited across the surface
derives most of its strength from the elastic polymer and can sustain higher tensile
strains. Active material can then be successfully decorated on the surface [52]
(Figure 5va—c). This however suffers from the loss of conductivity and requires an
additional current collector in the form of a multiplied metal yarn structure.

Fibers made completely out of electrochemically active material such as poly(3,4-
ethylenedioxythiophene) (PEDOT) have also been developed [53]. The biscrolled
PEDOT with the CNT matrix makes the composite quite easy to scale up. Further,
due to the high electrical contact between the current collector and active material,
the device shows good performance at 1 mV/s scan rate. The greatly twisted fiber
boasts very high active material loading and high volumetric capacitance.

There are some challenges to the development of these forms of devices. They
have the potential to be composed completely of active material leading to unsur-
passed energy storage capabilities, however, the loss in strength of the material needs
to be countered. A fiber that possess both great tensile strain, strength and high
loading of active material could pave way to the next generation of wearable devices.
We believe that the key lies in highly densified CNT fibers with modified surfaces.
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Figure 5.

(a§ SEM image of electrode base material; (b) cyclic voltammetry graph of the working device; (c) picture of
full device. (i) RGO fiber reprinted with permission from [49]. Copyright 2014 American Chemical Society.
(ii) CNT-graphene fiber veproduced from [48] with permission from Royal Society of Chemistry. (iii) Carbon
fiber coated with manganese oxide reprinted with permission from [50]. Copyright 2012 American Chemical
Society. (iv) CNT fiber coated with manganese oxide reprinted with permission from [51]. Copyright 2015
American Chemical Society. (v) GO-active material coated stainless steel fiber reprinted with permission from
[52]. Copyright 2015 American Chemical Society.

5. Ionic liquid-based fabric capacitor

Below are presented experimental results on ionic liquid-based fabric capaci-
tors obtained by our team. A factor that is often ignored when it comes to wearable
devices is the evaluation of their properties as a function of the weight of the
materials. In these cases, most used is the area of the material or only the weight
of the active material is taken into consideration. This becomes a limitation when
scaling to industry production as bulky materials will not be suitable for powering
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fabric-based devices. Most of literature data still relies on textile fibers to provide
the structural and flexible skeleton for their electrodes. This requires the usage of
two layers of fabrics (electrodes) that adds unnecessary weight to the full device
which is mostly never reported. An aspect to consider is the synthesis approach. The
more structured the active synthesized material, the higher the surface area and
therefore gives a higher specific capacitance. A drawback of this is the cost—both
monetary and time consuming—that scales exponentially with the structure com-
plexity. The other major consideration that is overlooked is the practical feasibility
of the devices fulfilling certain applications. Most wearable energy storage devices
have adopted gel-based polymer electrolyte systems to create a flexible separator.
However, they still rely upon aqueous electrolytes such as phosphoric acid, potas-
sium hydroxide, etc. This caps the voltage window for conventional devices with
high cyclability to a low value of 0.8 V. However, even LEDs require around 1.3 V

to operate. The non-conventional asymmetrical devices can push the envelope to
around 1.6 V, but beyond that they suffer from heavy capacitance losses. In this sec-
tion, we hope to provide a solution based on our work to these practical challenges.

Aqueous electrolytes, although inexpensive and stable, are limited by their low
reduction potentials with most conventional carbon materials. Anything beyond
voltage window of 1 V results in irrecoverable losses in both the electrode material
and the electrolyte. This limitation comes mainly from the presence of water. Thus,
a change from aqueous to organic solutions results in a drastic change in the voltage
window stability range. Commonly explored solutions are ethanol with suitable
salts such as lithium perchlorate dissolved in them. Devices made with this elec-
trolyte can expand the operation window from 1V to around 2.2 V. This window
decreases with introduction of pseudocapacitive materials to around 1.2 V, which is
much higher than the 0.8 V offered by aqueous electrolytes. A device with asym-
metrical electrodes can increase this window up to 2.2 V. To achieve a higher voltage
window more expensive and less explored materials need to be considered. The lat-
ter are known as ionic liquids (ILs). These are a highly reactive group of electrolytes
that are a combination of an organic cation with a very electronegative anion. Some
of them—1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF,)—have a very
large and stable working voltage window, going as high as 4.5 V. They find usage
as catalysts for higher voltage reduction reactions, however there is an emerging
interest in their utilization in energy storage applications. ILs are most commonly
combined with polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP) to cre-
ate a gel polymer electrolyte separator matrix.

We introduce here a novel way to incorporate the IL EMIMBF, into any fabric
material (from stretchable polyester sports-wear to sturdy military fabric) that
utilizes only the essential amount of fabric material. For our tests we procured nor-
mal Bucky paper (BP) from General Nano, LLC which is a matrix of single walled
carbon nanotubes under no alignment. Our procedure includes using the fabricasa
separator to house the gel electrolyte and eventually be sandwiched between sym-
metrical BP electrodes (Figure 6a). Initially, polyvinyl alcohol (PVA)-sulfuric acid
gel matrix was used. The gel electrolyte (1 g of PVA in 10 ml 0.1 M sulfuric acid)
was dropped into the fabric. The soaked fabric was then allowed to dry till it reached
a gel-like consistency. The electrodes were then applied on top of the electrolyte
and allowed to further dry until they became integrated into the fabric electrolyte
structure. This device was tested electrochemically using a Potentiostat Interface
1000, Gamry Instruments and showed results comparable to conventional devices
made without the fabric separator. A similar gel polymer concentration was utilized
for the IL (3 ml EMIMBF, in 10 ml acetone with 1 g PVDF). The same methodology
was adopted to create the gel fabric. However, the electrochemical results with the
device were not comparable with average values of conventional devices. This was
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Figure 6.
(a) Schematic of creating gel fabric structure with Bucky paper electrode pressed on top; (b) cyclic voltammetry

curves at 200 mV/s for normal BP electrode and BP electrode pre-soaked in IL solution; (c) different scan rate
cyclic voltammetry curves of IL-soaked device; and (d) charge and discharge curves of the fabricated device

obtained at different curvent densities.

not an indication of the limit of the electrode as the sulfuric acid device gave appre-
ciable values. We added a further step to the device fabrication, which included first
soaking the electrode in a solution of the IL plus acetone, and then incorporating it
into the fabric structure. This resulted in an increase of the device energy density
(Table 1 and Figure 6b-d). Since acetone is fast evaporating solvent, it did not
allow for the electrode to be fully penetrated with the electrolyte before drying. The
described soaking procedure ensured complete utilization of the electrode surface
area and thus increased the stored energy.

The device can be steadily cycled between 0 and 3 V window range without fade
in capacitance values. This is not the only major advantage of such a device. Since

Gel electrolyte Specific capacitance (F/g) Energy density (Wh/kg)
PVA-sulfuric acid (1V) 11.54 32
PVDF-ionic liquid (3 V) 61.66 19.53

1376 48.62

Ionic liquid soak

Table 1.

Specific capacitance and energy density values of the fabric device achieved with different polymer electrolytes

and preparation techniques.
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the fabric is being used as a separator and not as the electrode itself, it essentially
reduces the weight of the device in half, as compared to other wearable energy stor-
age devices that rely on a fabric skeleton backing for each electrode. The fabric can
then be further sown in as a patch thus making the only additional weight contribu-
tion to the device that of the gel electrolyte. Another key advantage of the described
system is the ability to be easily modified for various applications. Depending on
the energy need, the area of the electrode used can be increased or decreased to
give highly tunable capacitance values (Figure 7a and b). Since the application and
fabrication of the gel fabric is easily controlled, the device can also be made into
sections. Various electrodes can be applied next to each other as isolated devices on
the same fabric. One patch of fabric could contain many isolated devices. This gives
high tunability to the device. Three isolated devices were made in one patch and
when connected in series it achieved a working voltage of 9 V. In a parallel wiring
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Figure7.

(a) Pictures of different size with increasing areas of electrode materials used for the fabric device; (b)
corresponding cyclic voltammetry profiles at 200 mV/s scan rate; (c) picture of isolated devices in a single patch
of fabric; (d) corresponding cyclic voltammetry profiles at 200 mV/s scan rate in parallel connections and (e)
corresponding cyclic voltammetry profiles at 200 mV/s scan vate in series connections.
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the device achieved 3 times the current output and energy density of an individual
one (Figure 7c—e). The fabricated device is highly versatile in terms of how it can fit
to different applications. Electrical contacts can be made by simply applying copper
tapes with silver paint to the ends of the electrodes. These connections need not be
pre-made, giving a further degree of freedom.

Textile fabrics are exposed to stress in the form of flexing, bending or wrin-
kling. This is unavoidable in clothing when the wearer executes any form of
motion. Such an environment must be taken into consideration when making
fabric integrated devices. Here we tested our fabric device by exposing them to
10,000 cycles, where in each cycle it was bent to an angle of 120° and brought
back to normal shape (Figure 8a). This is a higher degree of bending than fabrics
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Figure 8.

(a) Picture of the degree of bending during each cycle of the stress test; (b) cyclic voltammetry curve of the
device before and after bending; (c) picture of the water bath immersion tests; and (d) cycling curve of the
device at 2 A/g curvent density.
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would have to usually sustain on a daily basis. The device showed no deprecia-
tion in terms of capacitance after the cycling (Figure 8b). Another consideration
to be taken into account is the exposure to moisture in the form of sweat from

the wearer. Our device was soaked in a bath of water and cycled. In this test no
observable depreciation in energy density was noticed (Figure 8c). Finally, the
device was cycled 8000 times at a current density of 2 A/g that resulted in a final
capacitance of 102% (Figure 8d). This increased capacitance is due to the forcible
opening of the pores of the BP electrode with constant cycling. The high retention
rate is very promising and ensures that the electrolyte is not being degraded at
such high voltage ranges.

There still exists room for improvement for the described architecture of the
fabric devices. Altering the electrodes by creating more energy dense materials is a
quick way to further improve the properties of the device. Using pseudocapacitive
materials like transition metal oxides or conductive polymers in an asymmetrical
electrode arrangement has the potential to further enhance the properties. This will
be explored in our following works.

6. Conclusion

The wearable energy storage devices have seen much development over the last
decade. This evolution included starting from cotton coated electrodes that were
not highly reproducible and moving to more reliable techniques such as screen
printing using a polymer resist. Further, full active material loaded yarns have
been realized. There are however drawbacks with each of the approaches which
include either a limit to the active material content and subsequently the energy
density, or a lack of strong materials that can sustain the wear and tear of fabrics
that will potentially go into articles of clothing. The most promise is shown when
using yarn-based devices that, if coupled with high strength, may provide the
best properties.

In our work we designed an approach to making a tunable device that can
accommodate a various range of practical applications including those requir-
ing voltages as high as 9 V or high current ratings. The gel fabric separator
fabricated and reported here utilizes just the essential amounts of fabric, which
can be easily patched onto articles of clothing thus adding no extra weight. The
final device we created exhibits an energy density of 48 Wh/kg at 1 A/g current
density and can sustain high cycling without any noticeable losses in capacitance.
The described fabrication approach is versatile and can be adopted for making
various electrodes that can further improve the properties of the fabric energy
storage devices.
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Abstract

Flexible and wearable electronic devices are of a high academic and industrial
interest. In order to power these devices, there is a need for compatible energy stor-
age units that can exhibit similar mechanical flexibility. Fiber-based devices have
thus become increasingly popular since their light-weight, and flexible structure
can be easily integrated into textiles. Supercapacitors have garnered a lot of atten-
tion due to their excellent cycling durability, fast charge times and superior power
density. The primary challenge, however, with electric double layer capacitors
(EDLCs), which are part of the supercapacitor family, is that their energy densi-
ties are significantly lower compared to those of batteries. Pseudocapacitors, on
the other hand, can be designed and created with large energy densities and other
outstanding properties typical for supercapacitors. This chapter discusses the fabri-
cation and testing of supercapacitors based on carbon nanotube-polyaniline (PANT)
composite fibers. These flexible and light-weight devices are assembled using dif-
ferent electrolytes for comparison. The created in this work PANI-CNT composite
devices attain an energy density of 6.16 Wh/kg at a power density of 630 W/kg and
retained a capacitance of 88% over 1000 charge-discharge cycles.

Keywords: pseudocapacitors, CNT Fibers, PANI, fiber supercapacitors

1. Introduction

Over the last few decades there has been an increase in research into energy stor-
age devices arising from the ever increasing energy demands for applications such
as portable electronics and electric transportation [1]. Among portable electronics,
wearable electronic devices have created a niche for themselves. Fiber-based devices
have become increasingly popular since their thread-type structures can be easily
integrated into fabrics and other structures.

Supercapacitors are electrochemical energy storage devices that combine the
high-energy-storage capability of conventional batteries with the high-power-
delivery capability of traditional capacitors [2, 3]. Though they have lower stored
energies than batteries, they deliver the stored energy in seconds. Supercapacitors
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operate for extended periods of time, often millions of cycles without losing their
energy storage capacities giving them an edge over batteries in how long they can be
used [4-6].

Supercapacitors have two main classifications that are based on their charge
storage mechanism and the type of electrode materials [4]. The first one, electric
double layer capacitor (EDLC), stores charges electrostatically on the electrode-
electrolyte interfaces of the high surface area carbon materials. This process
involves physical adsorption of ions at the electrode and electrolyte interface [2].
The second one, pseudocapacitor, on the other hand, stores charges within the
electrodes in response to fast surface and near-surface redox reactions [5, 7]. The
electrodes are derived from transition metal oxides and conducting polymers. Due
to these redox reactions, pseudocapacitors have been reported with energy densities
far higher than that of EDLCs.

With the emergence of flexible electronics such as foldable displays [8], soft
photo-detectors [9] and bendable field effect transistors [10], flexible supercapaci-
tors have become more popular than ever. They have been found to be suitable in
powering portable and flexible electronic devices, and several have been fabricated
with lightweight, flexible and possessing high power and energy densities [11-14].
Planar format supercapacitors have been found to have larger volumes and struc-
tural limitations which impede their use in lighter, smaller and omnidirectional
flexible electronic devices [15, 16]. To solve these problems, lightweight and high
energy density fiber-shaped supercapacitors have been explored and fabricated
[17-22].

Fiber electrodes for supercapacitors have been made from active materials with
nanostructures, such as CNTs [23-25], graphene [17, 26, 27] and metal oxides
[28-30]. However, the most widely studied ones have been CNT fiber electrodes
and their composites. This is attributed to CNT’s inherent flexibility, high surface
area and high electrical conductivity [31]. In their fiber formats, they are highly
aligned and have excellent mechanical durability while maintaining all their afore-
mentioned properties.

Polyaniline (PANI) is probably the most widely studied of the conductive poly-
mers because of its high electronic conductivity, redox and ion exchange properties,
excellent environmental stability and ease of preparation [32-34]. It has, therefore,
been extensively explored in energy storage devices fabricated with pseudocapaci-
tive electrodes.

Bulk PANI, however, due to its low accessible surface area is not ideal for energy
storage device electrodes. The workaround to this has been to fabricate nanostruc-
tured PANI materials. These structures have typically been made using a carbon
template thereby producing materials with a large area to volume ratio and shorter
ion diffusion paths [35-37].

In this chapter, we report our high energy density fiber supercapacitors based
on CNT-PANI fiber composites. A chemical oxidation polymerization technique is
employed to deposit PANI on the surface of the CNT fibers. This composite mate-
rial gives superior performance as supercapacitor electrodes due to the fast redox
reactions between the PANT and the electrolytes used. To create our CNT fibers, we
employ a technique that involves dry spinning of multi-walled carbon nanotube
(MWCNT) fibers from vertically aligned MWCNT arrays grown by chemical vapor
deposition (CVD) as described in a previous publication by our research group [38].
This technique is used to spin continuous fiber at industrial rates from MWCNT
arrays of 3 cm width and 4.25 cm length, resulting in fibers with diameters of
approximately 55 pm and up to 40 m in length. Next, these fibers underwent atmo-
spheric pressure oxygen plasma functionalization to create oxygen plasma func-
tionalized CNT (OPFCNT) fibers as the base structure for the PANI deposition.
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2. Electrode and device fabrication and characterization
2.1 Dry spinning

CNT fibers are dry spun from vertically aligned CNT arrays. In our work, thin
films of Fe and Co were sputtered on a silicon wafer, overlaid with approximately
5 nm AL O; as a buffer layer, by means of physical vapor deposition (PVD). The cre-
ated structure serves as a catalyst for the growth of aligned CNT arrays on the silicon
wafer. This surface-treated substrate was then diced up into required pieces and then
exposed to a CVD environment in a FirstNano ET3000 reactor. The resulting CNT
array was drawable and spinnable and, by means of twisting and pulling. A home-
made setup was used to fabricate highly aligned fibers [38], as shown in Figure 1.
These pristine CNT fibers, when used to form EDLCs, produce quite low energy den-
sities necessitating the deposition of PANI on them to increase the energy density.

2.2 Oxygen plasma functionalization of fibers

After the fibers were spun, they underwent an atmospheric pressure oxygen
plasma functionalization process to improve the wettability of the fibers. This is nec-
essary since carbon-based materials are naturally hydrophobic and need improved
wettability to increase the deposition of PANI on the surface of the fiber during
the oxidative polymerization process [39-42]. In previous publications [43, 44],
carbon-based materials were treated with acids to functionalize them and thereby
improve the wettability before polymerization. These involve wet chemistry and as
such mostly require multi-step reactions and involve strong chemicals, which affect
the bulk properties of the CNT structures. The plasma functionalization process
employed in this work is continuous, effective and can be used industrially for
extensive lengths of fibers.

Oxygen plasma functionalization was generated by systematically pulling the
CNT fiber through a plasma head with a chamber for tubular structures (Surfx
Atomflo 400 system). The set-up is shown below in Figure 2. The pristine CNT
fiber was threaded through the plasma head and affixed to the collector bobbin
with double-sided tape. The fiber was pulled through the plasma head at a speed
of 0.206 cm/s using the collector bobbin on the motor. This processing led to the
functionalization of the fiber with the following plasma parameters: 60 W power,
0.1 L/min oxygen and 15 L/min helium. These parameters were chosen since they
ensured the fibers to be functionalized had minimum destruction, checked by
Raman spectroscopy.

Pulling
Motor

CNT Fiber
Collector Babbin

|V

Twisting

Figure 1.
Carbon nanotube fiber spinning process by twisting and pulling.
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Plasma Head

Plasma Functionalized CNT

Bobbin Pristine CNT Motor and Collector Bobbin

Figure 2.
Oxygen plasma functionalization set-up for CNT fibers.

2.3 Chemical oxidation polymerization

The oxidation of aniline in an acidic aqueous medium using ammonium per-
oxydisulfate (APS) as an oxidant is widely used and reported in the literature [45,
46]. Emeraldine salt (green color) is the form of PANI obtained during this process
[32, 47]. PANI can exist in three oxidation states: leucoemeraldine (fully reduced),
emeraldine (partially oxidized) and pernigraniline (fully oxidized) [32, 45-47].

At a pH of less than 2.5, the oxidative polymerization of aniline is a chain reac-
tion [48]. The growth of the chains proceeds by the addition of the monomeric ani-
line molecules to the active chain ends. The chain growth is terminated after at least
one of the reactants in the polymerization runs out. If there is an excess of the APS
(oxidant), the resulting polymer remains in the pernigraniline form [49], especially
at molar ratios of APS to aniline of over 1.5. If the rate of APS to aniline is equal to
1.25 [50] or aniline is in excess, pernigraniline is reduced to emeraldine at the end
of the reaction while aniline is oxidized at the same time to emeraldine [48, 51]. We,
therefore, ensured in all our tests that we had excess aniline to promote emeraldine
growth, the most thermally and environmentally stable form of PANI [52-54].

The oxygen plasma functionalized CNT (OPFCNT) fibers were cut into 7.5 cm
portions and affixed to copper tapes with fast drying silver paint (TedPella Inc.).
The copper tapes served as the leads used to connect the devices for electrochemical
testing. These electrodes were then placed into 10 ml beakers and put into an ice
bath. Aniline monomer dissolved in 1 mol/L HCl and the ammonium persulphate
(APS) solution also dissolved in 1 mol/L HCl were then put in the various beakers
with fibers at different ratios of aniline to APS. The amount of PANI formed on the
fibers was controlled by the ratio of aniline to APS used as well as the time the solu-
tion was allowed to polymerize. The fibers were taken out after the polymerization
time and rinsed in a beaker with deionized water to wash off the excess PANI.

2.4 Electrode and device fabrication

Fiber supercapacitors were created using poly (vinyl alcohol) and sulfuric acid
(PVA-H,S0,), as well as polyvinylidene fluoride-co-hexafluoropropylene and
1-ethyl-3-ethylimidazolium (PVDF-EMIMBF4) gel electrolytes. The PVA-H,SO,
was made with 10 ml DI water, 2 ml H,SO, and 1 g PVA. The PVDF-EMIMBF4 gel
electrolyte was prepared with 15 ml acetone, 1.5 g PVDF, and 3 ml EMIMBF4. The
PVA-H,SO, was operated at a 1 V window, while the PVDF-EMIMBF4 was operated
ata 3.2 V window. The larger voltage window the PVDF-EMIMBF4 allowed enabled
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us to reach larger energy densities. Devices were made from these fibers by coating
them with the gel electrolyte (PVA-H,SO, or PVDF-EMIMBF4). The fibers were
then placed parallel to each other on a weighing sheet, with more electrolyte and
sealed with Kapton tape.

2.5 Electrode and device characterization

Electrochemical measurements were carried out with an electrochemical
workstation (Gamry, Interface 1000) at room temperature. The electrochemical
characteristics of the electrodes and devices were evaluated by cyclic voltammetry
at various scan rates, galvanostatic charge-discharge tests, and electrochemical
impedance spectroscopy measurements from 10° to 10" Hz using sinusoidal voltage
amplitude of 10 mV at the open circuit potential. In a three-electrode configuration
test, Ag/AgCl was used as the reference electrode, platinum served as the counter
electrode and the experiments were run in 1 M Na,SO,.

The capacitance (C) of the electrodes and fiber supercapacitors was calculated
from the galvanostatic discharge curves at different current densities by using the
equation: C=IAt/AV. The gravimetric capacitance (C,,) and areal capacitance (C,)
were calculated by the following formula: Cm = C/m and CA = C/A, respectively.
The gravimetric energy density (E,,) and power density (P,,) were calculated by the
expressions: Em = 1/2(Cm(AV)2)/3.6 and Pm = 3600Em/t.p,, - 36007 The areal
energy density (E4) and power density (P,) were calculated by the express1ons
EA =1/2(CA(AV)2)/3.6 E, - 1YY" and PA = 3600EA/, P, - 3600— where I is
the discharge current, ¢ is the dzlscharge time, AV is the operating voltage window, m
and A refer to the mass and volume of the device, respectively [40, 55].

Scanning electron microscopy (SEM) (FEI XL30, 5 kV) and Raman spectros-
copy (Renishaw inVia, 514 nm Ar-ion laser with a laser spot of ~1pm?) were used to
characterize the CNT-PANI. The masses of the fibers were taken on a Sartorius SE2
ultra-microbalance. X-ray photoelectron spectroscopy (XPS) data were obtained
using a VG Thermo-Scientific MultiLab 3000 ultra-high vacuum surface analysis
system, with ~10~° Torr base pressure using an Al Ka source of 1486.6 eV excitation
energy. The high-resolution scans for carbon and low-resolution survey scans were
taken for each sample on at least two different locations.

3. Results and discussion

The plasma functionalization of the fiber was confirmed by Raman data
Figure 3a and XPS data Figure 3b—d. From the Raman spectra in Figure 3a, we
observe an increment in the ratio of intensities between the D and G peak, from
0.776 to 1.195, signifying the destruction of the carbon sp” bonds during plasma
functionalization. In Figure 3b, there is a documented increase in the atomic
weight percent of oxygen from 9.1% in the pristine state to 28.17% for the oxygen
plasma functionalized thread. Figure 3c and d is deconvoluted high-resolution
C1s and O1s peaks from the XPS data, showing the various oxygen functional
groups found on the surface of the fiber which is in close agreement with data
reported in the literature [39, 56].

PANI-CNT composite fibers were created from four ratios of aniline to APS
(1:1, 2:1, 5:1 and 10:1). The OPFCNT fibers were placed with the chemicals
as they polymerized for an hour. From our electrochemical half-cell tests, we
observed that a 2:1 aniline to APS ratio gave the best specific capacitance, as
seen in Figure 4a. Further testing of OPFCNT fibers with varying durations
(10 minutes to 6 hours) of polymerization revealed that the composite fibers that
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Figure 3.
(a) Raman spectra of pristine and plasma functionalized fiber; (b) XPS survey scans of pristine CNT fiber

and plasma functionalized fiber; (c) high-vesolution Cis scan of the pristine and plasma functionalized CNT;
(d) high-resolution O1s scan of the pristine and plasma functionalized CNT.

underwent polymerization for an hour had the best electrochemistry data, as
seen in the inset of Figure 4a and in Figure 4b. We observed that the polymer-
ization of PANI increased with a higher concentration of APS as well as duration
of polymerization. A 1:1 ratio therefore produced more PANI than a 2:1 ratio in
the same time frame. PANI in the right amounts improves capacitance of the
fibers, however when it becomes deposited in agglomerate morphologies, it leads
to the inefficient usage of PANI and reduced capacitance [35-37, 46] . Thus, in
the same manner, if polymerization is allowed to take place for longer time these
agglomerate morphologies will form and subtract from the synergistic effects of
the PANI-CNT composite.
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Figure 4.

Half-cell test data for PANI-CNT composite. (a) Specific capacitance vs. scan vates for fibers created at
different ratios of aniline to APS for an hour, Inset: specific capacitance vs. scan vate for 2:1 aniline to APS
ratio at diffevent times; (b) specific capacitance vs. different times for 2:1 aniline to APS vatio polymerization
at1A/g.
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SEM images showing the route of polymerization of fibers up to 6 hours (magnification 1000, scale: 25 pm).

The structures of the PANI-CNT fibers were observed by SEM. The morpholo-
gies and amount of PANI formed were found to correlate strongly to the duration of
the polymerization. At 10 minutes, a thin film of PANI forms across the surface of
the fiber and as the duration of polymerization increases, PANI nanorods begin to
develop in dendritic structures on the fiber. Figure 5 shows SEM images of the fiber
as it progresses from its pristine state to 6 hours of oxidation polymerization.

For ease of referencing, we have labeled the fibers by the number of minutes
they were polymerized (minutes-PANI-CNT). Figure 6 compares pristine CNT,
10-PANI-CNT and 360-PANI-CNT at higher magnifications to reveal the PANI
structures being formed. Figure 6a shows the pristine fiber which has no PANI on
it. In Figure 6b we find the onset of the formation of PANI as thin films in the fiber.
The agglomerate morphologies of PANI are observed in Figure 6c. This shows the
increment of PANI morphologies on the surface of the fibers with increasing time
for polymerization.

From the Raman data presented in Figure 7, we observe the gradual increment
in PANI formation on the composite fibers as the duration of polymerization
increases. The spectra for pristine CNT and pure PANI are also incorporated, so
the gradual transformation from one extreme to the other can be seen. We observe
as the duration of polymerization increases the spectra becomes less like CNT and
more like PANI.

Devices were created with PANI-CNT fibers, pristine CNT fibers, and OPFCNT
fibers. Asymmetrical supercapacitors were also fabricated combining a PANI-CNT
fiber and an OPFCNT fiber. The energy density of the PANI-CNT fiber superca-
pacitor was 3.77 Wh/kg at 0.5 A/g and a power density of about 188 W/kg when
using PVA-H,SO,. These parameters were dramatically increased to 6.16 Wh/kg
and 630 W/kg when using EMIMBF4 corresponding to an almost 64% increment
in energy density and 235% increment in power density. Figure 8 presents a Ragone
plot to give a more holistic view of the data as well as a comparison to other previ-
ously reported in the literature fiber supercapacitor devices. For ease of compari-
son, this plot was presented with the areal capacitance, as most fiber supercapacitor
data is published with respect to the surface area of the electrodes [57]. The best
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Figure 6.
SEM Images at 25000 magnification (scale: 1 ym). a) Pristine CNT; b)10-PANI-CNT; c) 360-PANI-CNT.

devices (superior energy density and power density) from this Ragone plot were
observed in our asymmetric devices. The latter was attributed to the combined
redox reactions between the PANI and oxygen functional groups on the surface of
the fibers, as well as to the synergistic effect of the pseudocapacitance (PANI-CNT)
and EDLC (OPFCNT). Oxygen functional groups have been reported in other
works to have improved capacitance of carbon-based materials [58-61] and this also
plays a role in the enhanced electrochemical properties of the asymmetrical device.
Figure 9 shows cyclic voltammetry graphs of all the devices at 200 and at 5 mV/s.
It can be clearly seen from these graphs that the devices had the characteristic curves

AR PAN \
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h A 30—PAN|—|CH| ~~|
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Figure 7.
Raman spectra of CNT, OPFCNT and PANI-CNT composites polymerizged at different times.
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Ragone plot comparing devices with others in litevature [61-63].

of supercapacitors. At lower scan rates (5 mV/s), where redox reactions are more
visible, we see larger voltammetry curves for PANI doped threads.

The stability of a supercapacitor is an important parameter since its practical
application can be evaluated from this data. Figure 10 shows the cycling stability of
the PANI-CNT (EMIMBF4) device over 1000 cycles. The device retains 88% of its
capacitance even after 1000 charge-discharge cycles. This shows good stability and

long lifetime of devices.
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Cyclic voltammetry curves of devices at 5 and 200 mV/s.
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4, Conclusion

In this chapter, we have discussed the increased attention being given to fiber
supercapacitors and their relevance to wearable electronics. We also revealed
the role of carbon nanostructured fiber as energy storage devices and the chal-
lenges they face. We have successfully synthesized CNT fibers by CVD and dry
spinning, applied a post-processing technique to these fibers (oxygen plasma
functionalization) and by means of oxidation polymerization doped these fibers
with PANI. These fibers were characterized electrochemically, by Raman spec-
troscopy and with SEM. These fibers were then used as electrodes to create simple
fiber devices. The obtained devices produced energy densities of up to 6.16 Wh/
kg and 630 W/kg when using EMIMBF4 as electrolytes corresponding to almost
a 64% increment in energy density and 335% increment in power density from
devices fabricated with PVA-H,SO, (3.77 Wh/kg, 188 W/kg). These devices also
maintained excellent capacitance retention (88%) over 1000 charge-discharge
cycles. When a comparison was however made with other devices with respect
to areal energy density and power density it was observed that the asymmetrical
device comprising of an OPFCNT and PANI-CNT showed the best data. This was
attributed to the combined redox reactions of both the OPFCNT and PANI-CNT
electrodes with the electrolyte.
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Chapter 4

Deterioration Factors of Electric
Double-Layer Capacitors Obtained
from Voltage Hold Test

Daisuke Tashima

Abstract

A chemical analysis was carried out before and after a constant voltage hold test
(applied at 2.5, 2.8, 3.0, and 3.2 V individually for 1 week) that was an acceleration
deterioration examination to clarify the deterioration factors of electric double-
layer capacitors. The results showed that the stress test slightly raised the internal
resistances and decreased the capacitances. It was also confirmed that a range of
fluorochemicals was formed on the electrode surface for approximately 10-13 nm
in depth using electron spectroscopy for chemical analysis. From a chemical
analysis of the electrolyte using an inductively coupling plasma-optical emission
spectrometer (ICP-OES), it was confirmed that the electrolyte included Si, which is
an ingredient element of an electrode, and that the increase in the holding voltage
during the stress test decreased the Si density in the electrolyte.

Keywords: deterioration factor, electric double-layer capacitors, voltage hold test

1. Introduction

In contrast to chemical batteries, electric double-layer capacitors (EDLCs) store
and release electrical energy by utilizing the physical adsorption and desorption
of an electric charge, but without utilizing any chemical reactions. Compared to
chemical batteries, EDLCs have superior responsiveness, and since they allow for
rapid high-voltage charging and discharging, they are high-performance device,
last through a high number of charging/discharging cycles, and theoretically do not
deteriorate. Owing to these advantages, EDLCs have recently been utilized as aux-
iliary power supplies in hybrid electric vehicles (HEVs), which combine an internal
combustion engine and an electric motor with the aim of being maintenance free.
However, performance degradation has recently been confirmed in commercially
used EDLCs owing to overvoltage and high temperatures, including a decrease in
capacitance and an increase in internal resistance. To confirm these phenomena
and to predict degradation mechanism, chemical and electrochemical aging test
were performed using original electrode under acetonitrile (AN)-based electrolyte,
propylene carbonate (PC)-based electrolyte [1-7], and ionic liquid as electrolyte
[8]. It was also reported that aging model was calculated and aging diagnosis was
built up using manufactured EDLCs under overvoltage and high-temperature
condition [9-20]. For this chapter, we performed a voltage hold test, which is a type
of accelerated degradation test for EDLCs using the application of overvoltage, on
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cylindrical EDLCs, which are used in actual applications [21]. We confirmed the
degradation behaviors caused by the application of overvoltage by measuring the
capacitance and internal resistance before and after the tests. Moreover, we disas-
sembled the EDLCs once testing was complete and ran a variety of analyses on
the polarizable electrodes and the electrolytes that form its constituent parts. By
comparing and studying the analytical results and the deterioration behaviors, we
studied the deterioration mechanism of EDLCs.

2. Experimental method

As shown in Table 1, voltage hold tests were conducted by applying overvoltages
0f 2.8,2.9, 3.0, 3.2, and 3.5 V continuously for 1 week to commercially used cylin-
drical EDLCs with a rated voltage of 2.5 V. Using a Sanyo Electric Co., Ltd., incuba-
tor (MIR-254) and a charging/discharging tester (PS-97010) by PowerSystem Co.,
Ltd., three accelerated deterioration samples were produced for each voltage at a
constant temperature of 25°C.

Rated voltage [V] 25

Rated capacitance [kF] 1.2

Size Height: 150 mm, Diameter: 40 mm
Type Cylindrical

Holding voltage [V] 28 29 30 32 35
Number of samples 3 3 3 3 3

Table 1.
Experimental conditions and sample properties.

3. Measuring capacitance and internal resistance
3.1 Measuring method of capacitance and internal resistance

Before and after the voltage hold test, charging and discharging were performed
at a constant current of 6 A and a voltage of 2.5 V using a stabilized DC power sup-
ply (PAN60-6A) and an electronic load device (PLZ603WH) by Kikusui Electronics
Corp. Using the energy conversion method, the capacitance was calculated based
on the obtained charge and discharge waveforms, and the internal resistance was
calculated based on the voltage drop.

3.2 Measuring results of capacitance and internal resistance
Figure 1 shows the variance in the capacitance and internal resistance before and

after the voltage hold test for each holding voltage. The internal resistance increased
most for a holding voltage of 3.5 V, with a rise of approximately 30% compared to
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Figure 1.
Pre/postvoltage hold test properties for each applied voltage.

the value prior to the voltage hold test. Regardless of the holding voltage, the capaci-
tance did not vary significantly from that before the test. Based on this, it was found
that the rise in the holding voltage during the voltage hold test greatly affected the
factors that cause an increase in the internal resistance.

4. Chemical analysis of polarizable electrodes

For qualitative and state analyses of the polarizable electrodes, we used an
X-ray photoelectron spectroscopy (XPS) analysis device [electron spectroscopy for
chemical analysis (ESCA-3300)] by Shimadzu Corporation. A scanning electron
microscope (S-5500) by Hitachi Ltd. was used to observe the polarizable electrode
surfaces.

4.1 Polarizable electrode surface observation

Figure 2(a) and (b) shows scanning electron microscopy (SEM) images for the
polarizable electrode surfaces during the pretest. Granular electrically conducting
material can be confirmed through the images. Furthermore, it was found that the
polarizable electrodes consist of activated carbon and electrically conducting mate-
rial, and it was confirmed that there is no variance between the positive and nega-
tive electrodes. Figure 2(c)—(1) is SEM images for the posttest polarizable electrode
surfaces for each holding voltage. It is clear from Figure 2(a) and (d) that when
comparing the pretest polarizable electrode surfaces with those after testing ata
holding voltage of 2.8 V, there is no variance in the activated carbon and electrically
conducting materials. However, based on Figure 2(e)—(1), for polarizable electrode
surfaces after tests at holding voltages of 2.9, 3.0, 3.2, and 3.5V, both an increase in
the holding voltage and a deformation of the surfaces of the positive and negative
electrodes can be confirmed. Surface irregularities can be confirmed for the positive
electrodes, as well as the generation of a deposit layer on the surface. Moreover,
the generation of granules smaller than the electrically conducting material can
be confirmed on the negative electrodes. Accordingly, it is believed that deposits
produced through a reaction of some sort inside the EDLC cell cause an increase in
the internal resistance [5-7, 12].
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500 nm

Figure 2.

Polarizable electrode surface (a) positive electrode (PE) before test, (b) negative electrode (NE) before test, (c) PE
after test at holding voltage of 2.8 'V, (d) NE after test at holding voltage of 2.8 V; (e) PE after test at holding voltage
of 29 V; (f) NE after test at holding voltage of 2.9 V; (g) PE after test at holding voltage of 3.0 V; (h) NE after test
at holding voltage of 3.0 V; (i) PE after test at holding voltage of 3.2 V, (j) NE after test at holding voltage of 3.2V,
(k) PE after test at holding voltage of 3.5 V, and (1) NE after test at holding voltage of 3.5 V.

4.2 Analysis of elements existing on polarizable electrodes

Qualitative analysis results show that no major spectral differences can be seen
based on observations of the pretest polarizable electrodes and posttest polarizable
electrodes for each holding voltage, and that the observations chiefly consist of
three elements: carbon, fluorine, and oxygen. It follows that the deposits observed
on the electrode surface are fluorine, oxygen, and carbon derived. To reveal how
the deposits, which consist of the same elements as the polarizable electrodes,
cause a reduction in performance of the EDLC, we conducted a more detailed state
analysis of the electrode surfaces. It is believed that owing to the holding voltage
in the voltage hold test (an accelerated deterioration test), a change of some sort is
caused in the binding states of carbon, fluorine, and oxygen. We, therefore, applied
an etching process to the electrode surface and measured the changes in spectral
intensity in the depth direction for Cls, Ols, and F1s, thus studying to what depth
the electrode surface deposits were produced.

Figures 3-8 show the variance in the observed spectral intensity in the depth
direction for (a) Cls, (b) F1s, and (c) O1s on positive electrode and (e) Cls, (f)

F1s, and (g) Ols on negative electrode. Furthermore, (d) and (h) show the atomic
composition ratios on positive electrode and negative electrode, respectively. It is
clear from Figure 3 that for the polarizable electrodes before the voltage hold test,
the positive and negative electrodes consist of carbon, oxygen, and fluorine until

a depth of 25 nm from the surface. Furthermore, since the composition ratio from
approximately 2-3 nm below from the electrode surface is stable, it is thought that
a2-3 nm film exists on the polarizable electrodes. It is believed that since the cell
interior was exposed to electrolytes prior to the polarizable electrodes being chosen,
the polarizable electrodes reacted with the oxygen and the fluorine in the electrolyte
at the solid-fluid interface.

No large difference is seen between the pre- and postvoltage hold-test polariz-
able electrodes at a holding voltage of 2.8 V. However, as shown in Figure 5, after the
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Figure 3.
Pretest polarizable electrode.

voltage hold test at a holding voltage of 2.9 V, the O1s spectral intensity decreased
and the F1s spectral intensity increased. Graphs (d) in Figure 5 show that they
almost only consist of carbon and fluorine up to a depth of 15 nm. Accordingly, it
is believed that through the application of voltages of 2.9 V and higher, the bond
between carbon and oxygen in the polarizable electrodes is broken, and oxygen
atoms are released. Moreover, since there is virtually no change in the composition
ratio at a depth of approx. 10-13 nm from the surface, it is clear that the fluorine
compound layer has increased in thickness compared to that before the test. Since
this reactant consists of carbon and fluorine [5], it is believed to be graphite fluo-
ride. It can be inferred from the fact that graphite fluoride is an insulator that the
electrode resistance was caused to increase, thus causing the internal resistance
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Figure 4.
Polarizable electrode after test with holding voltage of 2.8 V.

to increase. Furthermore, it was shown that no major difference was seen in the
composition changes in the depth direction of the positive and negative electrodes.

5. Chemical analysis of electrolyte
5.1 Measuring moisture content of electrolyte

It was shown that in samples subject to high voltage, the electrolyte reacts with
the polarizable electrode at the solid-fluid interface, altering the atomic composi-
tion ratio of the polarizable electrode. Moreover, since the reaction at the solid-fluid

interface accelerates with an increase in the applied voltage, it can be inferred that
some sort of change is also occurring in the electrolyte. We, therefore, measured the
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Polarizable electrode after test with holding voltage of 2.9 V.
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moisture content in the electrolyte taken from the EDLCs. A Karl Fischer Moisture
Titrator (MKC-610) by Kyoto Electronics Manufacturing Co., Ltd., was used for

these measurements.

5.2 Moisture content of electrolyte: measurement results

Figure 9 shows the moisture content in the electrolyte taken from the EDLCs
before the tests and after the tests at each applied voltage. A comparison of moisture
content in the electrolyte before and after the test when 2.8 V is applied found an
increase of approximately 14.4%. However, it was found that compared to the value
before the test, the moisture content decreased after tests that applied 2.9, 3.0, 3.2,
and 3.5 V. The lowest moisture content was seen in the electrolyte after the 2.9-V
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Figure 6.
Polarizable electrode after test with holding voltage of 3.0 V.

test, with a 16.9% decrease compared to that before the test. Based on these results,
itis believed that there is no correlation between increasing the applied voltage and

decreasing the moisture content, and that the moisture content included when the
EDLCs were built is retained.

5.3 Measuring electrolyte element concentrations

It was revealed that there was no correlation between an increase in the holding
voltage in the voltage hold test and an increase or decrease in the moisture content
shown in Figure 9. Accordingly, any chemical changes in the electrolyte owing to
an increased holding voltage can be considered to be other than moisture related.
The elution of electrode material into the electrolyte sometimes occurs during
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Figure7.
Polarizable electrode after test with holding voltage of 3.2 V.

electrolysis and is also applied in electrolytic refining. Chemical reactions of the
electrodes are not desirable in EDLCs, and a mere action through physical adsorp-
tion and desorption are considered ideal [14]. However, the behavior of compo-
nents contained in ash that cannot be eliminated in the activated carbon generation
process is worth noting.

Owing to the difference in viscosity between the harvested electrolyte and the oil-
based 23 element standard solution by Seishin Trading Co., Ltd., used in the calibra-
tion curve method, the interference must be suppressed. Moreover, since the volume
required for analysis (15 ml) was not reached, this needed to be adjusted. To that end,
microwave-assisted decomposition was performed using a microwave digestion device
(SpeedWave MS3) by Actac Project Services Corporation, adding 8 ml of nitric acid
to 0.1 ml of electrolyte. Since this decomposition treatment was performed in a closed
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system, we considered external element contamination to be almost nil. Subsequently,
the solution was adjusted to 15 ml by diluting it with ultrapure water. After adjust-

ing the volume as described above, the element concentration in the electrolyte was
measured by introducing it into the inductively coupled plasma emission spectrometer
(ICPS-8100) by Shimadzu Corporation.

5.4 Element concentrations in electrolyte: measurement results
Figure 10 shows the element concentrations in the electrolyte taken from the

EDLCs before and after the tests for each applied voltage. An analysis showed that
the electrolyte contained boron, sodium, aluminum, silicon, potassium, calcium,
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and barium. The electrolyte commonly used for EDLCs is tetraethylammonium
tetrafluoroborate [ (C,Hs) 4NBF,/C,H¢O0s], which does not contain the elements
above. However, activated carbon, which is the polarizable electrode material, is
over 90% carbon, and part of carbon consists of oxygen and hydrogen compounds.
Carbon also contains, as components characteristic to the raw material, sodium,
silicon, potassium, calcium, iron, etc., as ash content. Therefore, it is possible that
these dissolved into the electrolyte.

Furthermore, the possibility that these components are included as additives
to improve the EDLC performance can also be considered. It is clear from the
analytical results that whereas almost none of the dissolved element concentrations
showed any variance between before and after the test at any holding voltage, only
the silicon concentration decreased in relation to an increase in the holding voltage.
A decreased concentration in the electrolyte signifies deposits onto the electrode
surface. It is surmised that tetravalent silicon, similar to carbon (which is the main
component of activated carbon), deposits onto the electrode surface and is a pri-
mary factor in the deterioration that increases the internal resistance of the EDLC.

6. Conclusion

For this chapter, we performed a voltage hold test, which is an accelerated dete-
rioration test, on a commercial cylindrical electric double-layer capacitor (EDLC)
by applying overvoltage. We confirmed behaviors of deterioration induced by the
application of overvoltage. Furthermore, we disassembled the EDLCs after testing
and conducted chemical analyses on the polarizable electrodes and the electrolyte,
which are the main components of the EDLCs. This resulted in the three findings:

1.1t was found that the internal resistance tended to increase with a rise in the
holding voltage applied in the voltage hold test. On the other hand, the capaci-
tance was not affected by the holding voltage and did not change significantly.
This also revealed that some factors leading to an increase in internal resistance
also increase with a rise in the holding voltage.

2. It was found for polarizable electrodes that as the holding voltage rises, the polar-
izable electrodes react at the solid-fluid interface with the fluorine in the electro-
lyte, and fluorine compounds are generated up to a depth of 10-13 nm from the
electrode surface in the depth direction. It is surmised that this fluorine com-
pound layer closes the micropores, reduces the surface area, reduces the EDLC
capacitance, and is a deteriorating factor that increases the internal resistance.

3.1t was found that as the holding voltage increases, the silicon concentration
in the electrolyte decreases. It is believed that as the electrochemical reaction
progresses, deposited silicon becomes a deteriorating factor and, by hampering
the charge transfer, leads to an increase in the internal resistance of the EDLC.
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Chapter 5

Performance and Applications of
Lithium Ion Capacitors

Xiaogang Sun, Wei Chen, Xu Li, Jie Wang, Hao Hu,
Guodong Liang, Yapan Huang and Chengcheng Wei

Abstract

Lithium-ion capacitors (LICs) have a wide range of applications in the fields
of hybrid electric vehicles (HEVs) and electric vehicles (EVs) for their both high
energy density and high power density. Lithium-ion capacitors have become a
potential alternative for next-generation chemical energy storage equipment owing
to high energy density, high power density, and excellent cycle performance. The
prelithiated multiwalled carbon nanotubes (MWCNTs) electrode was prepared by
internal short circuit (ISC) and doping to intercalate lithium into MWCNTs. SLMP
and lithium metal were used as lithium resources, respectively. The prelithiated
carbon nanotubes were used as anode and activated carbon electrode as cathode.
The capacitors were assembled in a glove box filled with argon. The prelithiated
MW(CNTs electrode eliminated irreversible capacity and improved substantially
electrochemical performance of lithium-ion capacitors.

Keywords: prelithiation, stabilized lithium metal powder, graphite, multiwalled
carbon nanotubes, activated carbon, lithium-ion capacitors

1. Introduction

The fossil energy’s shortage and the use of fossil fuels cause environmental pollu-
tion and climate anomalies. The development and utilization of new energy sources,
especially renewable energy, such as solar energy, wind energy, biomass, and
hydrogen energy, have attracted increasing attention [1, 2]. And the development of
new energy and energy storage equipment has become the focus of the investigation
[3, 4]. Lithium-ion batteries (LIBs) and electrochemical capacitors (EC) are two
important chemical energy storage devices. LIBs have high energy density but lower
power density and cycle performance. EC has high power density and long cycle
performance, but much lower energy density than the LIBs [5-8].

Lithium-ion capacitors, which combined the merits of lithium-ion batteries
and electrochemical capacitors, are a new type of energy storage devices between
the lithium-ion batteries and the electrochemical capacitors [9, 10]. In LICs, the
anions adsorption and desorption in the electrolyte occurs on surface of positive
electrode and simultaneously cations redox reaction occurred in the negative
electrodes [11-15]. The ionic adsorption of electrical double layer and the faradaic
electrochemical process (redox reaction) caused by lithium-ion intercalation
and deintercalation contribute to high energy and powder density of lithium-ion
capacitors than traditional capacitors [16-20].
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In the carbon-based lithium-ion capacitors, the lithium ions are mainly
derived from the electrolyte. But the solid-electrolyte interface (SEI) film formed
during cycles will consume an amount of lithium ions which are irreversibly
embedded in negative materials. That will bring down the capacity and cycle
performance of LICs. So it is particularly important for the lithium predoping in
negative electrode [21]. MWCNTSs composed of unique one-dimensional systems
with nanostructure have better stability, excellent conductivity, and lithium
capacitance. It has become a popular research object for lithium-ion batteries
[22]. SLMP applied to negative electrode can effectively prevent the problem of
lithium ions deficiency and increase the capacity and rate performance of the
LICs [23]. There is a potential difference between carbon electrode and lithium
metal, which will promote the continuous flow of lithium ions into the carbon
electrode when the carbon electrode and lithium metal are connected by short
circuiting [9, 24, 25]. The final potential of the carbon anode will drop close to
0V (vs. Li/Li+). Here, we introduce two new type LICs with different preinterca-
lated lithium anodes.

It is generally known that graphite has a high theoretical Li intercalation
capacity and widely was used as anode materials for lithium-ion capacitors
because of natural abundance and relatively low cost [26-30]. However, lithium-
ion intercalation tended to the same direction, and the dynamics of lithium-ion
intercalation is slow. So it is difficult to perform charge/discharge work for
lithium-ion capacitor at high current density with a poor rate performance [31,
32]. Compared to graphite, MWCNTs have higher stability. In this chapter, we
report internal short circuit (ISC) approach was applied to high-performance
LICs with activated carbon as cathode and prelithiated multiwalled carbon nano-
tubes/graphite composite as anode. Electrochemical performance of lithium-ion
capacitors was investigated.

2. Fabrication and characterization of MWCNTs

MW(CNTs were prepared by chemical vapor deposition (CVD), and benzene
(Aladdin Co. Ltd., Shanghai) was used as carbon source, ferrocene (Aladdin Co.
Ltd., Shanghai) as catalyst, and thiophene (Aladdin Co. Ltd., Shanghai) as acceler-
ant. Ferrocene and thiophene were added into benzene and stirred uniformly; the
flow rate was controlled by a micropump. Hydrogen and argon were used as carrier
gas. The flow rate was controlled by a mass flow meter. The carbon source was fed
into reactor with carrier gas. The MWCNTs were synthesized in a tube furnace
with appropriate contents of ferrocene and thiophene and the ratio of benzene to

Figure 1.
(a) FESEM and (b) HRTEM images of MWCNTS.
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hydrogen in a certain temperature gradient. The obtained MWCNTSs were further
graphitized under the condition of vacuum at 2800°C for 24 h with the heating rate
of 10°C/min. Finally, the graphitized MWCNTSs were milled in a planetary ball mill
at 200 r/min for 3 h [33].

Figure 1(a) showed FESEM image of MWCNTs. The MWCNTs presented linear
and smooth structure. The diameters of the MWCNTs range from 100 to 120 nm
with a large aspect ratio, and the MWCNTs have a small probability of bending
around each other in space. Because of this particular microstructure makes the
MW(CNTs dispersed easily, simultaneously excellent conductivity and lithium-
ions adsorption capacity, and other characteristics. Figure 1(b) showed HRTEM
image of graphitized MWCNTs; the MWCNTs exhibited one-dimensional hollow
structure, smooth wall, low defects, thin wall thickness, and regular and orderly
arrangement of carbon atoms

3. SLMP/MWCNTSs composite anode for lithium-ion capacitors
3.1 Experiment
3.1.1 Preparation of cathode electrode

The activated carbon (AC) was dispersed by sonication in N-methyl-2-
pyrrolidone (NMP) for 2 h. The surfactant of polyvinylpyrrolidone (PVP,
YueMei chemical Co. Ltd., Guangzhou) was added to improve the dispersion
performance. The polyvinylidene fluoride (PVDF) was used as binder. The super
carbon black (SP) was added to improve the conductivity. The activated carbon
slurry was completed after a high-speed (FA25) cutting under 10,000 r/min
for 1h, and the mass ratio of AC:SP:PVDF was 85:5:10. The prepared slurry was
coated on Al foil and dried at 60°C under vacuum, and cut into a disc of 14 mm
diameter.

3.1.2 Preparation of anode electrode

The MWCNT powders were dispersed by sonication in N-methyl-2-pyrrolidone
(NMP) for 2 h. The surfactant of polyvinylpyrrolidone was added to improve the
dispersion performance. The polyvinylidene fluoride (PVDF) was used as binder.
The slurry was completed after a high-speed (FA25) cutting under 10,000 r/min for
1 h. The mass ratio of MWCNTSs:SP:PVDF was 8:1:1. The prepared slurry was coated
on Cu foil and dried at 60°C under vacuum. A mixture of 0.5% polystyrene (PS)
and 0.5% styrene butadiene rubber (SBR) was selected as a polymer binder, xylene
as a solvent, and two groups were mixed to produce a binder solution. SLMP (FMC
Corporation) was dispersed in the binder solution to obtain SLMP suspension with
0.5 wt%. Then the SLMP suspension was evenly coated on anode. After dried in
vacuum, the SLMP coating is pressed between two glass plates for activating SLMP
and then cut into a disc of 14 mm diameter.

3.1.3 Fabrication and chavacterization of lithium-ion capacitors

The two-electrode CR-2025 button lithium-ion capacitors were assembled with
activated carbon as cathode and SLMP/MWCNT composites as anode in an argon-
filled dry glove box. The electrolyte was 1 mol/L LiPFs in a mixed solvent system of
EC/DMC (ethylene carbonate/diethyl carbonate) at a ratio of 1:1, and polypropyl-
ene microporous membrane was used as the separator.
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The MWCNTSs were characterized by field-emission scanning electron micros-
copy (FE-SEM, JSM-6701F), transmission electron microscopy (TEM, JEOL
JEM-2010FEF), X-ray diffraction (XRD, DI SYSTEM), Raman spectrometer
(SENTERRA), and thermogravimetry (TGA, PYRIS DIAMOND). The galvano-
static charge-discharge test of lithium-ion capacitors was performed after placed at
room temperature for 24 h by a cell tester (CT-3008W-5V5mA-S4).

3.2 Results and discussion
3.2.1 The micromorphology of SLMP and AC

Figure 2(a) showed the micromorphology of SLMP. The diameters of the SLMP
range from 30 pm, and outside coated with a thin layer of Li,CO; protective coating,
which can exist in a relatively low air humidity environment. Figure 2(b) showed
the micromorphology of AC; it was observed that AC particles show irregular
morphology and the average size of the particles is about 4 pm.

3.2.2 XRD and Raman spectroscopy analysis of MWCNTs

Figure 3(a) showed the X-ray diffraction (XRD) pattern of MWCNTs. The main
diffraction peaks of MWCNTSs were both at 26 = 26°, which coincide with the (002)
planes. The main diffraction peak of MWCNTs is sharp and narrow, which indicates
that the MWCNTs have a more regular and orderly arrangement of carbon atoms.
Moreover, MWCNTs have a higher degree of crystallinity and conductivity. The

Figure 2.
Micromorphology of (a) SLMP and (b) AC.
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XRD (a) and Raman spectroscopy (b) of MWCNTTS.
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(100) and (004) diffraction peaks are the catalyst components in the preparation
of MWCNTs. Figure 3(b) showed the Raman spectroscopy of MWCNTs. There
exhibited two distinct peaks corresponding to about 1351 cm-1D band and about
1585 cm-1G band, respectively. The MWCNTs have higher and sharper G peaks,
which indicate that the degree of crystallinity and structure integrity of MWCNTs
are great. In addition, the 2D peak appears at 2752 cm™", which indicates that the
MWCNTs have higher degree of crystallinity.

3.2.3 TG of the MWCNTs

Figure 4 showed the TG curves of MWCNTs. The TG test was performed under
air atmosphere with the heating rate of 5°C/min to 1000°C. The TG curves of
MW(CNTs were divided into two stages. In the first stage, the weight loss of 0.11%
is caused by the oxidation of a small amount of amorphous carbon during the
synthesis of MWCNTs. The weight loss of the second stage is caused by the abla-
tion of impurities in the MWCNTs. The initial reaction temperature of MWCNTs
was 585°C, which indicates that the antioxidant capacity and thermal stability of
MW(CNTs were great. Meanwhile, the residual amounts of MWCNTSs were 0.2%,
which confirm that the purity of these MWCNTs is great.

3.2.4 Galvanostatic charge and discharge

Figure 5(a) and (b) showed the galvanostatic charge-discharge curves of
none-lithiated and prelithiated LICs at different current densities, respectively.
The tests were performed using two-electrode system at voltage profile of 2-4 V.
The energy density of LICs can be calculated by Eg, = (CSP*VZ) /2 (Cgp represents the
specific capacitance and V represents the discharge potential excluding IR drop). The
power density of LICs can be calculated by Py, = E,/t (t represents the discharge time),
and the specific capacitance Cg, can be calculated by the formula C = (2I*t)/(m*AV)
(I represents the discharge current, m is the active material mass of a single pole, AV is
the potential of discharge, and tis the discharge time). The charge-discharge curves of
prelithiated LICs showed a good linear relationship and exhibited a shape of isosceles
triangle. On the contrary, the charge-discharge curves of nonlithiated LICs presented
a distorted shape, and the internal resistance obviously increases with the improving
current density and the discharge time is obviously shortened, which related a poor
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Figure 4.
TG curve of MWCNTS.
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Galvanostatic charge/discharge curves of LICs with nonlithiated (a) and prelithiated (b) specific capacitance
with different curvent density (c) and the ragone plots (d) for the LICs.

power density. Generally, the power density of lithium-ion capacitors is determined by
the negative materials; when the negative electrode consists of nonlithiated MWCNTs,
the rate of intercalation and deintercalation of lithium ions is slow, resulting ina
poor power density. The intercalation and deintercalation rate of lithium ions will be
accelerated with the addition of SLMP. Figure 5(c) showed the discharging specific
capacity at different rates. The prelithiated LICs showed higher discharging specific
capacity and rate performance than those of nonlithiated LICs. The nonlithiated and
prelithiated LICs exhibited discharging specific capacity of 10.74 and 85.18 F/g at cur-
rent density of 0.1 A/g. Figure 5(d) showed the ragone plots of LICs. Prelithiated LICs
presented the best electrochemical performance. The maximal energy density and
power density of prelithiated LICs reached 140.4 Wh/kg and 5.25 W/kg in the range of
current density from 0.05 to 4 A/g [34, 35].

Figure 6(a) showed the charge and discharge cycle performance of LICs with
nonlithiated and prelithiated. The 3000 cycles test was performed in the range
of 2~4 V at the current density of 0.4 A/g. After 3000 cycles of constant current
charge and discharge, the cycling performance of LICs with nonlithiated drops sig-
nificantly. In contrast, Figure 6(b) showed the discharge cycle performance of LICs
with prelithiated after 3000 cycles. The capacitance retention still holds 82%, the
charge and discharge curves without twist and distortion, which still maintained a
good isosceles triangle shape and shows good cycle performance.

3.3 Conclusions
In the chapter, lithium-ion capacitors have been assembled with SLMP/
MWCNTs composite as anode and activated carbon as cathode, respectively.

The results showed that prelithiated LICs exhibit excellent electrochemical
performance. The addition of SLMP to anode can increase the electrochemical
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Figure 6.
Chavge and discharge cycle performance of LICs with nonlithiated (a) and prelithiated (b).

performance of the LICs and eliminate irreversible capacity. Especially, the pre-
lithiated LICs exhibited optimal electrochemical performance, with a specific
capacity of 85.18 F/g at current density of 0.1 A/g, and the maximal energy and
power density reached 140.4 Wh/kg and 5.25 W/kg in the range of current density
from 0.05 to 4 A/g, respectively. After 3000 charge-discharge cycles, the prelithi-
ated LICs maintained about 82% capacity retention rate, Therefore, the prelithiated
LICs with a SLMP addition in the anode have a potential application for energy
storage device.

4. Lithium-ion capacitors using prelithiated MWCNTs/graphite
composite as anode

4.1 Experiment
4.1.1 The preparation of anode and prelithiation procedure

The slurry of composite active material (MWCNTs/graphite) was prepared by
ultrasonically dispersing and high-speed shearing with super carbon black (SP) as
conductive agent, polyvinylidene difluoride (PVDF) as binder, and NMP as solvent,
with the ratio of 8:1:1. The slurry was coated on the copper foil. Then, the anode was
dried at 60°C under vacuum for 12 h. The MWCNTs content in composite active
material was 0, 25, 50, 75, 100 wt%, respectively. The prelithiation was accom-
plished through direct physical contact between as-prepared MWCNTs/graphite
electrode and lithium metal with electrolyte in pressure; the degree of prelithiation
was controlled by contact time.

4.1.2 The preparation of cathode

The ratio of AC:SP:PVDF is 8:1:1, subsequently followed by ultrasonically
dispersing, high-speed shearing, and coating on aluminum foil. Then, the cathode
was dried at 60°C under vacuum for 12 h and was cut into a disc of 14 mm diameter.
4.1.3 The fabrication of MWCNT5/Li half-cells and lithium-ion capacitors

The tailored MWCNTs/graphite anodes were used as working electrodes. Lithium

foil was used as the counterelectrode and Celgard 2300 was used as the separator. The
solution of 1.0 M LiPF6 in EC:DMC (1:1, vol.) was utilized as the electrolyte. Based
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on the content of MWCNTs, the half-cells were signed as CNT0, CNT25, CNT50,
CNT75, and CNT100, respectively. The two-electrode LICs were assembled with AC
cathode and MWCNTs anode, and the corresponding LICs were recorded as LICO,
LIC25, LIC50, LIC75, LIC100. All cells were assembled in an argon-filled glove box.

4.1.4 Characterizations

The SEM of anode and that of cathode were characterized by FE-SEM (JSM-
6701F). The electrochemical characterization of the LICs was performed by a cell
tester (CT-3008W-5V5mA-S4). The specific capacitance was calculated based on
total mass of the MWCNTs, graphite, AC, and SP.

4.2 Results and discussion
4.2.1 The SEM of anode and cathodes

Figure 7(a) shows the SEM image of AC anode, which shows irregular struc-
ture and occupies the vast majority of space. Meanwhile, SP uniformly dispersed
between gaps of AC particles can provide good conductivity. Figure 7(b) shows
the SEM image of graphite cathode, and Figure 7(c) shows the SEM image
of MWCNTs/graphite composite cathode; comparison shows that MWCNTs
and graphite are well connected and present a web-like network structure and
three-dimensional conduction system. This structure was applied to the negative
electrode to shorten the diffusion path of lithium ions and improve the kinetics of
lithium-ion intercalation.

4.2.2 Galvanostatic charge and discharge
Figure 8(a) shows the first charge and discharge curves of raw MWCNTs and

graphite half-cells at 1C rate; for graphite half-cells, the voltage plateau of SEI
film formation is at about 0.7 V [36]. In comparison, for MWCNT half-cells, the

Figure7.

Tllustration of lithium-ion capacitors and corresponding SEM images of the electrode materials. (a) SEM
image of AC anode, (b) SEM image of graphite cathode, (c) SEM image of MWCNTs/graphite composite
cathode.
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The first chavge-discharge curves of MWCNTs and graphite electrodes before being predoping (a), the
differential capacity versus voltage (dQ/dV) curves of the MWCNTS/Li and graphite/Li coin cells (b) and the
first charge curves of MWCNTs/graphite electrodes with different content of MWCNT at a prelithiation time
of 60 min (c).

voltage plateau of SEI film formation is at about 0.7 V too. Meanwhile, MWCNTs
have a higher irreversible capacity and first discharge capacity than graphite.
Figure 8(b) shows the differential capacity versus voltage (dQ/dV) curves of
MWCNTs and graphite half-cells. Three stages of lithium-ion intercalation
voltage were local on 0.16, 0.08, and 0.055V, respectively. Figure 8(c) shows
the first delithiation (charge) capacity of CNT0, CNT25, CNT50, CNT75, and
CNT100 at 60 min prelithiation time. In the same prelithiation time, the open-
circuit voltage (OCV) of pure graphite half-cell was significantly superior to
other half-cells. The delithiation capacity increases with the gradual increase of
MWCNTs, which indicates the kinetics of intercalation of MWCNTs is higher
than pure graphite.

Figure 9(a—e) showed the galvanostatic charge-discharge curves of LICO,
LIC25, LIC50, LIC75, and LIC100 at different current densities, respectively. The
tests were performed using two-electrode system at voltage profile of 2-4 V. The
energy density of LICs can be calculated by Esp = (Csp*V2)/2 (Csp represents
the specific capacitance and V represents the discharge potential excluding IR
drop). The power density of LICs can be calculated by Psp = Esp/t (t represents the
discharge time), and the specific capacitance Csp can be calculated by the formula
C = (2I't)/(m*AV) (I represents the discharge current, m is the active mate-
rial mass of a single pole, AV is the potential of discharge, and t is the discharge
time). The charge-discharge curves of LIC25 showed a good linear relationship
and exhibited a shape of isosceles triangle. The LIC25 had the longest discharge
time than other LICs and showed good capacitance characteristics. Meanwhile,
the charge-discharge curves of LIC75 also showed a good linear relationship and
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Galvanostatic charge-discharge curves of lithium-ion capacitors with different content of WCNT at a different
current density, (a) LICo, (b) LIC25, (c) LICso, (d) LIC75, (¢) LIC100, and specific capacitance with
different current density (f), the ragone plots for the LICs (g).
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exhibited high power performance. On the contrary, the charge-discharge curves of
LICO and LIC100 presented a distorted shape, and the internal resistance obviously
increases with the improving current density and the discharge time is obviously
shortened, which related a poor power density. Generally, the power density of
LICs is determined by the negative materials; when the negative electrode consists
of pure graphite, the rate of intercalation and deintercalation of lithium ions is
slow, resulting in a poor power density. The intercalation and deintercalation rate

of lithium ions will be accelerated with the addition of MWCNTs. However, exces-
sive amounts of carbon nanotubes will consume large amounts of lithium ions, and
the formation of thick solid electrolyte interface (SEI) film will greatly impede the
migration of lithium ions. That is, the appropriate MWCNTSs content to improve the
power density is of crucial importance.

Figure 9(f) showed the specific capacitance of LICs at various current densities.
The LIC25 showed higher discharging specific capacitance and rate performance
than other LICs. Figure 9(g) showed the ragone plots of LICs. LIC25 presented the
best electrochemical performance. The maximal energy density and power density
of LIC25 reached 96 Wh/kg and 10.1 kW/kg in the range of current density from
0.1to8 Alg.

Figure 10 showed the charge and discharge cycle performance of LICO and
LIC25. The 3000 cycles test was performed in the range of 2.2~3.8 V at the current
density of 0.8 A/g. After 5000 cycles of constant current charge and discharge, the
cycling performance of LICO drops significantly, which is related to the cracking
and pulverization of graphite materials, lithium, and organic solvents common
into the graphite layer, and then influences the performance of cycle. As opposed to
LICO, the capacitance retention of LIC25 still holds 86%, the charge and discharge
curves without twist and distortion, which still maintained a good isosceles triangle
shape and shows good cycle performance.

4.3 Conclusions

In the chapter, lithium-ion capacitors have been assembled with prelithiated
MW(CNTs/graphite composite as anode and activated carbon as cathode. The results
showed that LICs with prelithiated exhibit excellent electrochemical performance.
Especially, the LIC25 exhibited optimal electrochemical performance, with a spe-
cific capacitance of 58.2 F/g at current density of 0.1 A/g, and the maximal energy
and power density reached 96 Wh/kg and 10.1 kW/kg in the range of current
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Figure 10.
Long-term cycle performance for the LIC in the voltage range of 2.2~3.8 V at 800 mA/g curvent density.
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density from 0.1 to 8 A/g, respectively. After 3000 charge-discharge cycles, the
LIC25 maintained about 86% capacity retention rate. Therefore, the LICs with the
prelithiated MWCNTs/graphite composite materials have a potential application for
energy storage device.
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Abstract

With improvement of global economy, the fatigue of energy becomes inevitable
in twenty-first century. It is expected that the increase of world energy require-
ments will be triple at the end of this century. Thus, there is an imperative need for
development of renewable energy sources and storage systems. Among various
energy storage systems, supercapacitors are ascertained one of the most significant
storage devices. But the development of supercapacitor devices with high power
and energy density are the greatest challenges for modern research. In this article,
transition metal oxides such as TiO,-V,0s, NiMn,0, etc. with porous structure are
considered as high performance supercapacitors electrode. The effects of its struc-
tural, morphological and electrochemical properties have been studied extensively.
A Ti0,-V,0s and NiMn,0, based electrode delivered specific capacitance of 310
and 875 F g/, respectively at a scan rate 2 mV s~ . This TiO,-V,0s based asym-
metric supercapacitor also exhibits excellent device performance with specific
energy 20.18 W h kg at specific power 5.94 kW kg ', and retained 88.0% specific
capacitance at current density of 10 A g after 5000 cycles.

Keywords: supercapacitor, transition metal oxides, nanostructure, energy density,
power density

1. Introduction

Rapidly depleting level of fuel reservoir along with the increasing effect of
environmental pollution are the two most important concerns of twenty-first cen-
tury. The rate at which the fossil fuel is being consumed today, it will take around
40 more years to run all the known oil deposits dry leaving the whole world into
complete darkness. Fossil fuel is a very rich form of energy containing around 30-
50 MJ of energy per kilogram. Combustion of fossil fuels results in the emission of
CO,, CHy4, N,O etc. in the atmosphere which trap the solar radiation in the atmo-
sphere [1, 2]. Although the natural trapping of solar radiation is vital for all the lives
on the earth but due to excessive emissions of these gases the earth is getting hotter.
According to the study conducted by NASA’s Goddard institute, the Earth’s average
temperature has risen by 0.8°C since the beginning of the industrial revolution.
Although this increment may seem very small but the alarming fact is that a little
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more increase in the global temperature will cause the polar ice caps and glaciers to
melt, causing the sea level to rise flooding the costal lines [3]. In order to sustain
human growth these issues have to address as soon as possible. To reduce the world’s
hunger for fossil fuels while maintaining the same life standards we have to focus on
the alternative green energy sources like solar, wind, tidal etc. Although these sources
have the ability to meet the world’s energy requirements but the intermittent nature
of these energy sources is an unavoidable problem which significantly stimulates the
motivation of research on the energy storage systems. Today a variety of energy
storage and conversion devices are available such as batteries, conventional capaci-
tors, fuel cell and supercapacitors etc. But among such energy storage systems elec-
trochemical capacitors or supercapacitors have drawn attention as one of the most
promising energy storage systems because of their high power density, short charging
time and long life span although having moderate energy density 10-15 mWh/g
which is still very less compared to batteries. Different research groups in the world
are trying to improve the energy density and overall life span of the device by suitably
choosing different electrode materials [4-8].

2. Brief history of supercapacitor

Electrical charge storage by a surface was first discovered from the phenomena
of rubbing amber with fur which attracts dust in ancient age. Invention of the
Leiden jar in 1757 is the first developed technology for capacitor. This Leiden jar was
further improved to flat capacitor by Banjamin Franklin. This resulted in the
reduction of volume as well as increase in reliability and convenience. In the late
nineteenth century Helmholtz solved the electrical charge storage by a capacitor by
using Faraday’s law. He proved the existence of two parallel sheets of opposite
charges on the surface of metal and the solution side. He proposed the model of
charge/ion distribution near metal surface. It is the foundation stone for the devel-
opment of fundamental aspects of capacitive technology as well as the quantitative
science which describe the nature of electrostatic behavior. In the General Electric
Laboratories (1957), they have developed a capacitor by using two porous carbon
electrodes and aqueous electrolyte. Later it is known as electrochemical double layer
capacitor. They got the U.S. Patent for this (US Patent 2,800,616). Almost a decade
later (1966), Standard Oil of Ohio’s (SOHIO) scientists and engineers have devel-
oped the modern electrochemical supercapacitor (SC) capacitor using porous car-
bon and non-aqueous electrolyte [9-12]. The non-aqueous electrolyte enables to
have wide potential window for SC, which results in the increase in storage capac-
ity. SOHIO sold this technology to Nippon Electric Company (NCE, Japan) and
they used it commercially for the first time as the backup power for computer
memory and also named as the supercapacitor. Presently, NEC/TOKIN, ELNA,
Maxwell Technologies, Panasonic and several other companies invest in the devel-
opment of supercapacitors. In 2004, the worldwide market of supercapacitor was
100 million US dollars, while the worldwide sales of supercapacitor reached to 400
million US dollars by the end of 2010. It was estimated that the market of
supercapacitor will rise to 2 billion US dollars by 2020 [13-15].

3. Different types of supercapacitor

The importance of supercapacitor as an energy storage was significantly
increased in the last decade of twentieth century and it witnessed significant
advances in the field. Several works by Conway et al. and others [United States Pat.,
1996] have investigated and identified the underlying chemistry and developed the
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model for charge storage. Due to the charge storage mechanism, supercapacitors are
categorized into two different types, electrochemical double layer capacitors
(EDLCs, non-Faradic electrostatic storage) and pseudocapacitors (Faradic, redox
reaction based capacitors). In addition, there is another class of supercapacitors
known as hybrid supercapacitors which is the combination of both storage mecha-
nisms. In this chapter, the storage mechanism, electrode materials, electrolytes of
different supercapacitors will be discussed.

3.1 Electrochemical double layer capacitor (EDLC)

EDLCs have a similar structure to that of conventional capacitors except the
dielectric is being replaced by electrolyte. Two highly porous carbon electrodes are
separated by a porous separator and electrolyte. The energy storage mechanism of
EDLC relies on the non-Faradic process i.e. electrostatic adsorption ions at the elec-
trode/electrolyte interface. During the charging, the positive and negative ions of the
electrolyte are separated and adsorbed by negative and positive electrodes, respec-
tively. The energy storage mechanism is based on the formation of double layers of
electrolyte ions at the interface of electrode and electrolyte. This is similar to the
parallel plate capacitor and the capacitance of EDLC can be calculated by Eq. (1)

_egoA
- d

C 1)

where, C is the capacitance, gy is the dielectric constant in vacuum, ¢ is the
dielectric constant of the double layer, A is the area of the electrode and d is the
thickness of double layer. Various models have been proposed to explain the for-
mation of double layer. In 1853, Helmholtz first introduced the idea of double layer.
When a charged conductor is placed in contact with electrolyte, the distribution of
electric charges will be modified. Two layers of opposite charges will be formed at
the interface of electrode and electrolyte. These two layers are separated by molec-
ular dimensions but there is no exchange of ions between the layers. Hence the
capacitance of the double layer can be obtained from the aforementioned Eq. (1).
This model is widely used to explain the storage of supercapacitor. But this model
did not taken care of the effects of ions behind the first layer of the ions at the
electrode/electrolyte interface. Various carbonaceous materials (activated carbons,
graphene, CNT etc.) store charges via EDLC mechanism. Carbon based materials
were the first choice for the commercial applications because of their rapid
response, good electrical conductivity, high chemical stability, non-toxicity, high
abundance and simplicity of design. Carbonaceous materials have very high specific
surface area (10003500 m” g ') which is very useful for the charge storage since
EDLC is a surface dependent phenomenon. But with the increase of specific surface
area and porosity the stability and conductivity of the material decreases. In spite of
this, mesoporous nature with high specific surface area is very much important for
its application as an active electrode [9, 16-18].

3.2 Pseudocapacitor

Another class of supercapacitor is pseudocapacitors which rely on the reversible
redox reaction or Faradic reaction to store energy. Mainly transition metal oxides
(e.g. ruthenium oxide, nickel oxide, manganese oxide, vanadium pent oxide etc.)
and conducting polymer (polyaniline, polypyrrole, PEDOT:PSS, etc.) belongs to
this group. Close surface to the electrolyte take part in redox reactions and this
process can be classified into three distinct types which are underpotential deposi-
tion (adsorption pseudocapacitance), redox pseudocapacitance and intercalation
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pseudocapacitance. Underpotential deposition arises when reversible adsorptions as
well as removal of atoms occur at metal surface in two dimensional Faradic reac-
tions. Redox pseudocapacitance exists when reversible redox reactions taken place
at the electrode surface. In case of intercalation pseudocapacitance, ions are elec-
trochemically intercalated into the structure of redox materials.

Although these three mechanisms are physically different from each other but
they can be electrochemically governed by the Nernst equation. According to this
equation, if the reaction potential E can be approximated by a linear function of
(1 + Q,)/Q,, the specific capacitance can be obtained from Eq. (2)

_nF (140,
- a.) @

where, 7 is the number of electron, F is the Faraday constant, 7 is the molecular
weight of active electrode and Q, is the reaction quotient. Transition metal oxides
are chosen as the active materials for supercapacitor electrode and they store charge
via Faradic or redox mechanism. They exhibit large theoretical specific capacitance
with multiple valence states which enables them one of the most studied materials
group in the field of supercapacitor [1, 19].

3.3 Hybrid supercapacitor

Hybrid supercapacitors are third type of supercapacitors which combine the
features of both EDLCs and pseudocapacitors. The electrodes of hybrid
supercapacitors are made with composite materials that include EDLC materials
(carbonaceous materials such as activated carbon, graphene, CNT etc.) and
pseudocapacitive materials (transition metal oxides and conducting polymers).
There can also be asymmetric supercapacitor with one pseudocapacitive electrode
and another EDLC electrode or hybrid electrode or vice-versa. Several binary and
ternary composite based on polymer and CNTs have been prepared for electro-
chemical capacitive energy storage application. They offer large specific capacitance
compare to individual one, which is due to the strong interaction between polymer
and CNTs. Gupta and Miural were the first to propose that SWNT/PANI composite
can be effectively used as the electrodes for supercapacitors. The highest specific
capacitance value of 463 F g~ ' was obtained for 27 wt% CNT.

4. Electrolytes

Besides the electrodes, another most important factor which can expressively
influence the electrochemical performance of supercapacitor device is electrolyte.
Generally, electrolyte exists in inside the separator as well as inside the active
material layers. The important factors for an electrolyte are one wide potential
window which is key factors to achieve higher energy density and the other is the
high ionic concentration, low resistivity, low viscosity etc. which can also influence
the power density of the supercapacitor device. There are three types of electrolyte
usually used in supercapacitors: aqueous electrolyte, organic electrolytes and ionic
electrolytes. Aqueous electrolytes (such as H,SO,, KOH, Na,SO,4, HCI, NaCl and
NH,4CI aqueous solution and so on) limit the cell voltage window of supercapacitor
to typically 0-1V due to their low electrochemical stability, which effectively
reduces the energy density of the cell. It can also provide a higher ionic concentra-
tion with conductivity up to 1.0 S cm ™. Supercapacitors containing aqueous elec-
trolyte may exhibit higher charge storage capacity but the main drawback is in
terms of improving both energy and power densities due to their narrow working
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potential window. To overcome this drawback now-a-days researchers are inter-
ested in using organic electrolytes as the main advantage of an organic electrolyte is
it can provide wide potential window ~3.5 V. Since the energy density of a
supercapacitor is directly proportional to the square of the cell voltage thus the
organic electrolyte is much more suitable compared to other electrolytes. Among
various organic electrolytes, acetonitrile and propylene carbonate (PC) are com-
monly used solvents. Propylene carbonate (PC)-based electrolytes are eco-friendly
and can offer a wide electrochemical window, a wide range of operating tempera-
ture, as well as good electrical conductivity. In addition to promising advantages,
the high cost, safety concern and toxic in nature still limit their commercial appli-
cations. Ionic electrolyte also known as room temperature molten salts-ionic liquids
is one of the most promising electrolytes for the next generation energy storage
application. Ionic electrolyte have lots of advantages such as high thermal stability,
non-toxicity, non-flammability, high electrochemical stability and various combi-
nation of choices of cations and anions. But the low ionic conductivity at room
temperature of ionic liquids is a great issue for practical application [20, 21].

5. Method for calculation of specific capacitance

The cyclic voltammetry (CV) curve of active working electrode materials mea-
sured in any suitable electrolyte solution (organic, ionic and aqueous electrolyte)
epitomizes the total stored charge which ascends from both Faradic and non-
Faradic process. The presence of oxidation/reduction peaks in CV curve represents
the Faradic charge transfer reaction between electrolyte and electrode material. The
total charge stored in electrode material can be calculated using Eq. (3):

i

(3

" dmw

where m and v are the mass of the electroactive material and potential scan
rate, respectively. Current (i) can be obtained by integrating the area of the curves
using Eq. (4)

. fg‘ i(v)dv
Z P a

= 4
V.V, 4)
where V, and V, are the lowest and highest voltage of the potential range,
respectively.
The specific capacitance value of the material can also be calculated from
Galvanostatic charge discharge (GCD) profiles by using Eq. (5)
Co = ®)
m(=%)

where 1’ is the current applied, dV/dt is the average slope of the discharge curve
and m is the mass of active electrode materials [22, 23].

6. Ti0,-V,05 nanocomposites as supercapacitor applications

Among various transition metal oxides, vanadium oxides (V,0s) also known as
vanadium pentoxides have already been studies as a promising supercapacitor elec-
trode material for energy storage application due to its excellent physical properties,
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layered structure, non-toxic in nature, easy synthesis process, presence of several
oxidation states (+2 to +5) and high specific capacity. But its low electrical conduc-
tivity limits its practical device application. The charge storage mechanism of a
supercapacitor strongly depends on the surface properties of the electrode materials
so the nanomaterial is suitable for electrode fabrication. Nanomaterial possesses
high surface area along with high surface energy but the aggregation of
nanoparticles is the most challenging problem. This effectively increases the strain
for electrolyte ions diffusion within the nanoparticles at the surface of the electrode.
Therefore, people are working to design and fabricate three-dimensional (3D),
ordered and mesoporous nanomaterial to overcome such type of problem. There are
four fundamental steps to control the charge storage behaviors of nanomaterials:
(i) electron hopping between two nanoparticles; (ii) electron hopping within single
nanoparticle; (iii) electron hopping between active electrode materials and current
collectors; finally (iv) diffusion of proton within nanoparticles. It is well known
that the proton diffusion and electron hoping within the nanoparticles are intrinsic
properties of nanoparticles but the resistance due to intra-particle electron hopping
can be diminished by loading it on a stable metal oxide [2]. It has also been observed
practically that the loading on a stable metal oxide affects the increase of diffusion
barrier of proton within the active materials and which follows the loss of effective
sites. Because of the combination of TiO, with V,05 Ti-O-V bonds are formed
instead of metal-metal bonds which can result in an overall improvement of elec-
trochemical activity and chemical stability due to the drop in the intra-particle
electron-hopping resistance. Thus, TiO,-V,0s nanocomposite can be a promising
candidate for supercapacitor electrode in the near future. In this work,
interconnected mesoporous TiO,-V,0s nanocomposite has been synthesized which
demonstrate tube like structure. The as synthesized electrodes of TiO,-V,05 com-
posite demonstrate kinetically fast charge-discharge properties along with long-
cycle stability, which are commanding properties for supercapacitors [12, 23].

6.1 Morphological analysis

The field emission scanning electron microscopy (FESEM) images (Figure 1(a))
of Ti0,-V,05 nanocomposite shows ordered array of tube-like mesoporous struc-
ture. Because of large surface area, these mesoporous tube-like nanostructure can
provide large number of active sites for competent ion diffusion. Due to increase in
the contact area of the material with electrolyte ions, such type of surface improves
the electrochemical activities of the electrode material. The active specific surface
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Figure 1.
(a) FESEM image of TiO,-V,0, composite; (b) N, adsorption-desorption isotherms and pore size distribution
curve (inset) of as prepared TiO,-V,0Os.
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area of this material has also been further characterized by nitrogen adsorption and
desorption BET surface area measurement. The adsorption-desorption plot

(Figure 1(b)) of the composite reveals the typical type-IV isotherm and also
demonstrates the mesoporous nature of TiO,-V,0s nanostructure. The specific
surface area calculated from the BET measurement is around 44m” g . This large
surface area provides large contact area between the electrode/electrolyte interface
enabling fast ion transfer which can improve the electrochemical performances of
the electrode material. The corresponding pore size distribution of this electrode
material measured from the isotherm BJH model is shown in Figure 1b (inset). The
average pore size for this TiO,-V,0s5 nanostructure is around 8.90 nm, which
implies that the material possesses a mesoporous like wide pore size distribution.

6.2 Electrochemical analysis

The CV curves of TiO,-V,05 composite (Figure 2(a)) with different scan rates
(2,10, 50 and 100 mV s~ ") signify a good electrochemical redox process. There is
no O, or H, gas evolution observed at the ends of the potential windows which
infers that this electrode can work in the wide potential window (—0.5to +1.3 V)
without suffering any degradation. The total charge stored in the electrode due to
the redox reactions and pseudocapacitive behavior can be obtained from the total
area enclosed by the CV curve for a particular scan rate. Same nature of CV curve
for all scan rates reveals the good electrochemical performance of the electrode.
This composite offers maximum specific capacitance of 310 F g~ " at a scan rate
2mV s~ " The synergistic effect of these two metal oxides enhances the conductiv-
ity of the composition.

The plot of variation of specific capacitance with scan rate (Figure 2(b)) shows
that at lower scan rate the TiO,-V,05 nanocomposite electrode demonstrate higher
capacitance value and it falls with increase of scan rate. This variation can be
explained on the basis of movement of ions from electrolyte to electrode material. At
lower scan rate, the electrolyte ions get enough time to contact the outer and interior
active sites of the material which lead a large number of charge accumulation corre-
spond to high specific capacitance value. Consequently, as the scan rate increase the
mobility of charges per unit time increase as well as capacitance decrease due to less
number of charge accretions on the outer surface of the electrode material. The
charge storage mechanism of the electrode material can be studied according to the
Power law, which explains that the total CV current is the sum of non-Faradic
capacitive current and adsorptions/desorption currents. According to the Power law,
scan rate dependent CV current of the electrode can be written as Eq. (6)

i=av" (6)
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(a) CV curves at different scan rates; (b) specific capacitance vs. scan rate plot and (c) log(i,) vs. log(v) plot
for the TiO,-V,05 composite.
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where, ‘@’ and ‘n’ are adjustable parameters and v is scan rate [1, 22]. The value
of ‘n’ can be obtained from slope of the linear fit log(i) vs. log(v) at a fixed potential.
The ‘n’ value varies from zero to one. For pure resistor n = 0, for ideal diffusion
control process n = 0.5 and for ideal capacitive process n = 1.0 i.e. non Faradic
process. Figure 2(c) shows the plot of log(i) vs. log(v) of TiO,-V,05
nanocomposite. For this case, the ‘n’ value 0.69 reveals that the adsorption/desorp-
tion process dominates over capacitive mechanism i.e. the total current can be
written as the combination of capacitive and adsorption/desorption current as

i =ki(v) + ks (1)1/2) (7)

where k;(v) and k,(1*?) signify the non-Faradic capacitive current and adsorp-
tion/desorption current, respectively. To calculate the value of k; and k; one can
plot i(V)/v"'? along y-axis and v"'? along x-axis. The slope and intercept of the linear
fit gives the values of k; and k,, which can explain the contribution of the Faradic
adsorption/desorption current and capacitive current to the total current. It can be
concluded that the maximum amount of charge in the working electrode is accu-
mulated based on the adsorption/desorption mechanism instead of capacitive
mechanism. On the other hand, Trassati et al. first time reported that the total
specific capacitance of an electrode material is the sum of two specific capacitance
values provided by the outer and inner surface of the electrode i.e.

Crotal = Cin + Cour (ngl) (8)

The two specific capacitances due to the influence of inner and outer surface of
the electrode strongly depend on the scan rate (v). The intercept of the linear fit of
specific capacitance vs. v/ plot at v = 0 gives the value of total specific capacitance
(320 F g ") due to the diffusion of ions into the electrode which is nearly equal to
the value obtained from CV curve (310 F gfl). Similarly, the value of specific
capacitance due to the outer surface of the electrode can be calculated from the plot
of total specific capacitance vs. v/ plot and taking the intercept at v = co and the
value in this case is given by 81 F g~ *. Thus it can be concluded that the maximum
capacitance value is mainly due to the contribution of inner active sites of the
electrode which suggests that the charge storage mechanism is strongly based on
adsorption/desorption process rather than capacitive process [1, 24].

To investigate the high performance electrochemical properties and kinetic
information of TiO,-V,0s nanocomposite electrode materials EIS measurements
have been done in the frequency range of 0.1 Hz to 100 kHz with AC perturbation
amplitude of 10 mV. The EIS plot (Figure 3(a)) show frequency dependent three
regions which can provide information about the kinetic nature of the electrode
material. The small distorted semicircular curve at high frequency is due to the
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(a) EIS plot; (b) GCD plot at different current densities and (c) 10000-cycle stability analysis for the
TiO,-V,0; composites.
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charge transfer resistance within the electrode material. The diameter of the semi-
circular portion gives the value of charge transfer resistance of the material. This
semi-circular loop at high frequency can be modeled by a combination of parallel
“RC” (Re-Cqy) circuit along with a series resistance (R;). But, to describe the
impedance behavior on the whole frequency range a more detailed circuit have to
be considered. Moreover, as seen in FESEM, the electrode materials are particle in
nature, the electrolyte can easily access the active material and thus a thin electro-
lyte film can locally separate the nanoparticles from each other resisting the elec-
tronic contact between the materials as well as with the current collector. Because of
these two effects the interface resistance R is increased. The high frequency loop is
formed due to the current collector/ active material interface capacitance Cy; in
association with the interface resistance R.. The electrolyte can easily penetrate
within the porous electrode materials in the mid frequency range. A straight line
corresponding to the frequency dependent Warburg impedance (W) is observed
which arises due to the linear diffusion process of ions at the outer surface of the
electrode material from electrolyte solution. At very low frequency almost a straight
vertical line is observed which mainly originated due to the ions diffusion behavior,
indicating very low diffusion resistances.

In order to further study the charge storage ability of synthesized TiO,-V,05
nanocomposites electrode, GCD at various current densities (0.5, 0.8, 1.0, 2.0 and
5mA cm ) has been performed. Figure 3(b) represents the GCD plots with
potential windows from —0.5 to +1.3 V, which is reliable with the potential range of
CV measurement. At lower current densities the composite exhibits good
pseudocapacitive behavior and superior capacitive retention. Very small IR drop is
also observed at the starting point of discharge time even at high current densities
signifies that the electrode material offers very low internal series resistance (Rg)
due to the electrolyte solution. However, the sample, due to its mesoporous mor-
phology, accelerated the movement of K" and Cl™ ions through its channels inside
the pores and reveals superior redox nature at higher current densities. The GCD
cycling curves have a nearly symmetric shape at high current densities, indicating
that the composite has a good electrochemical capacitive characteristic and superior
capacitive retention. The maximum specific capacitance of 307 F g~ " has been
obtained for TiO,-V,0s nanocomposites at 0.5 mA cm 2 current density, which is
almost equal to the value calculated from CV plots. It is also observed that the
specific capacitance value decreases with increase of current densities which is
mainly due to the decrease of accessibilities of electrolyte ions into the inner surface
of the electrode material. The long-term cycle stabilities of prepared TiO,-V,0s
nanocomposite has been studied up to 10,000 cycles at a current density of
5.0 mA cm ™ ? as shown in Figure 3(c). The electrode exhibits very good cycle life of
94% over 10,000 cycles. It has been well explained that both the transition metal
oxide play significant role for improvement of excellent electrochemical behavior
providing additional possibility of fast redox process even at higher current densi-
ties [23, 25].

6.3 Asymmetric supercapacitor device performance
6.3.1 Fabrication of asymmetric supercapacitor

The asymmetric supercapacitor (ASC) was fabricated with activated porous
carbon (AC) as negative electrode, TiO,-V,05 nanocomposite as positive electrode
and 1 M Na,SO;, as the electrolyte with Whatman filter paper (pore diameter

~25 pm) as separator. The mass ratio of the active materials for negative and
positive electrodes was around 2. All the supercapacitive studies of ASCs were
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performed at 300 K. The specific energy (Ec.) (W h kg™") and specific power
(Peenn) (W kg*l) of the device have been calculated by using the Egs. (9-11)

C, = A (9)
m(Vy = Vi)
1[C (v - Vi)
Ee = i T (10)
Py = 3600 X Ee (11)

At

where Cq is the specific capacitance of the ASC devices (F g™ '), Iis the discharge
current (A), At is the discharge time (s), m is the combined mass of the both active
electrode materials (g) and (V¢ - V;) is the potential window within which the
supercapacitor operate (V) [2]. The cyclic voltammograms (CV) of this fabricated
ASCs device have been studied at different potential windows ranging between
0.5and 1.3 V at a fixed scan rate of 100 mV s™* (Figure 4(a)) and it shows no
deviation in the shape of the voltammogram at 1.3 V which ensures that the ASC
can operate up to 1.3 V. The CV curves of the ASC at different scan rates are shown
in Figure 4(b). These curves show the increase of CV current with increasing scan
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(a) CV curves at 100 mV s-1 for different window potentials; (b) CV curves at different scan rates for a fixed
window; (¢) GCD curves at different curvent densities and (d) energy density vs. power density plot for the
Ti0,-V,0; composite device.

98



Transition Metal Oxide-Based Nano-materials for Energy Storage Application
DOI: http://dx.doi.org/10.5772 /intechopen.80298

rate. The GCD data at different current densities are shown in Figure 4(c) and the
curves represent that the discharge time decrease with increasing current densities.
The specific capacitances were calculated by using Eq. (10) and the value of maxi-
mum is 86 F g~ ' at current density of 4.1 A g . From the GCD curves it is clear that
the specific capacitance decreases with increase of current densities. The specific
energy and specific power of this device have also been calculated using Egs. (10)
and (11) and are shown in the form of Ragone plot in Figure 4(d). The highest
specific energy (Ee) and specific power (Py) is of 20.18 W h kg{1 and

5.94 kW kg71, respectively. Overall electrochemical study of TiO,-V,05
nanocomposite shows that it is an excellent positive electrode material for future
applications.

7. NiMn,0, as supercapacitor applications

Recently, single phase spinel-structured NiMn,04, a low cost, non-toxic ternary
metal oxide, has received a great interests over many other metal oxides due to its
excellent electrochemical performance. As has been stated earlier, to be used as
electrodes in supercapacitors, materials with good electrical conductivity and
excellent electrochemical performance are needed for achieving high energy den-
sity and high power density. In this context, nanostructured materials are more
suitable than traditional bulk materials as electrode materials for supercapacitor, as
they offer higher surface to volume ratio and shorter electron-ions transport chan-
nels. In fact, metal oxide nanostructures become the target of modern research for
their utilization in high performance energy storage devices. Moreover, the mor-
phology of those nanostructures is seen to affect their electrochemical performance.
Therefore, designing metal oxide nanostructures of controlled morphology and size
with good electrical conductivity is a challenge for their utilization in energy storage
devices such as electrochemical supercapacitors [12, 26].

7.1 Morphological characterization

FESEM image shows (Figure 5(a)) densely packed agglomerated spherical
NiMn,0, nanoparticles of sizes 6-10 nm (~8 nm average size) are formed. Forma-
tion of such densely packed small NiMn,0,4 nanoparticles effectively generates
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Figure 5.
(a) FESEM image of the NiMn,O,, nanoparticles; (b) N, adsorption-desorption isotherms and pore size
distribution curve (inset) of as prepared NiMn,O,.
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porous surface of high specific surface area, which enhances the electrochemical
performance of the electrodes due to high contact area of the material with electro-
lyte. The porous nature of the NiMn,0,4 nanostructures is confirmed form their
Brunauer-Emmett-Teller (BET) surface area measurement. The adsorption-
desorption plots of the sample presented in Figure 5(b) clearly revealed a typical
type IV isotherm which corresponds to the mesoporous nature of NiMn,04
nanocrystals. The BET estimated specific surface area of the material is 43.6 m* g™ "
with average pore size 13.3 nm, which offers large number of active sites in the
electrochemical process. Such a high specific surface area of the nanostructures can
also provide a large contact area between the electrolyte solution and the electrode,
ensuing fast ion transfer at the interface.

7.2 Electrochemical characterization

The cyclic voltammogram (CV) curves (Figure 6(a)) of the NiMn,0, electrode
at various scan rates in the potential range —1.0 to 1.3 V indicate the typical Faradic
charge transfer behavior due to the presence of functional groups or pore size
distribution. The non-rectangular shape of the CV curves specifies the redox nature
of the electrode material and provides the information on the pseudocapacitive
behavior of the electrode in a suitable electrolyte solution. There are several oxida-
tion and reduction peaks (Mn?* < Mn** and Ni** < Ni**) in the CV curves, which
can be clearly identified due to the faradic redox processes related to Eq. (12) [27].

NiMn,04 + Na® + ¢~ + NaNiMn,04 (12)

The specific capacitance (C,,) of the electrode for each scan rate has been
calculated from the CV curves by using Egs. (7) and (8) and the maximum specific
capacitance of 875 F g ' is obtained for a scan rate 2 mV s~ '. The GCD curves at
different current densities (Figure 6(b)) indicate the pseudocapacitor type behav-
ior with very low current densities at the potential corresponding to the Faradic
reactions. A very small potential drop (IR-drop) has also been observed at the
beginning of the discharge curve, even at high current densities, which indicates the
NiMn,0, electrode has a very low internal series resistance (R;) within Na,SO,
electrolyte solution, as well as low contact resistance at the interface of current
collector and electrolyte solution. A decrease of charging/discharging time with
increasing current density can be clearly perceived from the GCD curves, which can
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(a) CV curves at different scan rates and (b) GCD curves at different current densities for the NiMn, O,
composite.
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be explained considering ion diffusion mechanism. At lower current densities, a
large surface area of the electrode is occupied by Na* ions from electrolyte solution
as they get enough time to access the maximum active sites of the electrode mate-
rial, offering higher specific capacitance value. Conversely, due to limited accessi-
bility of the Na* ions inside the electrode material, the specific capacitance of the
electrode is lower at higher current densities. The specific capacitance value can also
be calculated from the GCD profile at a given current density, using Eq. (8) and the
maximum capacitance obtained 820 F g " at 4.0 A g . The electrodes fabricated
using NiMn,0,4 nanoparticles exhibit very high cycle life of about 91% over

10,000 cycles, indicating the oxides of both the elements (Ni and Mn) play signif-
icant roles for the improvement of electrochemical performance of the electrode.

7.3 Device characterization

It is known that for asymmetric supercapacitors (ASCs) the charge stored at
two opposite electrodes (positive and negative) should be equal and opposite i.e.
q" = q" [28, 29]. The amount of charge stored by the each electrode generally
depends on the specific capacitance (C,,), mass of the electrode (m) and potential
windows (AV). The ratio of two electrode mass essential to follow:

my _ C_ x (AE)_

m_  Ci x (AE), (13)

Figure 7(a) represents the cyclic voltammograms (CV) of this fabricated ASCs
device at different potential windows (0-0.9, 0-1.1, 0-1.3, 0-1.5 and 0-1.8 V). All
CV curves show same nature which indicates that this device can performs within
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(a) CV curves at 100 mV s~ * for different window potentials; (b) CV curves at different scan rates for a fixed
window; (¢) GCD curves at different curvent densities and (d) energy density vs. power density plot for the
NiMn, O, composite.
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maximum potential window 0-1.8 V without any degradation. Thus, all electro-
chemical studies have been done within maximum potential window from 0 to

1.8 V and the CV curves (Figure 7(b)) at different scan rates show relatively
rectangular nature without presence of any redox peaks. It clearly indicates that the
charge storage mechanism is mainly due to the electric double layer of the device.
The CV profiles also remain almost same without any distortion with increasing
scan rates, indicating suitable fast charge-discharge property. To study the rate
capability of this ASC device, the GCD test at different current densities (1.0, 1.25,
1.50, 1.75, 2.00, 2.25 and 2.50 A gfl) has been performed. The GCD plots

(Figure 7(c)) show that the discharge time decreases with increasing current den-
sity. For practical purpose it is expected that a good supercapacitor device provides
high specific capacitance and high energy density. The relationship between spe-
cific capacitance vs. current density of the fabricated ASC device shows that the
device delivers maximum specific capacitance of 166.7 F g~ at current density

1 A g . The specific capacitance also decreases when current density increases,
since diffusion of electrolyte ions and electrons most likely are restricted due to the
time constrain. The specific energy and power densities of the ASC have been
calculated from the discharge curves at different current densities in the voltage
window of 0-1.8 V and the Ragone plot is shown in Figure 7(d). This device
delivers offers specific energy density and power density of 75.01 W h kg " and
2.25 kW kg, respectively. The ASC device configuration (Figure 7d) presents a
columbic efficiency 97.6% indicating that the device is suitable for high-
performance supercapacitor applications in future.

8. Conclusion

In summary, the electrochemical properties of TiO,-V,0s and NiMn,0, com-
posites have been demonstrated. Three dimensional, mesoporous, interlinked
tube-like ordered architecture of TiO,-V,0s5 nanocomposite offers large surface
area which enhances the specific capacitance. The composite offers maximum
specific capacitance of 310 F g ' in 1 M KCl solution at 2 mV s ' scan rate. It is
found out that the maximum capacitance value arises from the contribution of
inner active sites of the electrode rather than the outer surface. The NiMn,0,
nanoparticles with ~8 nm average diameter show spherical shape with BET sur-
face area of 43.6 m* g . The agglomerated spinel nanoparticles generate highly
porous structures, which can be utilized to fabricate working electrodes of the
electrochemical supercapacitors. The electrodes made of NiMn,0,4 nanoparticles
possess excellent charge storage characteristics, with specific capacitance of up
to 875 F g71 attainable at a scan rate of 2mV s~ ' in 1.0 M Na,SO, electrolyte
solution. The coexistence of Ni and Mn in the lattice of this binary oxide is seen
to have a positive effect on the improvement of electrochemical charge storage
capability of the electrodes due to enhanced electronic conductivity. Both these
two composites demonstrate excellent device performance. The asymmetric
device based on Ti0,-V,0s shows specific capacity of 86 F g at 4.2 A g~ with
the maximum energy density (E..;) and power density (P.e;) about
20.18 W h kg " and 5.94 kW kg, respectively. On the other hand the
asymmetric device based on NiMn,04 demonstrates 166.7 F g_1 at current den-
sity 1 A g~ with specific energy density and power density of 75.01 W h kg ™"
and 2.25 kW kg, respectively. These superior performances ensure that these
composites can be used as the electrodes for future energy storage devices.
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Chapter7

CrN Sputtered Thin Films for
Supercapacitor Applications

Mohammad Arif, Amit Sanger and Arun Singh

Abstract

The growing demand of energy storage device has attracted significant atten-
tion toward transition metal nitrides because of their remarkable mechanical,
electronic, and catalytic applications. Here, sputtered chromium nitride thin films
deposited on steel substrate have been used as a working electrode for supercapaci-
tor application. The deposited columnar CrN thin films show (111) and (200)
planes of cubic phase. The electrochemical properties of CrN working electrode
exhibit high specific capacitance of 41.8 F/g at the scan rate of 5 mV/s with excellent
capacitance retention up to 2000 cycles. The supercapacitive performance of the
CrN films suggests the potential application for supercapacitors.

Keywords: energy storage, supercapacitor, chromium nitride, sputtering

1. Introduction

Increasing impetus for renewable energy has directed the extensive growth of
semiconductor technology market during the last decade. Among various energy
storage devices, supercapacitor (SC) and lithium-ion battery (LIB) are the most
anticipated devices [1]. Comparatively, SCs have better power density, charging/
discharging ability, and reversibility to LIBs. Based on the mechanism, SCs are
categorized into electrical double-layer capacitors (EDLCs) and pseudocapacitors
[2, 3]. Currently, metal oxides are extensively used for SCs because of their high
pseudocapacitance. However, these materials suffer low electrical conductivity and
fickle stability during long cycles [4].

Therefore, exploring new materials and design for future advancement of the
electrochemical properties of supercapacitors is prime requirement. Recently,
metal nitrides are found to be prospective contenders for electrochemical applica-
tions because of their exceptional thermal and mechanical stability, high melting
point, hardness, and excellent electrical conductivity (4000-55,500 S/cm) [5-11].
Among various metal nitrides, cubic CrN films are widely used in optoelectronics
and MEMS applications due to its large bandgap [12, 13]. However, electrochemical
capabilities of CrN nanostructured films were not emphasized. CrN films can be
synthesized by physical vapor deposition methods, chemical vapor deposition, and
ammonolysis [14]. Among these, sputtered CrN films are uniform, reproducible,
and highly pure.

Herein, sputtered CrN thin films were deposited on steel substrate. The superca-
pacitive behavior of CrN working electrodes were examined via cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS).
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2. Experimental details

In this study, supercapacitor working electrodes were fabricated using 304L
stainless steel as current collector (0.5 mm thick, 9 cm? area) coated with sput-
ter CrN thin film. Prior to deposition, the steel substrates were polished with SiC
abrasive paper and ultrasonically washed with alcohol and acetone, respectively.
The thin film deposition was carried out for 60 min by applying 50 W power and 5
mTorr (Ar:N,::1:1) working pressure using Cr target (99.99% pure, Testbourne Ltd.,
UK), keeping the current collector at 5 cm and 300°C.

The sputtered CrN thin films were characterized via X-ray diffraction (Bruker
AXS, D8 advance), FE-SEM (Carl Zeiss, Ultra plus), energy dispersive X-ray
analysis (EDAX, Oxford Instruments), Raman spectroscopy (Renishaw, United
Kingdom), and X-ray photoelectron spectroscopy (XPS, PerkinElmer model 1257).
The supercapacitive behavior of CrN working electrodes was examined via electro-
chemical workstation (CHI-660D) in a three-electrode cell in 1 M Na,SO, solution.

The specific capacitance (F/g) of working electrode was calculated from the CV
curves using Eq. (1), respectively:

co._Q _ [ 1ndv
$ 7 mxAV = mxAVxv

1

Where specific capacitance C; is in F/g, Q is charge in coulomb, m is mass of the
active material in gram, v is the scan rate in V/s, and AV is the potential window
between the positive (V+) and negative (V—) electrodes in volt [3]. The loading
mass of active material was around ~12 mg.

3. Results and discussion

As depicted in Figure 1, the XRD spectrum of sputtered cubic CrN thin films
shows three characteristic peaks at 37.45°, 43.35°, and 63.37 corresponding to (111),
(200), and (220) planes (JCPDS file no. 110065) [15]. The working electrode also
shows three characteristic peaks at 44.54°, 50.56°, and 73.96° corresponding to
(111), (200), and (220) planes of cubic phase of 304 L steel substrate (JCPDS file
no. 10752128) [16].

As shown in Figure 2, the CrN thin film depicts two Raman active modes
centered at 238 cm ™' corresponding to vibrations of metal atoms, and 619 cm™
corresponding to vibrations of lighter nonmetal ions [17].

As depicted in Figure 3, XPS measurements were carried out to study the chemi-
cal structure of CrN film. The XPS spectra of N1 s depict two binding energies peaks
at 396.96 and 398.56 eV, corresponding to the CrN and adsorbed nitrogen, respec-
tively (Figure 3a). The XPS spectra of Cr,p;; depict a peak at 575.76 eV correspond-
ing to CrN (Figure 3b), well corroborated with the XRD and Raman results [18].

As depicted in Figure 4a and b, the FE-SEM images represent columnar porous
morphology of CrN working electrode. The EDS spectra represents the stoichio-
metric chemical composition (1:1) of CrN working electrode.

To compare the CrN film and current collector, the CV curves were measured
at a high scan rate of 200 mV/s. The CV curve depicted that CrN film is key con-
tributor in supercapacitive performance as working electrode swept a more area
than that of the current collector (Figure 5a). The CV plots of working electrode
were tested between 0 and 1.2 V range at scan rates 5-200 mV/s in 1 M Na,SO4

1
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Figure 1.
XRD pattern of CrN working electrode. (Adapted from Mohd. Arif et al., with permission from Elsevier.
Copyright 2018) [23].
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Figure 2.
Raman spectrum of CrN thin film. (Adapted from Mohd. Arif et al., with permission from Elsevier. Copyright
2018) [23].

solution (Figure 5b). The CV curves of working electrode showed the symmetric
and reversible plots with good capacitive behavior [19]. The plot between specific
capacitance (Cs) versus scan rates is represented in Figure 5c, showing 41.66, 31.25,
16.7,12.5, and 11.2 F/g at the scan rates of 5, 20, 50, 100, and 200 mV/s, respectively,
well corroborated with the available literature [18, 20].

Table 1 shows the specific capacitance values of present case along with previ-
ously reported literature. As shown in Figure 5d, the CrN working electrode
demonstrated excellent capacitance retention of 87% after 2000 cycles at a scan rate
of 200 mV/s [21]. The reduction in capacitive retention is due to the dissolution of
active sites of CrN films.
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Figure 3.
(a) XPS spectra of Nu s, and (b) XPS spectra of Cr,p,,. (Adapted from Mohd. Arif et al., with permission
from Elsevier. Copyright 2018) [23].
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Figure 4.
(a and b) FE-SEM images of CrN thin film at different scales, 200 and 100 nm scales, and (c) EDS spectrum
of CrN thin film. (Adapted from Mohd. Arif et al., with permission from Elsevier. Copyright 2018) [23].

The EIS spectroscopy of CrN working electrode was measured between the
frequency range of 0.01 and 100 kHz. As depicted in Figure 5e, the Nyquist plot of
CrN working electrode showed a straight line in low frequency range, which rep-
resents the diffusion of ions at the electrode-electrolyte interface [22]. The Nyquist
plot of CrN working electrodes showed a semicircle in high frequency range, which
represents the electronic resistance and contact resistance between active material
and current collector (inset of Figure 5e). The equivalent circuit model of working
electrode is shown in Figure 5f. From the EIS circuit model, the electrolyte resis-
tance (R,) was found to be 1.77 Q, corresponding to good ionic conductivity of the
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Figure 5.

( ag CV curve of CrN working electrode and steel current collector at 200 mV/s, (b) CV curve of CrN working
electrode at different scan rates, (c) specific capacitance vs. scan vate graph, (d) capacitive vetention curve of
CrN thin film working electrode, (e) Nyquist plot (inset shows the enlarged Nyquist plot at the high frequency
region), and (f) corresponding equivalent circuit model. (Adapted from Mohd. Arif et al., with permission
from Elsevier. Copyright 2018) [23.]

Sample Method Electrolyte Capacitance References
specific
CrN thin film Sputtering 0.5 M H,S0, 12.8 mF/cm’ at [17]
1mA/cm®

CrN/activated carbon Chemical 1M LiPFs 50 F/gat1mV/s [19]
nanoparticles method

CrN thin films Sputtering 1M Na,SO, 416 F/gat5mV/s This work

Table 1.

Comparison of the specific capacitance of chromium nitride-based supercapacitor electrodes veported in the
literature. (Adapted from Mohd. Arif et al., with permission from Elsevier. Copyright 2018)[23].
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electrolyte. The charge transfer resistance (R.) was found to be 6.15 Q, owing to the
contact between CrN film and steel substrate.
4. Conclusion

In summary, the supercapacitive behavior of sputter-deposited columnar-type
cubic CrN-coated working electrode was tested. The CrN working electrode shows
high specific capacitance of 41.6 F/g in 1 M Na,SO; at the scan rate of 5 mV/s with
the excellent capacitance retention (87% after 2000 cycles). These good electro-
chemical properties demonstrated that the CrN-based supercapacitor electrode has
excellent potential in supercapacitor applications.
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Chapter 8

Performance Evaluation and
Control Strategy Comparison of
Supercapacitors for a Hybrid
Electric Vehicle

Enhua Wang, Minggao Ouyang, Fujun Zhang
and Changlu Zhao

Abstract

Electrification of powertrain system is a great technical progress of traditional
vehicle, leading to a significant reduction of fuel consumption and emission pollu-
tion. Energy storage system (ESS) normally consisting of batteries is a key compo-
nent of an electric vehicle or hybrid electric vehicle. An ESS can recover braking
energy during the regenerative braking process. Currently, lithium-ion batteries are
the main energy storage device due to their high energy density. However, some-
times, a sudden large increase of operation current is required during acceleration
or regenerative braking processes, which will jeopardize the operation life of batte-
ries. A supercapacitor takes advantage of high power density and can tolerate large
current in a short time. Application of supercapacitor in an ESS can reduce the peak
current of batteries effectively, and the life time of batteries can be extended.
Meanwhile, the braking energy can also be recovered sufficiently. Supercapacitors
can be used solely in some hybrid electric vehicles. In this chapter, the application of
supercapacitors in electric vehicles or hybrid electric vehicles is reviewed briefly.
Then, the performance of a series hybrid transit bus, which uses a compressed
natural gas engine and supercapacitors as power sources, is analyzed.

Keywords: supercapacitors, transit bus, control strategy, dynamic programming,
series hybrid

1. Introduction

A transit bus is a prime commuting tool for city residents, which consumes lots
of fuel every year and produces a huge amount of poisonous emissions [1]. Electri-
fication of transit bus is a good solution for these problems. Normally, the energy
storage device consists of batteries [2]. The supercapacitor is a newly developed
high-power electrochemical energy storage component [3, 4]. Farkas and Bonert
have predicted that a supercapacitor is a good solution for hybrid vehicles [5].
Recently, many researches were performed to study the characteristics of
supercapacitors as the energy storage system (ESS) of a hybrid electric vehicle
(HEV) [6, 7].
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Supercapacitors have a large surface area of electrode materials, which normally
are activated carbons, and a very thin electrolytic separator leading to a very high
capacitance. They store energy electrostatically. For automotive applications, most
of them are electrochemical double-layer capacitors (EDLCs) [8]. Supercapacitors
have a very high power density, which is over 10 times than batteries and can be
charged or discharged up to 1,000,000 times which is significantly larger than
lithium-ion batteries. They also have a very long life time and a wide operation
temperature range [9].

Because supercapacitors have a high power density and can be charged or
discharged in a short time, they can be used as a sole ESS for transit bus, which
undergoes a frequent acceleration and deceleration processes. The first known
transit bus powered by supercapacitors alone is Capabus operating in Shanghai
since 2010. The buses were manufactured by Sunwin Bus Co., Ltd., and the
supercapacitors were provided by Shanghai Aowei Co., Ltd. The transit bus
can run 8-10 km each time after being fully charged. A total mileage of several
million kilometers has been achieved, and the average energy consumption is
close to 0.98 kWh/km [10]. Many other bus manufacturers also developed
their products. Higer Bus Co., Ltd. together with an Israeli-Bulgarian bus
company designed a transit bus with 20 kWh supercapacitors named as
Chariot e-bus [10].

Supercapacitors have a low energy density of up to 10 Wh/kg. However, batte-
ries especially lithium-ion batteries take advantage of high energy density which
can be over 180 Wh/kg. For most automotive applications such as a plug-in hybrid
electric vehicle (PHEV) or electric vehicle (EV), the ESS should guarantee a driving
distance of more than 50 km normally, which can cover over 80% of people’s daily
travel in Beijing. Therefore, supercapacitors are combined together with batteries as
a hybrid energy storage system (HESS). The batteries provide average energy,
while the supercapacitors absorb energy during regenerative braking or discharge
energy during acceleration. As a result, the high-rate working conditions of the
batteries are avoided, and their life spans are extended. On the other hand, the
internal resistance of a supercapacitor is much lower than that of a battery; the
energy efficiency of a vehicle with an HESS is also improved compared with only
batteries. Moreover, the size of the ESS can be decreased if supercapacitors are used.
Accordingly, the cost can be reduced. There are mainly three kinds of topologies for
HESS: passive, semi-active, and active [11]. Currently, supercapacitor semi-active
topology shows a better performance considering efficiency, size, cost, and com-
plexity [12]. Many studies were carried out to determine the size of HESS and
optimize the energy management [13-16].

Control strategy design of a hybrid transit bus has important impact on system
performance. The control strategy can be categorized as rule-based and
optimization-based strategies [17, 18]. Rule-based control strategy specifies the
power distribution between the auxiliary power unit (APU) and the ESS based on a
set of rules according to the power demand of a vehicle and the state of charge
(SOC) of ESS. Thermostatic control, power follower control, and fuzzy logic control
are three types of rule-based control strategies [19-23]. Because these strategies do
not need information of future driving conditions and have a low computation load,
they are appropriate for real-time control application. Optimization-based control
strategy splits the power demand based on an optimal algorithm and a mathemati-
cal model of the hybrid powertrain. They require the details of the entire driving
profile. Normally, they are a kind of global optimization method such as dynamic
programming [24], optimal control strategy [25-27], and neural network control
[28]. Optimization-based control strategy can be used to estimate the theoretical
maximum energy efficiency. However, it requires future information of the driving
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velocity and has a huge computation load. Therefore, it is infeasible for a practical
real-time vehicle system.

In this chapter, a series hybrid transit bus powered by a compressed natural gas
(CNG) engine and supercapacitors is studied. The energy conversion characteristics
of the designed series hybrid powertrain are analyzed using a mathematical model.
First, two rule-based control strategies—the thermostatic control and the power
follower control—are designed and compared. Later, the maximum potential of
energy savings is estimated using an optimal control strategy based on dynamic
programming. Finally, the operation characteristics of the series hybrid powertrain
using the different control strategies are discussed. The results of this study provide
a demonstration on how to design an ESS for an electric vehicle or hybrid electric
vehicle from the systematic level.

2. System description

The designed series hybrid powertrain for a transit bus is described as follows. A
CNG engine is directly connected with a permanent magnetic synchronous genera-
tor (PMSG). A high-voltage power line is connected to the generator and the ESS as
well as a permanent magnetic synchronous motor (PMSM). The PMSM connected
to the final drive is a specially designed low-speed and high-power PMSM. The
engine is a Yuchai 6.5 L CNG engine whose rated power is 140 kW. Both the PMSG
and the PMSM are developed by Jing-Jin Electric Technologies (Beijing) Co., Ltd.
The PMSG is a low-speed and high-efficiency electric machine whose rated power is
135 kW. The rated power of the PMSM is slightly greater than that of the PMSG.
These two high-power electric machines have already been applied to several dif-
ferent types of hybrid vehicles successfully. The ESS includes three parallel groups
of supercapacitors, and each group consists of 13 units of Maxwell 48 V module
connected in series. The total energy capacity of the ESS is 2.115 kWh, and the rated
voltage is 624 V. To keep the supercapacitors from overdischarging, the minimum
operation voltage of the ESS is set to 300 V.

The working principle of the designed series hybrid powertrain can be explained
by an energy flow diagram shown in Figure 1. When the series hybrid transit bus is
running, four different operation modes are defined according to the working
conditions. Two modes are used for the driving conditions, and the other two
modes are for the regenerative braking conditions. For the driving mode A, the

sl Driving mode A
= wp Driving mode B = :

——» Braking mode A ( ESS )
«s==s=<p= Braking mode B

Figure 1.
Energy flow diagram of the series hybrid transit bus.
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CNG engine is running, and the APU together with the ESS supplies electric power
to the motor. This driving mode is activated if the required driving power is high or
the SOC is low. When the SOC is high and the required driving power is less than a
certain value, the ESS provides electric energy to the motor alone as the driving
mode B shows. If the series hybrid bus is braking, the regenerative energy output
from the motor is supplied to the ESS. Meanwhile, the APU can be activated or
deactivated denoted by the braking modes A and B, respectively.

3. Mathematical model

A mathematical model is established according to the working principle of the
designed series hybrid powertrain. The corresponding parameters of the hybrid
transit bus are listed in Table 1. The tractive force acting on a rear-wheel-driven
two-axle vehicle can be determined according to the corresponding longitudinal
dynamic equation expressed as

dv

7 1

1
F=mgcosa(f, +fw) +§pACva + mgsina + om

The wheel and axle model first calculates the front axle load and the rear axle
load according to the technical parameters of the series hybrid transit bus. Then, the
tractive force coefficient of the rear tires can be determined. The slip of the tires can
be modeled as a function of the tractive force coefficient. Finally, the angular speed
of the rear tire can be obtained [29].

If the transit bus is operating at the regenerative braking process, the required
braking force F), can be determined according to the deceleration of the vehicle.
Then the regenerative braking force of the rear axle Fj, is obtained based on the
following force distribution equation:

Fypr = piFy, (2)
Fyr = (1= 1 — B2)Fs. (3)

The model of the final drive takes into account the friction loss T}, and the
inertia of rotating parts Jo and is expressed as

Ty = Tw/io + Tio +ioJodw/dt, (4)
Parameter Value Unit
Vehicle mass excluding pack 9000 kg
Cargo mass 3200 kg
Dimensions 8.995 x 2.42 x 3.085 m X m X m
Rolling resistance coefficient 0.0094 —
Aerodynamic drag coefficient 0.79 —
Vehicle frontal area 7.466 m?
Wheel radius 0.506
Final gear 5.833 —

Table 1.
Technical parameters of the sevies hybrid transit bus.
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Wy = T, (%)

where T, is the output torque of the final drive and T,, and w,, are the input
torque and speed of the final drive, respectively.

The electric motor model determines the requested torque T,,, according to the
motor inertia J,, and the output torque T,,. Then the input power P,, is calculated
based on a two-dimensional (2D) lookup table measured from a motor test bench.

Ty = T + ] ,don, /dt. (6)
P, :f(wrm Tmr) (7)

The mathematical model of the generator is similar to the motor.

If the detailed physical mechanism of supercapacitors is studied, an electro-
chemical model or a high-order equivalent circuit model must be adopted [30]. In
this study, we only consider the systematic performance of the ESS. Therefore, the
RC equivalent circuit model is built using Advisor. The internal series resistance R;
and capacitance C can be obtained according to the capacitor test procedure. The
relation between the current 7 and the voltage U, is expressed as

. dQ _ dU.
YT T Y ar

(8)

With regard to the energy conversion processes during charging or discharging,
the current is obtained by

U.—\/U?> - 4R.P;,

i= T , 9)

where Py, is the output power of the ESS. During discharging, the energy effi-
ciency 5,4, is calculated as

R

For charging process, the energy efficiency 7, is expressed as

R#?
Ny = <1 - 1;; ) % 100%. (11)

The CNG engine model computes the requested torque T, according to the

engine output torque T, and the engine speed w, determined by the control strategy
block:

T, =T, +J,dw,/dt. (12)

Subsequently, the instantaneous fuel consumption 2, is determined from a 2D
map measured by an engine test bench.

M :f(wm Ter)- (13)
Then, the equivalent fuel consumption Q, can be obtained according to the

integral values of the fuel consumption and the driving distance using the density of
diesel fuel py:
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f
mdt
Q=" (14)
/Jf f() l)dt

where tis the final time of the driving cycle.

4. Control strategy design
4.1 Rule-based control strategy

To evaluate the performance of the designed series hybrid powertrain, a simu-
lation program is developed according to the established mathematical model with
MATLAB/Simulink and Advisor. Advisor is a modeling and simulation tool for
hybrid electric vehicle based on MATLAB and Simulink developed by the US
National Renewable Energy Laboratory [31]. The designed program is shown in
Figure 2. Using a backward-facing method, the performance and fuel consumption
of the series hybrid transit bus can be calculated. First, the driving force is deter-
mined based on the longitudinal dynamic equation. The rotating speed and driving
torque of the rear axle are computed according to the tire model. Subsequently, the
input torque and speed are determined for the final drive, and the input power of
the motor is obtained. Then, the control strategy decides the power distribution
between the ESS and the APU. As a result, both the output powers of the ESS and
the APU are specified by the power bus. The supercapacitor model calculates the
current and energy loss of the ESS. Moreover, the control strategy determines the
operation torque and speed of the CNG engine according to the output power of the
APU. Then, the fuel consumption is determined based on the performance maps of
the CNG engine and the PMSG.

Rule-based control strategy takes advantage of a small computation load, which
is very suitable for real-time applications. Therefore, two rule-based control strate-
gies—the thermostatic control and the power follower control—are set up, respec-
tively. The thermostatic control is adopted first for hybrid electric vehicles due to its
simple logic. When the HEV is running, if the SOC value drops to a lower bound,
the engine starts and operates at a fixed point until the SOC value reaches to an
upper bound. The operation condition of the engine is set to the point with the
highest effective thermal efficiency.

Large current variation in the ESS may occur for the thermostatic control strat-
egy which results in high energy loss. Therefore, a more sophisticated power fol-
lower control is developed. According to this strategy, if the engine state is on, the
output power of the APU follows the power demand of the transit bus along an
optimal operation line (OOL). Hence, the output power of the APU is decreased,
and the operation current of the ESS can be alleviated. The designed power follower
control strategy is shown in Figure 3. The decision algorithm for the engine state is
designed using Stateflow.

Since the power follower control needs to define an OOL, the energy efficiency
characteristics of the APU must be studied first. The performance map of the CNG
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Figure 2.
The analysis program of the series hybrid powertrain.
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Figure 3.
The designed power follower control strategy.

engine is shown in Figure 4a. The blue contour denotes the engine power in kW.
The black contour is the brake-specific fuel consumption (bsfc) in g/kWh. It can be
seen that the minimum bsfc of the CNG engine is 196 g/kWh, which is better than
that of a diesel engine. The effective thermal efficiency map of the CNG engine
shown in Figure 4b is obtained based on the performance map of Figure 4a. The
maximum engine efficiency achieves 36.8%, and in most of the operation regions,
the effective thermal efficiency of the CNG engine is greater than 30%. The effi-
ciency map of the PMSG is given in Figure 4c, where the highest energy efficiency
is 94.5%. In most of the operation regions, the generator efficiency is greater than
89%. The efficiency decreases obviously if the generator speed is less than

500 r/min. According to the results of Figure 4b and c, the energy efficiency map
of the APU is obtained as the product of the efficiencies of the CNG engine and the
generator. The engine speed ranges from 900 to 2500 r/min, and the maximum
engine torque is 650 Nm, which can be covered completely by the generator’s
operation domain. The results are given in Figure 4d. In this figure, the x-axis is the
engine speed, and the y-axis is the engine torque. The blue contour represents the
APU output power in kW. The black contours denote the energy efficiency of APU,
which decreases with the engine torque and is greater than 30% over the regions of
middle and high engine torques. The maximum efficiency is 34.06% located very
close to the point with a maximum of engine torque.

Subsequently, the OOL is determined according to the efficiency map of the
APU. The efficiency for each point of the OOL is the maximum at each power
contour. The result is shown as the green line in Figure 4d. The OOL is the same
with the external profile when the engine speed is greater than 1600 r/min. Mean-
while, the engine speed of the OOL remains at 900 r/min if the APU power is less
than 50 kW. The OOL appears to have a U shape when the APU power is between
50 and 100 kW. Finally, the parameters of the rule-based control strategies must be
optimized. The maximum energy efficiency of the APU is 34.06%. This point is
denoted as point P in Figure 8. The corresponding engine speed and torque are
1543 r/min and 650 Nm, respectively, which are specified as the operation point of
the thermostatic control strategy. The lower and upper bounds of the SOC is set to
0.58 and 0.99. The other parameters are also optimized for the power follower
control strategy.
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Performance maps of the APU.

4.2 Optimal control using dynamic programming

In order to evaluate the maximum potential of energy savings, the theoretical
minimum fuel consumption of the designed series hybrid powertrain is calculated
using an optimal control algorithm based on dynamic programming. Dynamic
programming is a static backward-facing optimal algorithm according to Bellman’s
principle of optimality. The boundary conditions of the optimal algorithm are the
same with the thermostatic control.

The optimization target is the total fuel consumption based on the Chinese
Transit Bus City Driving Cycle (CTBCDC). The SOC of the ESS is used as the state
variable, and the output power of the APU is used as the input variable. If the
output power of the APU keeps constant, the fuel consumption achieves the mini-
mum when the CNG engine operates along the OOL. Therefore, the corresponding
engine output torque and speed are determined. The target function calculates the
instantaneous fuel consumption at time t and is denoted by m(x(t), u(t), t). Func-
tion F(x(t), u(t), t) is the state equation determining the SOC for the next time. The
initial and final states of the SOC are set to the same values as a constraint. More-
over, the SOC and the output power of the APU must be limited within the allow-
able ranges all the time.
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Neither the target function nor the state equation of the designed series hybrid
powertrain can be expressed as an explicit equation. Therefore, the analytic solution
of this optimal problem cannot be obtained. However, a numerical optimal solution
can be determined by a discrete optimal model translated from the aforementioned
designed program:

N-1

min J(u(k)) = > me(x(k),u(k), k), (15)

u(k) k=1
subject to

x(k+1) = Fr(x(k),u(k), k)
0) = so

(
(
(N) = : (16)
(
(

X

X

x(k) e [socmm, SOCrnax]
u(k) € [0, Papy, max]

Based on the established model of the series hybrid powertrain, the numerical
solution of this discrete optimization problem can be determined. The solution
approximates a theoretical minimum of the continuous model if the discrete com-
putational grids for the state and input variables are fine enough. In this study, the
discretization steps for the SOC and the APU output power are set to 0.005 and
1 kW, respectively. Since the total driving time of the CTBCDC is 1305 s, a time step
of 1sis used.

The optimization problem for the designed series hybrid powertrain contains
the final state constraint, which can be translated to a problem without constraint
via a penalty function. Sundstrom et al. have successfully applied this method to
optimize the energy management problem of a parallel hybrid electric vehicle [32].
In this research, the penalty function for the state variable x; at time stage & is

defined as
@y, (x:(k)) = 0(x; (k) — So)*. (17)
Accordingly, the cost-to-go function is defined by

Je(xi(k)) =  min {m(x;(k),uj(k), k) + Jp1 [Fr(xi(k), uj(k), k)] } + Dp(x;(k)).

u;(k) € U (k)
(18)

A program is developed in MATLAB based on the designed optimal algorithm,
and its working principle can be explained by Figure 5. The entire driving cycle is
discretized along the time horizon from stage 1 to stage N shown as the yellow
dashed lines. For time stage k, the state variable is discretized from SOC,,;, to
SOC,,,4x in a step of 0.005 and is expressed by x;(k), i = 1, 2, ..., 79. At each state
variable x;(k), the value of the cost-to-go function is denoted by J;(k), and the
corresponding penalty function is ®;(k). The input variable is discretized from 0 to
Ppu,max in a step of 1 kW and is denoted by u;(k), j = 1, 2, ..., 136. The fuel
consumption from stage k to stage k + 1 at the state x;(k) is denoted by the function
m; (k). The initial and final states are constrained to the two red points Sg shown in
Figure 5.

The algorithm first calculates the penalty function Jyy at the last stage for the
State vector x;:
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Jn(xi) = 0(x; — So)*. (19)

Then taking into account each state variable of stage N — 1, a state vector at the
next time stage is computed corresponding to the input variable vector based on the
state equation. This process is described by a group of lines from one state point of
stage N — 1 to different positions of stage N. Because the calculated state vector for
stage N may not locate exactly at the computational grid points, a linear interpola-
tion is used to determine the values of the corresponding cost-to-go function.
Meanwhile, the fuel consumption function for each state variable is calculated. As a
result, the values of cost-to-go function at time stage N — 1 is obtained according to
Eq. (18). The optimal path for each state variable is represented by a blue line in
Figure 5. The above recurrence calculation process is repeated along the time
horizon one by one until to the first time stage. Finally, an optimal map of the cost-
to-go function for all the time stages and the state variables is obtained.

In order to determine the optimal policy, a forward calculation process is
performed based on the optimal map. The following equation is used to compute
the minimum fuel consumption from the initial state Sy to the same final state, and
the corresponding input variable is recorded:

M(k) = u/(lg]eilcll(k) {m(xop (k), uj(k),k) + Jri1 [Fk (x,,p (k),uj(k), k)] } (20)

where x,,(k) is the optimal state variable at stage k. The optimal state value for
the next time stage is determined by

(P (k) —u(k))C(k)
Ugxop (k)

Xop (ke +1) = x0p (k) + , (1)

where Uy is the rated voltage of the ESS. Repeating the calculation process until
the last time stage, an optimal policy is obtained shown as the green line in Figure 5.
The algorithm uses a weighting factor 6 for the penalty function whose value
specifies the importance of the SOC deviation relative to the fuel consumption. In
order to make the final state of the optimal path converge to S, various values of ¢
are tried. Finally, a value of 120 is specified, and the relative error of the SOC at the
last state is 0.44%.

J, ! J?

Figure 5.
Principle of the optimal algorithm based on dynamic programming.
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5. Result analysis
5.1 Comparison of rule-based control strategies

The system performance and fuel economy of the series hybrid transit bus are
evaluated using the CTBCDC driving cycle. The performances of the thermostatic
control and the power follower control are compared. The results of the thermo-
static control strategy are given in Figure 6. Figure 7 shows the results of the power
follower strategy.

The target vehicle speed and the achievable vehicle speed are given in
Figures 6a and 7a, which are denoted by the blue and magenta lines, respectively.
The achievable vehicle speeds for both of the rule-based strategies can trace the
target one perfectly. Therefore, both can satisfy the requirements of drivability.
Figure 6b shows the input power of the PMSM as the blue lines and the output
power of the CNG engine by the red lines. Figure 7b shows the results of the power
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System performance of the thermostatic control strategy.
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System performance of the power follower control strategy.

follower strategy. The engine operation time of the thermostatic control is less than
that of the power follower strategy, which is 141 s for the thermostatic control while

151 s for the power follower control. The engine power keeps constant for the
thermostatic control. However, the engine power of the power follower control

varies along the OOL within a small range. The results of the engine state for these
two control strategies are shown in Figures 6¢ and 7c, where the engine state ON is

represented by 1, and the engine state OFF is denoted by 0. The engine demon-

strates a regular alternative start and stop for the thermostatic control, whereas the

engine starts more frequently for the power follower control, which will worsen

the engine emissions. The engine speed and torque are shown in Figure 6d and e for

the thermostatic control. Compared to the results of the power follower control
given in Figure 7d and e, the engine can operate more stably for the thermostatic
control, which will be beneficial for the engine working life.
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The output power of the ESS for the thermostatic control is shown in Figure 6f,
where the positive values mean discharging and the negative values denote charging
(this expression is used for the following figures). Figure 7f shows the results of the
power follower control. Both output powers vary all the time except for the stop-
ping conditions. Furthermore, the variation magnitude of the thermostatic control
is obviously greater than that of the power follower control. The maximum
discharging power for the thermostatic control is 126.8 kW, while this value
reduces to 95.68 kW for the power follower control. By contrast, the maximum
charging power of the ESS for the thermostatic control is 202.8 kW, while this
value reduces significantly to 106.6 kW for the power follower control. The
profiles of the SOC are given in Figures 6g and 7g, respectively. In terms of the
thermostatic control, the SOC shows an alternative variation process that first
decreases slowly then increases rapidly. However, the SOC of the power follower
control shows a relative slow augmentation process, which is in favor of the life
span of the ESS.

The energy efficiencies of the ESS are obtained according to Egs. (10) and (11).
The results are given in Figures 6h and 7h. The average discharging and charging
efficiencies of the power follower control are 99.1 and 98.5%. As a contrast, these
two values are 99.1 and 98.4% for the thermostatic control. The results indicate that
the energy efficiency of the power follower control is slightly higher than the
thermostatic control. The energy efficiency of supercapacitor will decrease obvi-
ously if the operation temperature is too high. Therefore, a temperature control
system for the ESS is required in practice. The voltage profiles are given in
Figures 6i and 7i. Both of them operate within the constraint range. The average
voltage for the power follower control is 450 V, while the average voltage is 505 V
for the thermostatic control. Enhancement of the operation voltage is helpful to
improve the energy efficiency of the electric motor. Because the SOC value has
a linear relation with the operation voltage, the variation tendency of the SOC
is consistent with that of the voltage. The current profiles are given in
Figures 6j and 7j. The maximum discharging and charging currents for the power
follower control are 247 and 269 A. However, these two values are increased signif-
icantly to 300 and 471 A for the thermostatic control. Although supercapacitors can
work with a high power rate, a lower current will be in favor of their life span.
Therefore, it seems that the power follower control strategy is better than the
thermostatic control.

Table 2 gives the equivalent fuel consumptions of these strategies. The equiva-
lent fuel consumption is 17.32 L/100 km for the power follower strategy, while it
equals 17.51 L/100 km for the thermostatic control strategy. In contrast to a con-
ventional vehicle powered solely by the same CNG engine, the fuel consumptions of
the two rule-based strategies are decreased by 52%. Figure 8 is used to explain the
reason from a viewpoint of energy efficiency. The OOL is displayed as the green
line. Point P is the operation point of the thermostatic control whose energy effi-
ciency is 34.06%. Because most of the APU output power of the thermostatic
control first charges to the ESS and then outputs to the power line, the overall
energy efficiency of the series hybrid powertrain decreases slightly to 33.2%, which
is denoted by a blue contour L in Figure 8. The operation points of the power
follower control are described by the cyan points. Most of the APU output power is
delivered directly to the power line for the power follower strategy. The energy
efficiencies for the thermostatic control approximate the line L, while the energy
efficiencies of the power follower control remain at the cyan points. Therefore, the
fuel economy of the power follower control is a little higher than that of the
thermostatic control.
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Figure 8.
Comparison of energy efficiencies of different control strategies.

Powertrain Fuel consumption Energy reduction
(L/100 km) (%)*

Conventional bus using a CNG engine 36.60

Hybrid bus using the thermostatic control 17.51 52.2

Hybrid bus using the power follower 17.32 52.7

control

Hybrid bus using optimal control 15.72 57.1

“Relative to the conventional bus with a CNG engine.

Table 2.
Results of fuel consumption.

5.2 Results of optimal control

The optimal performance of the series hybrid powertrain is shown in Figure 9.
Figure 9a is the velocity profile of the CTBCDC cycle. The corresponding input
power required by the PMSM is shown in Figure 9b, where the positive values are
used for the driving mode and the negative values are used for the regenerative
braking mode. These two profiles are used as input parameters for the optimal
algorithm. The optimal results of the output power of the APU are given in
Figure 9c, which demonstrates a series of short impulse when the transit bus
undergoes an acceleration process. Furthermore, the number of the impulse
increases as the power demand of the motor rises. The APU stops if the power
demand of the motor is negative. The corresponding engine output torque and
speed are shown in Figure 9d and e, respectively. The optimal engine speed and
torque remain around 1500 r/min and 600 Nm. The reason for such an optimal
trajectory can be explained as follows. The operation points of the CNG engine for
the optimal control are described by the red points in Figure 8. These red points are
very close to the point P where the energy efficiency is the highest. Therefore, an
overall minimum of the fuel consumption is realized. On the other hand, the
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System performance of the optimal control by dynamic programming.

internal series resistance of the ESS consumes part of the energy during the charg-
ing or discharging process, especially for large current conditions. To avoid too
much energy loss of the ESS, the optimal policy will try to use the APU power to
satisfy the power demand of the PMSM exactly. In other words, the optimal policy
is obtained if the APU operates at the maximum energy efficiency point and the
amount of the output power equals to the power demand of the PMSM, leading to
the energy supply in the form of a series of impulse.

The output power of the supercapacitors is given in Figure 9f. Generally, the
variation tendency of the output power is similar to that of the power follower
control shown in Figure 7f. However, a series of impulses occur under the driving
modes due to the same reason for the output power of the APU. The SOC profile is
given in Figure 9g. The optimal SOC remains within a small interval around the
initial valleys. Only two valleys occur at the high-velocity condition with rapid
braking. The energy loss of the ESS is decreased if the current of the ESS is limited
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within a small range. Thus, the fuel consumption can be reduced. The calculated
energy efficiencies of the ESS are shown in Figure 9h. The average energy effi-
ciency is very close to the results of the rule-based strategies. The output voltage
and current are given in Figures 9i and j, respectively. The output voltage is
proportional to the SOC. The optimal current demonstrates a similar tendency as
that of the power follower control. However, more spikes occur at the driving
conditions.

The optimal equivalent fuel consumption is 15.72 L/100 km listed in Table 2.
Compared to the conventional transit bus, the optimal fuel consumption of the
hybrid bus can be decreased by 57% if the quantity of fuel consumed during the
starting processes is ignored. In practice, the fuel consumption including starting
process will be increased slightly. Taking the optimal result as a reference, the fuel
consumptions of the rule-based control strategies are increased by approximate
1.7 L/100 km.

6. Conclusions

In this chapter, the energy efficiency of a series hybrid transit bus powered by a
CNG engine and supercapacitors was evaluated. A mathematical model was
established, and three different control strategies were designed. The performance
characteristics of two rule-based control strategies were compared to the result of
the optimal control using dynamic programming. Based on our analysis, the fol-
lowing can be concluded:

1. The performance of the designed series hybrid transit bus powered by a CNG
engine and supercapacitors can fulfill the requirements of the vehicle.
Because supercapacitors take advantage of low energy loss and can recover
the vehicle’s kinetic energy efficiently during regenerative braking, the fuel
consumption of the designed series hybrid powertrain is decreased
significantly by approximately 52% compared to a conventional transit bus
under the CTBCDC driving cycle. The results indicate that supercapacitors
are a good solution for the ESS of the hybrid transit bus.

2. The energy efficiency of the designed series hybrid transit bus using the
power follower control strategy is slightly greater than that of the thermostatic
control strategy because the operation current of the ESS remains at a low
level. The thermostatic control has a relatively simple logic and less starting
times compared with the power follower control. In practice, the most
suitable control strategy should be selected according to the requirements of
system performance including efficiency, cost, size, reliability, emissions, and
so on.

3. The maximum energy efficiency of the designed series hybrid powertrain is
estimated using an optimal algorithm based on dynamic programming. The
optimal fuel consumption can be decreased by 57% compared to the results of
the conventional transit bus. Although the fuel consumption from the rule-
based control strategies is slightly higher than that of the optimal control,
taking into account the operation requirements of the engine, the rule-based
control strategies are more practical for real-time application. However, the
result of the optimal control provides some useful insights for real-time control
strategy design.
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Acronyms

APU auxiliary power unit

bsfc brake-specific fuel consumption

CNG compressed natural gas

CTBCDC Chinese Transit Bus City Driving Cycle
EDLC electrochemical double-layer capacitor
ESS energy storage system

EV electric vehicle

HESS hybrid energy storage system

HEV hybrid electric vehicle

OOL optimal operation line

PHEV plug-in hybrid electric vehicle

PMSG permanent magnetic synchronous generator
PMSM permanent magnetic synchronous motor
SoC state of charge
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