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’I Fundamentals of
Supercapacitors

1.1 INTRODUCTION AND HISTORICAL OVERVIEW
1.1.1 INTRODUCTION

1.1.1.1 Basics of Electrostatic Capacitor

This section elaborates the concepts of supercapacitor in the context of differentiating
electrostatic capacitors. The commonly used electrostatic capacitors consist of two
metallic plates separating an air gap or dielectric material. As opposed to the battery,
as an active component of a circuit, a capacitor is known as a passive component in
any ordinary circuit, similar to the resistor and inductor as components of the same
circuit. Kaiser (Kaiser 2006) described the capacitor by considering an analogy of a
water tank: the capacitor is the tank, any battery is a pump, the resistor and the switch
are the valves, and if an inductor is added to the circuit, it is like the moving water
in the pipe when connected in a passive circuit with a battery, as depicted in
Figure 1.1(a). Figure 1.1(b) shows the induced charges in the dielectric due to the
presence of electrical charges on the capacitor’s metallic electrodes.

The charging and discharging of a capacitor in a circuit, as shown in
Figure 1.1(a), is described by the following differential equations:

da _p2 Yoozt (1.1)
dt R

4,99, g (1.2)
C dt

Where ¢ is the charge stored in time #, V is the potential between the plates, R is the
resistance, C is capacitance, I is the current and Vj, is the initial potential between
the plates. At the beginning of charging, the total stored charge between the plates is
zero. Upon application, a potential charge starts accumulating on the plates. The
stored energy in a capacitor is given by the equation:

q2 1 2
=2 =—C((V, 13
2C 2 ( O) (1.3)

The capacitors can be arranged in both series and parallel configurations in different

systems, according to the requirements that change the resulting capacitance of the
circuit, as shown in Figure 1.2.
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(a) (b)

FIGURE 1.1 (a) Electrical circuit in connection with the capacitor, resistor, and a battery.
(b) Induced charges on a dielectric sandwiched between metallic plates of a capacitor.

Source: Reprinted with permission from (A. Yu, Chabot, and Zhang 2013), Copyright ©
2013, Taylor and Francis.

(a) (b) a

—q3 +q3

o _——

(|
s

FIGURE 1.2 (a) Series and (b) parallel combination of capacitors.

Source: Reprinted with permission from (A. Yu, Chabot, and Zhang 2013), Copyright ©
2013, Taylor and Francis.
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The capacitance of a parallel and series combination of capacitors is given
below:

CEq,parallel = % = z?:l G (1.4)
V
and,
_y _ n _ 9
=31, vi=olyL, vc|= —2— (1.5)
CEq,xerieS

Where Q is the total charge. The capacitors connected in series have a total ca-
pacitance smaller than any individual capacitor.

1.1.1.2  Applications of Electrostatic Capacitors

It is important to discuss the application of capacitors, where the energy storage
becomes crucial. Capacitors are mostly used for energy storage to charge and
discharge energy over longer or shorter periods, respectively. Various factors
directly influence the working of a capacitor. The heating conditions play a
significant role, and most importantly, internal heating raises the temperature of
the dielectric and lowers the power factor. An increase in power factor is directly
related to the thermal instability at high temperatures. However, the lower tem-
perature may not pose such difficulty. The increase in ambient temperature also
decreases the life of a capacitor. The changes in operating temperature also affect
the terminal seals made of elastic materials, and a lower temperature may cause
internal deformation. Therefore, for a circuit designer, following capacitance
specifications are essential for satisfactory operation, as described by the author
Kaiser in his book (Kaiser 2006):

. Tolerances according to specification

. Capacitance-temperature characteristics

. Capacitance-voltage characteristics

. Retrace characteristics

. Capacitance-frequency characteristics

. Dielectric absorption

. Capacitance as a function of pressure, vibration, and shock
. Capacitor aging in the circuit and during storage

0O\ LN A~ W~

The capacitors are categorized based on the design and the materials used for the
specific applications. Below is the mention of different capacitors used for various
purposes (described within parenthesis).

1. Ceramic capacitor (for large capacitance and high resistance for insulation)
2. Plastic film capacitor (for high resistance for insulation, lowering of di-
electric absorption, lower loss factor over a wide temperature range)
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3. Aluminium electrolytic capacitor (filter, coupling, and bypass applications;
in the next section, we will detail the electrolytic capacitor)

4. Tantulum capacitor (high-voltage applications)

5. Glass capacitor (with highest performance and reliability features, widely
used)

6. Mica capacitor (circuits for precise frequency filtering, bypassing, and
coupling)

1.1.1.3  Electrolytic Capacitor

A brief mention about the electrolytic capacitor is important to understand the
difference between the electrostatic capacitor and the electrochemical capacitor
(supercapacitor). Electrolytic capacitors store energy by an electrostatic charge
separation; thus, they are called polarized capacitors. In aluminum electrolytic
capacitors, a very thin dielectric layer formed by the anodic oxidation of metals in
contact with an electrolyte and the electrolyte forms the cathode. It is separated
from the anode by the barrier layer of oxide formed on the anode surface. Solid or
non-solid electrolyte acts as counter electrode. However, in the supercapacitor,
ionic conductive electrolyte connects the two electrodes for ionic movements.
Electrolytic capacitors provide a much higher capacitance-voltage (CV) per unit
volume than ceramic capacitors due to a very thin dielectric layer on the anode
surface. Aluminum electrolytic capacitors, tantalum electrolytic capacitors, and
niobium electrolytic capacitors are the three widely used electrolytic capacitor, as
shown in Figure 1.3. For more details, check the relevant references.

The basic differences in working mechanism are depicted in Figure 1.4, where
the electrolytic capacitor bridges the other two capacitive behaviors, namely,
electrostatic and electrochemical capacitors. The details of the supercapacitor will
be discussed in later sections.

1.1.2 HistoricAL OVERVIEW OF SUPERCAPACITOR

After 1st and 2nd generations of electrostatic and electrolytic capacitors, a rapid
progress in the development of novel materials led to the development of 3rd
generation capacitor to store the charges in a hybrid mode. Helmholtz was the
first person to reveal the properties of double-layer capacitance in 1879 (Helmholtz
1879). However, it took many decades before double-layer capacitance was realized
as an alternate energy storage. The first supercapacitor with a significantly high
capacitance was invented in 1957 by Becker of General Electric (Becker 1957a). It
was intended for low-voltage operation to serve as an electrolytic capacitor. The
first practical supercapacitor was developed in 1970 with carbon material after
further modifications by Boos, a chemist in SOHIO (Boos 1968). Thereafter,
European and American countries including Japan, United States, Switzerland,
Russia, France, and South Korea started research and commercialization on su-
percapacitors. A vast global market is mostly occupied by companies like Maxwell
of the United States, Japan’s NEC, Panasonic, Tokin, and Russian Econd. In 1980s,
the industrialization of supercapacitors began by several companies like
Generation-1980 NEC/Tokin, Mitsubishi Products, and 1987 Panasonic (Samantara
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| Electrolytic capacitors ||
Aluminum Tantalum Niobium/Niobium oxide
electrolytic cpacitors electrolytic capacitors electrolytic capacitors

42 8 8 8

Non-solid Solid Non-solid Solid Solid
electrolyte electrolyte electrolyte electrolyte electrolyte

42 82 &8 B y o

Sulphuric
Acid

anorganic R

solvents Polymer I Polymer II | Polymer I

Polymer plus non-solid

(Hybrid)

]

(wet slug)

FIGURE 1.3 A wide variety of electrolytic capacitors for various anode metals and the
electrolytes.

elctrostatic electrolytic Boctrochomical doublo - layer

dv

00 o

0% o

c=ee2A/d
EeV/d

d

‘T 050000000

Fecliode  agivated carbon  StParator

FIGURE 1.4 Schematic diagram showing the mechanisms in electrostatic capacitor, elec-
trolytic capacitor, and electrical double-layer capacitor (supercapacitor) (Jayalakshmi and
Balasubramanian 2008a, Int. J. Electrochem. Sci., 3 (2008) 1196-1217).

and Ratha 2018b). In the 1990s, electrochemical capacitors for high power
were developed by Econd and ELIT. Many companies, such as NEC, Panasonic,
Maxwell, and NESS, are actively involved in the research of supercapacitors, as
summarized in Figure 1.5 (Shifei Huang et al. 2019).

Since the supercapacitors were introduced to the global market, the compound an-
nual growth of 39% is noted at the global scale, as depicted in Figure 1.6 (Shifei Huang
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can be recharged
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FIGURE 1.5 Summary chart of the development of the supercapacitor over the years in

different countries.
Source: Reprinted with permission from (Shifei Huang et al. 2019), Copyright © 2019,

American Institute of Physics.

1000 ) . 1 50
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- (hundred million dollar) . 7\ t
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2008 2010 2012 2014 2016 2018 2020
Year

FIGURE 1.6 Global supercapacitor market size with annual growth.
Source: Reprinted with permission from (Shifei Huang et al. 2019), Copyright © 2019,

American Institute of Physics.

et al. 2019). With the rapid progress in the development of materials and technological
advancements, the performance of supercapacitors is significantly enhanced in recent
years. The worldwide rapid development has resulted in a new generation of super-
capacitors to be industrialized on a large scale. The demand for the supercapacitors

has also been expanded globally on different scales in various industries.

1.2 BASIC PRINCIPLE OF SUPERCAPACITORS AND
ENERGY-STORAGE MECHANISM

1.2.1 Basic PRINCIPLE OF SUPERCAPACITORS

As in electrostatic and electrolytic capacitors, supercapacitors also use a dielectric
material to separate two electrodes. In supercapacitors, charges are stored
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Positive  Negative
Dielectric Electrode Electrode
8-
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Negative Current Current

Electrode Electrode Collector ' Collector
- S tor ™.
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< P
+‘ |- +| [
L L
|
Applied Voltage Applied Voltage

FIGURE 1.7 Schematic diagram to illustrate the charge-separation mechanism in electro-
static capacitor and supercapacitor.

Source: Reprinted with permission from (Prasad et al. 2019), Copyright © 2019,
IOP Science.

electrostatically. When a voltage is applied across the terminals, an electric field
polarizes the electrolyte, which induces ions to diffuse in the electrodes (Li Zhang
and Zhao 2009a). Thus, a resulting electric double-layer is formed at each electrode.
The energy-storage capacity depends on the active material and the surface area of
the electrodes. Figure 1.7 depicts the fundamental charge-separation mechanism in
electrostatic capacitor and supercapacitor.

Several efforts have been made to understand the origin of double-layer structure of
capacitance. In this process, models are proposed, as briefly described in the next section.

1.2.1.1 Description of Electrical Double-Layer
Consider that a cell is designated by an electrical circuit consisting of a resister
R,, as a solution resistance and a capacitor, Cq4, for double-layer capacitance at
the electrode/electrolyte interface in a cell. Figure 1.8 shows Hg/K", CF/SCE
(standard calomel electrode), cell for an equivalent electrical circuit shown
in right side of the figure. The capacitance of SCE, Cgscg can be neglected as
Cscg > Cy.

The results for potential steps are similar to the RC circuit, as discussed in the
earlier section (equivalent circuit is shown in Figure 1.8). A linearly increasing
potential with time at a sweep rate v (in V/s) (see Figure 1.9) is given by,

E=vt (1.6)
If a triangular wave is applied, then the current changes from vCy to — vCy during

the forward (increasing E) and the reverse (decreasing E) scan. The plot of such
current as a function of potential while C4 remains constant is shown in Figure 1.9.
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FIGURE 1.8 Left: Two-electrode cell. Right: Linear circuit elements to represent the cell.

Source: Reprinted with permission from (Bard and Faulkner 2001), copyright John
Wiley and Sons 2001.
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when applied to an RC circuit (lower two, left and right figures).

Source: Reprinted with permission from (Bard and Faulkner 2001), Copyright © 2001,
John Wiley and Sons.
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Cyclic voltammetry (CV) is a reversal technique used for primary electro-
chemical studies conducted on any new system. For the Faradic reactions in a cell,
if we reverse the potential scan, the current has a shape and peaks similar to that
of the forward response/peaks.

1.2.1.2  Peak Current and Charging Current

In a Nernstian (reversible) system, when a linear potential is applied at v (V/s), then
potential as a function of time is given by

E(t)=E; — vt 1.7
and the current is given by

i = nFACy (D)2 (@ (1.8)

The function 7'/ 2)(("’ ), hence the current reaches to a maximum, thus, a peak current

is given in Figure 1.10.
ip = (2.69 x 105 n32ADY? Cxv'/? (1.9)

Readers are suggested to refer the reference given in Fig. 1.10 for more details of
terms given in eqgs. 1.8-1.9. Thus, E, is independent of scan rate and i, is pro-
portional to v"? for a reversible wave. Since in a potential sweep, the potential is

changing with the time, a charging current flows,

E,

R |
Eqp P
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o
w
|

E p/2
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i/nFACSDY? (nFIRT) "2y "2
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FIGURE 1.10 Potential voltammogram in terms of current function.

Source: Reprinted with permission from (Bard and Faulkner 2001), Copyright © 2001,
John Wiley and Sons, Inc.
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FIGURE 1.11 Plots of double-layer charging at different sweep rates while assuming that
Cq is independent of E.

Source: Reprinted with permission from (Bard and Faulkner 2001), copyright John
Wiley and Sons 2001.

lil = ACyv (1.10)

and the Faradaic current is measured from the base of a charging current. While i,
varies with v? and i, varies with v, i. becomes dominant at faster scan rates. It
is evident in Figure 1.11 that the surface effects dominate at higher scan rates; it is
of least importance at a lower scan rate, where C, is independent of potential.
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FIGURE 1.12 Schematic illustration of double-layer formation at the surface of metal.
Right figure shows the potential profile with the distance from the electrode.

Source: Reprinted with permission from (Bard and Faulkner 2001), copyright © 2001,
John Wiley and Sons, Inc.

The variation in magnitudes of both the charging current, i. and the Faradaic peak
current, i,, is shown in Figure 1.11.

Figure 1.12 further explains the formation of a double-charge layer. “Several
layers” are considered near the solution side of the double-layer. The inner layer
closest to the electrode surface has specifically adsorbed ions and solvent mo-
lecules (Figure 1.12); this layer is named the compact, Helmholtz, or Stern layer.
The potential profile of double-layer near the electrode region with the thickness
(distance) of the diffuse layer across is shown in the right image. The ion con-
centration in the solution decides the thickness of the diffuse layer.

The inner Helmholtz plane (IHP) is the distance x; of the specifically ad-
sorbed ions with the total charge density in the inner layer as o’ (uC/cm?). The
outer Helmholtz plane (OHP) is a distance x, from the metal having the
nearest solvated ions only. Since these ions are nonspecifically adsorbed, they
can distribute in a three-dimensional region on any thermal-agitation in the
solution, which is a diffuse layer. The formed diffuse layer can extend from
the OHP into the solution. If the diffuse layer has an excess-charge density o¢,
then the net excess charge density of the double layer on the solution side, ¥, is
given by

oS=0l+ o (1.11)
The structure of the double-layer can significantly affect the rate of processes.

Moreover, as mentioned earlier, the thickness of the diffuse layer depends on the
solution’s ion concentration. Therefore, for the electrode reactions involving very
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low concentration of the electroactive species, the Faradaic current for any re-
duction or oxidation reaction will be lesser than the charging current. In the
absence of electroactive substance, a double-layer charging current flows with a
current generated due to the oxidation-reduction of stray electroactive substances,
such as (a) the electrode, (b) impurities from heavy metals, and (c) the solvent or
electrolyte. When the Faradaic component of the current is small, the non-
Faradaic current, which is the charging or capacitive current, dominates the net
current. The charge contained on the double-layer is given by,

q=—-GA(E — Ez) (1.12)

where C; is the capacitance of the double layer on an electrode area of A. E — E,
is the difference in potential of the electrode and potential where the excess
charge on the electrode is zero (potential of zero charge, PZC). The charging
current will be,

. dq dA
=L = C(E, — E)<2 1.13
I o (Ez )dt (1.13)

Further, models are proposed to evaluate exact qualitative relation. The next section
describes the successive models.

1.2.1.3 The Helmholtz Model

About the charge separation at -electrode/electrolyte interfaces, Helmholtz
(Helmholtz 1879) was the first to propose that the counter-charge in a solution
forms two layers of charge of opposite polarity having a separation of molecular
order that resides at the electrode’s surface. Therefore, this structure can also be
described as equivalent to the configuration of parallel-plate capacitor given by:

o)
o=— 1.14
P (1.14)

where, charge density, o, and the voltage drop, V, at the plates and ¢ is the dielectric
constant of the medium, ¢ is the permittivity of free space and d is the spacing
between the plates. The differential capacitance is,

0o &g
— === 1.15
A (1.15)

which apparently is constant as opposed to the observed behavior in solution
interfaces, e.g., where a nonlinear variation of differential capacitance can be
observed with the potential, as depicted in Figure 1.13.

Thus, the proposed model does not support fully the experimental observations.
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FIGURE 1.13 Variation of differential capacitance with respect to potential for various
concentration of NaF concentration.

Source: Reprinted with permission from (Bard and Faulkner 2001), copyright © 2001,
John Wiley and Sons Inc.

1.2.1.4 The Gouy-Chapman Theory

Further, the theory proposed by Gouy-Chapman explained that an interplay
occurs between the charge transfer at the metallic electrode, depending on
polarity and involved thermal processes to randomize them, thus leading to
the formation of a finite charge thickness. This model therefore considered the
involvement of a diffuse layer of charge in the solution. The idea of the diffuse
layer was proposed by both Gouy (Gouy 1910) and Chapman (Chapman 1910)
independently.

The potential profile in the diffuse layer at different potential is given in
Figure 1.14(a), showing the potential decay away from the surface. The pre-
dicted V-shaped capacitance function has a resemblance that was observed in
NaF at low concentrations, shown in Figure 1.14(b). However, the model does
not explain a constant capacitance at large potentials and at high electrolyte
concentrations where the valley or dip at the PZC disappears. The actual ca-
pacitance value is measured much lower than the value predicted from the
proposed model.

1.2.1.5 Stern’s Modification

In the Gouy-Chapman model, an unlimited rise in differential capacitance
(Figure 1.14) is due to the unrestricted ions in the solution, which can approach
the surface in an arbitrary manner. Thus, the separation between the charges in



Micro to Quantum Supercapacitor Devices

0.8

0.6

~ 0p=10mV
~ [(Limiting expontential form)

/0o

0.4}
o= 100 MV

0.2
9o = 1000 mV

0.0 | | | 1 t —
10 20 30 40 50 60 70 80

o

500

400

1.0 M
300

C, nFlem?

200 0.1 M

0.01 M
100 —

0 | 1 | | ! |
150 100 50 0 -50 -100 -150

FIGURE 1.14 (a) Potential vs. diffuse layer thickness and (b) capacitance vs. voltage curve.

Source: Reprinted with permission from (Bard and Faulkner 2001), copyright © 2001,
John Wiley and Sons Inc.

metallic and solution-phase zones reduces toward zero at high polarization con-
dition or high electrolyte concentration. This view cannot be realistic under this
condition, when it cannot approach the metallic surface closer than its ionic ra-
dius due to its finite size. Moreover, with more concentrated electrolytes (or at
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larger polarizations), the charge in solution gets crowded near the boundary at
x, as in the Helmholtz model. On the other hand, with low electrolyte con-
centration, the diffuse layer (thickness) becomes larger compared to x,, so pre-
diction for the capacitance for potentials near the PZC remains the same. The
plane at x, is called the outer Helmholtz plane (OHP), and this model was first
suggested by Stern (Stern 1924).

The capacitance is made up of two series components, as defined below.

i1 1 (1.16)
G G G

If Cy is the capacitance of the charges at the OHP, whereas Cp, is the capacitance
due to the diffuse layer charge. As mentioned earlier, the Cy does not depend on
the potential, and Cp, varies in a valley shaped near the PZC in a low electrolyte
concentration system. At larger electrolyte concentrations or high polarizability,
Cp becomes large for a negligible C, and only a constant capacitance of C,
appears for all ranges of potential, including PZC. Figure 1.15 is a schematic to
represent this behavior.

1.2.1.6 Pseudocapacitance

The concept of pseudocapacitance is developed to increase the capacitance of
an electrochemical supercapacitor, where electrodes are developed from electro-
chemically active materials and explored to provide an additional capacitance along
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FIGURE 1.15 Potential distribution and diffuse capacitance variation with respect to dis-
tance from electrode and potential, respectively.

Source: Reprinted with permission from (Bard and Faulkner 2001), copyright © 2001,
John Wiley and Sons Inc.
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with the double-layer capacitance. The charge-storage mechanism in pseudocapa-
citive process is different from double-layer capacitance in which a surface-based
Faradic charge transfer occurs via electrochemical reduction—oxidation reactions
that are thermodynamically and kinetically favored. So far, metal oxide and con-
ducting polymers that exhibit protonation reactions and absorption into the polymer
matrix are widely used. High surface area carbon as electrodes are best used
to increase the pseudocapacitive component. Asymmetric configurations in elec-
trochemical supercapacitors are preferred, where separate materials for the anode
and cathode exhibit both the higher capacitance and voltage stability. The total
capacitance (C7) of the electrode can be the combined double-layer capacitance
(C4) and pseudocapacitance (Cpc) (A. Yu, Chabot, and Zhang 2013):

Cr=0Cq+ Cpc(E) (1.17)
2F2

=Cy+ —dC} 1.18

ar+ —@Cox (1.18)

F Cox
exp (Z—T (E6vra — E) + gCZx)

2
)a Cox nF Cox
[1 + exp(Z_T(ng/Rd —E)+ g )] +g exp(#(ng/Rd —E)+gg )
(1.19)
Readers are suggested to refer the reference given in Fig. 1.16 for more details of

terms given in eq. 1.19. Figure 1.16 shows the plot of total capacitance with the
reversibly applied electrode potential in cyclic voltammetry.
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FIGURE 1.16 The total capacitance as described in Equation 1.19 as a function of elec-
trode potential.

Source: Reprinted with permission from (A. Yu, Chabot, and Zhang 2013), Copyright ©
2013, Taylor and Francis.
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Pseudocapacitance can be produced from various types of redox reactions,
such as ions intercalation, underpotential deposition, and electrically conducting
polymers, bulk redox reactions, etc., as given below.

1. Pseudocapacitance induced by underpotential deposition
2. Pseudocapacitance induced by lithium intercalation
3. Pseudocapacitance induced by redox couples
a. Pseudocapacitance by dissolved redox couples
b. Pseudocapacitance by undissolved redox couples
4. Pseudocapacitance induced in electrically conducting polymer (ECP)
5. Coupling of differential double-layer and pseudocapacitance

1.2.2 ENERGY-STORAGE MECHANISM

The supercapacitor operation is associated with the energy distribution and storage
of the electrolytic ions in contact with the electrodes. Based on the method
of charge storage, supercapacitors have been divided into three classes: pseudo-
capacitors, electrochemical double-layer capacitors (EDLCs), and hybrid super-
capacitors, as shown in Figure 1.17. EDLCs are composed of an electrolyte,

I 1
Activated Carbon Conducting .
Carbons Aerogels Polymers e
Carbon
Nanotubes
Hybride
Capacitors
|
Composite Battery - type
Hybrids Hybrids

FIGURE 1.17 Classification of the supercapacitors according to the charge storage
mechanism.

Source: Reprinted with permission from (Jadhav, Mane, and Shinde 2020), Copyright ©
2020, Springer, Cham.
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a separator, and two high surface-area carbon-based electrodes. EDLCs also termed
as non-Faradic charge-storage process for storing charge electrostatically, which
refrain from any transfer of charge between electrolyte and the electrode
(Kiamahalleh et al. 2012), (Jayalakshmi and Balasubramanian 2008b). An elec-
trochemical double-layer is responsible for the charge storage in the case of the
EDLC supercapacitor. On application of voltage, charge accumulates on the elec-
trode surfaces due to the attraction of opposite charges upon variation in potential,
resulting in diffusion of the electrolytic ions on the porous surface of the opposite
charged electrode. At the electrode-electrolyte interface, a double-layer forms to
limit the recombination of the ions. The electrical double-layer, in combination with
the increase in the specific surface area and decreased gap between the electrode,
allows EDLCs to reach a much larger energy density as compared to the conven-
tional capacitors (Kiamahalleh et al. 2012), (H. Choi and Yoon 2015). Furthermore,
as a result of involvement of only surface of the electrode material for charge
storage, the charge uptake and release is very rapid resulting in high power density.
Due to the absence of any Faradic process for charge storage, no chemical reaction
occurs thus, resulting in the elimination of the swelling observed in the electrode
active material. This phenomenon is very common in the case of batteries due to
the presence of Faradaic reaction involving the electrode active material for the
charge storage. Some of the noticeable differences between EDLCs and batteries
are (i) EDLCs can be charged and discharged for millions of cycles without any
significant decrease in the capacitance value, unlike batteries whose charge-storage
capacity is degraded with a few thousand charge-discharge cycles. (ii) The charge-
storage mechanism is nowhere related to the solvent of the electrolyte for EDLCs;
however, for Li-ion batteries, the solid electrolyte inter phase is contributed by
the electrolyte (Patrice Simon and Gogotsi 2008), (Hong Li et al. 2009). However,
attributed to the non-Faradaic surface-charging process, EDLCs can deliver a
little energy density. That is the primary reason why the current research on su-
percapacitors is mainly based on improving the charge-storage capacity (energy
density of the supercapacitor). Based on different mechanisms, supercapacitors
are categorized as pseudocapacitors, hybrid supercapacitors, supercapacitors with
composite electrodes, asymmetric, battery-type, etc., which are briefly described
in the next sections.

1.2.2.1 Pseudocapacitors

Unlike EDLCs, which store charge electrostatically through a non-Faradaic process,
charge storage in the pseudocapacitors involves Faradic interaction (charge trans-
portation) between the electrolyte and the electrode (Mohapatra, Acharya, and Roy
2012). On application of a potential, reduction and oxidation occurs involving the
electrode material, resulting in transport of charge through the double-layer, causing
the emergence of a Faradic current flowing in the supercapacitor. In case of the
pseudocapacitors, since the charge storage involves redox interaction, the energy
density of the Faradic process in pseudocapacitors allows them to achieve larger
energy densities and specific capacitance as compared to EDLCs. Examples of
materials storing charge through this mechanism include metal oxides, conducting
polymers, metal organic frameworks, polyoxometalates, MXenes, metal nitrides,
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metal sulfides, etc. However, since these materials undergo reversible redox reac-
tion, they also face limited cyclic stability and low power density as compared to
EDLCs (S. M. Chen et al. 2014).

1.2.2.2 Hybrid Supercapacitors

EDLCs exhibit a good cyclic stability and high power performance; on the other
hand, pseudocapacitance is associated with high energy density and specific ca-
pacitance. In a hybrid system containing materials both of pseudocapacitance origin
and EDL origin both advantages can be combined (T. Chen and Dai 2013). An
appropriate combination of electrodes can result in an increase of the cell voltage,
resulting in an improvement in power and energy densities. Numerous kinds of
combinations have been studied so far, involving the negative as well as the positive
electrodes in inorganic and aqueous electrolytes. In general, the electrode involving
Faradaic reactions contributes to increased energy density with reduced cyclic
stability, which is the most significant challenge associated with hybrid devices
when compared to EDLCs (Naoi and Simon 2008). Presently, researchers are
concerned with three different classes of hybrid supercapacitors distinguished by
the configuration of the electrodes: asymmetric, composite, and battery-type.

1.2.2.3 Composite Electrodes

Composite electrodes combine materials of pseudocapacitive origin with carbonic
materials within a single electrode system that will be associated with chemical as
well as physical charge storage. Carbon-based materials are responsible for the
presence of charge storage of capacitive double-layer origin combined with large
specific surface area enhancing the interfacial area between the electrolyte and the
pseudocapacitive material. The pseudocapacitive material is responsible for in-
creasing the specific capacitance by Faradaic reaction (Kiamahalleh et al. 2012).

1.2.2.4 Asymmetric Hybrids

Asymmetric hybrids syndicate non-redox and redox charge-storage mechanism
having both EDLC electrode as well as a pseudocapacitor electrode. In the setup,
the carbon material serves as the negative electrode while the material of pseudo-
capacitive origin acts as the positive electrode.

1.2.2.5 Battery Type

The battery type hybrid is designed by combining two different electrodes, similar
to the asymmetric hybrids; the only difference is that, in this case, one electrode is
of supercapacitor type and the other is a battery electrode. This configuration helps
to use the properties of both batteries and supercapacitors in a single cell
(Kiamahalleh et al. 2012),(Iro, Subramani, and Dash 2016).

The battery type, capacitive type, and pseudocapacitive type materials exhibit
different reaction mechanisms. As can be seen in Figure 1.18 and 1.19, in super-
capacitors termed as EDLCs, charge storage occurs in the oppositely charged
double-layer formed at the interface of the electrode and the electrolyte. This type
of charge storage occurs only at the electrode material surface; hence, largely
porous materials associated with high surface area are essential for reaching
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FIGURE 1.18 The basic charge storage difference between the ultracapacitor, pseudoca-
pacitor, and rechargeable batteries.

Source: Reprinted with permission from (Gulzar et al. 2016), copyright © 2016,
Royal Society of Chemistry.
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FIGURE 1.19 Different type of pseudocapacitance.

Source: Reprinted with permission from (J. Liu et al. 2018), copyright © 2018,
John Wiley & Sons.

significant charge storage. In this case, no Faradaic reaction is involved in the
charge-storage process. All the carbon electrode falls under this category. Unlike
the EDLCs, pseudocapacitors store charge through highly reversible Faradaic in-
teraction of the electrode active material with the electrolyte. In this case, charge
transfer occurs between the electrolyte and the electrode. However, the dependence
of charge storage with the voltage is such that the derivative of charge stored dQ/dt
shows capacitive behavior. Also, in this case, the Faradaic interaction is not asso-
ciated with any chemical change of the electrode material. This is the main feature
that differentiates pseudocapacitor material from the battery-type material.
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As can be seen in Figure 1.18 and 1.19, a chemical reaction is going on between
the electrode and the electrolyte as the charge and discharge occurs in case of
battery. This reaction is not limited to the surface only but also extends to the bulk
of the electrode material. This process is not very fast and is not as reversible, as in
case of the EDLCs or pseudocapacitors, leading to the lesser power density.
However, as the bulk of the electrode material is involved in storing charge, the
amount of charge stored and hence the energy density is much larger for batteries as
compared to EDLCs or pseudocapacitors.

1.3 BASIC STRUCTURE AND COMPONENTS OF A
SUPERCAPACITOR

The electrode materials in electrochemical supercapacitor are characterized for their
electrochemical properties in a three-electrode or two-electrode configuration.
Working, counter, and reference electrodes are the components of a three-electrode
system, as shown in Figure 1.20 (a). In a three-electrode setup, a reference electrode
is used to measure the applied voltage across the working electrode. As described in
the earlier section about the equivalent circuit for a cell, the circuit elements are
arranged for the electrochemical setup along with a work station.

Figure 1.20 (b) shows a two-electrode electrochemical system that uses a pair of
electrodes; electro-active materials are the current collector, and a separator sand-
wiched between the parallel electrodes is saturated with an electrolyte. The elec-
trically insulating (dielectric) separator is an ion-permeable dielectric porous thin
membrane to allow the transfer of electrolytic ions as when the two electrodes
remain electrically separated to prevent electrical short circuits. The whole system
comprises a cell having two electrodes: i.e., positive and negative electrodes.

()

FIGURE 1.20 Schematic showing construction of (a) the three-electrode electrochemcial
setup and (b) the two-electrode electrochemcial setup.

Source: Reprinted with permission from (Zhong Wu et al. 2017), Copyright © 2017,
Wiley and Sons Inc.
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1.4 SYMMETRIC AND ASYMMETRIC SUPERCAPACITORS

Two-electrode configuration can be obtained through asymmetric and symmetric
systems on the basis of different types of electrode materials. In symmetric su-
percapacitors, similar voltage is employed on two electrodes in cells configured
symmetrically having electrical double-layer capacitance (EDLC), as well as
pseudo-capacitive electrode material. In the asymmetric configuration, the elec-
trodes are associated with one pseudocapacitive electrode and the other EDLC
electrode acts as the positive and negative electrodes, respectively. The asymmetric
devices garnered a lot of attention as a result of large energy density and a large
power density associated with enhanced operating potential. An architecture
properly optimized will enable to improve the performance further in an asym-
metric supercapacitor.

1.5 PLANAR AND NON-PLANAR SUPERCAPACITORS

Portable electronic devices and microelectromechanical systems have generated a
requirement of microsupercapacitors as a microscale energy-storage devices. The
microsupercapacitors have demonstrated the feasibility to be directly integrated into
various devices. The advantages associated with micron-size devices are smaller
diffusion distance for the electrolyte in all the dimensions of the electrodes, thus
covering a larger surface area of the electrodes. Secondly, small-scale energy-
storage systems have shown higher specific capacitance and higher power than
conventional supercapacitors. Planar microsupercapacitors have several advantages;
for on-chip integration, the two planar electrodes are in the same plane, with much
reduced interplanar spacing to minimize the ion diffusion path length meant for
transfer of ions; they can be controlled easily by incorporating various parameter,
including kinetics. Planar microsupercapacitors attain a high amount of discharge
energy (delivery) at large rates of charge-discharge. The two electrodes in planar
configuration are isolated electrically according to their design, in the absence of
any separator, as in nonplanar supercapacitors. The interdigitated structure in the
plane can also be extended vertically for incorporation of more active materials.

Conventionally used nonplanar capacitors, as described earlier, can have two or
three-electrode systems with a large variation in the electrode materials. The non-
planar geometry of supercapacitors does not provide solutions to onchip integration
or a way toward development of a miniaturized system.

1.6 ELECTROLYTES

Electrolytes have an important role to play in the performance of an electrochemical
capacitor. The system’s internal resistance is mainly attributed to the ionic con-
ductivity of the electrolyte and electrolyte—electrode interactions; this conductivity
increases as the instability of an electrolyte at different operating temperatures, as
well as chemical instability at high rates, and hence reduces the cycle life. The
electrolytes should exhibit high electrochemical and chemical stabilities for larger
potential windows and high performance characteristics. Higher voltage in
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electrochemical capacitors can cause a breakdown in electrolyte material, thus
limiting potential within a specific range only. A sharp current tail appears at the
end of the applied voltage range due to the decomposition of the electrolyte.

1.6.1 AQuEOUSs ELECTROLYTES

In aqueous electrolytes, the sources of ions commonly being used are potassium
hydroxide, potassium chloride, and sulfuric acid because of high ionic conductivity.
The issues such as corrosion and a low potential window are the common dis-
advantages of aqueous electrolytes. Water decomposition in aqueous electrolytes
results in hydrogen and oxygen evolution at around 0 V and 1.2 V because of the
poor electrical stability of water, as shown in Figure 1.21. Therefore, for aqueous
systems, the potential window is mostly limited at around 1 V.

1.6.2 ORGANIC ELECTROLYTES

Organic electrolytes are known for their larger potential window in the range of
2.2 to 2.7 V, which directly implies to the larger energy and power densities for
most market requirements. Higher resistances in organic electrolyte can be tailored
via a good design of optimize capacitance. However, the large internal resistance
induces charge leakage across the double-layer interface due to the presence
of water.
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FIGURE 1.21 CV from platinum electrode, showing gas evolution from different aqueous
electrolytes during electrochemical testing.

Source: Reprinted with permission from (M. S. Hong, Lee, and Kim 2002), Copyright ©
2002, IOP Publishing.
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1.6.3 lonNic LiQuibs

High chemical stability of ionic liquids allows operation at high voltage windows
up to 5 V. Low conductivity of ionic liquids is a major drawback at room tem-
perature. Ionic liquids-based electrolytes have high thermal stability for operation in
high temperature conditions.

1.6.4 SoLiD STATE POLYMER ELECTROLYTES

In solid-state polymer electrolytes, both the electrolyte and separator are used as a
single component. A solid polymer film is prepared from a gel electrolyte, a liquid
electrolyte held through capillary forces into a microporous polymer layer. Gel
electrolytes are also used with aqueous, organic, and ionic liquids, depending on
the applications.



2 Electrochemical
Measurements for
Supercapacitors

2.1 MEASUREMENT OF THREE-ELECTRODE SYSTEM

In a three-electrode setup, a reference electrode is kept aloof from the counter and
is connected to another electrode termed as the working electrode. The electrode’s
position is responsible for the measurement of a point in the vicinity of the working
electrode, which has both working (W) and working sense (WS) electrical con-
nections, as illustrated in Figure 2.1 (Echendu et al. 2016). Three-electrode con-
figurations only monitor the change in potential of the working electrode as
compared to the reference electrode, which is half of the full cell. These affects are
not dependent on the variations that take place at the counter electrode. Henceforth,
three-electrode electrochemical configuration is the more commonly implemented
setup. An alternate configuration associated with the three-electrode configuration
invovles monitoring the voltage changes between the reference and working
sense and the reference and the counter sense, simultaneously. Here, the reference is
linked with the reference electrode, counter sense and counter are linked to the
counter electrode, while working and working sense are linked to the working
electrode. In a single experiment, the results from both the half cells are obtain
through this type of configuration (Echendu et al. 2016).

2.2 MEASUREMENT OF TWO-ELECTRODE SYSTEM

Two-electrode configuration is a widely used setup. It uses a simpler setup but may
have complex results and corresponding analysis. The design for two-electrode
setup involves sense and current linked together: working sense (WS) and working
(W) are linked to an electrode termed as working and the reference (R), as well as
the counter (C) electrode, are linked to another electrode (Echendu et al. 2016).
Figure 2.1(a) illustrates the setup of a two-electrode cell. In a two-electrode ex-
periment, the entire electrochemical cell is comprised of electrolyte, working
electrode, and counter electrode, which means the sense leads monitor the entire
voltage drop across the current. Figure 2.1(b) shows a tracing associated with the
whole-cell potential for a two-electrode setup to monitor the voltage drop across
the entire cell in which the working sense link is at point A and a reference is
connected at the point E. In general, two-electrode setups are useful for monitoring
a significant voltage drop across the entire cell, including batteries, supercapacitors,
fuel cells, and so on. They are also useful in a situation where the drift associated
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FIGURE 2.1 (a) 2-electrode configuration; (b) A potential map across a whole cell;
(c) 3-electrode cell setup.

with the counter-electrode potential is smaller during the experiment; the systems
result in very small gains within a short timescale. (Echendu et al. 2016).

A three-electrode setup consists of a counter electrode (CE), reference electrode
(RE), and a working electrode (WE) (Figure 2.1(c)). In this configuration, we
measure the current between the working and the counter electrode and measure the
potential difference between the working and the reference electrode. Hence, in a
three-electrode configuration, the current and the potential of only the working
electrode can be monitored (Figure 2.2).

However, in a two-electrode configuration, both the electrodes are working
electrodes (there is no reference electrode or counter electrode), and the current and
potential of the entire system is monitored. It is noteworthy that the three-electrode
configuration is best for understanding the characteristics of an electrode material.
However, the three-electrode configuration does not resemble the real device ar-
chitecture and the specific capacitance calculated by employing a three-electrode
system, which is four times the value that would be obtained if the same electrode
material were cast as a device. In this matter, the two-electrode system resembles
the real device more closely; hence, this configuration should be used to obtain
the specific capacitance and the energy and power densities associated with an
electrode material.

() (b)
e —— -
v
v
3-electrode 2-electrode

FIGURE 2.2 Schematic diagram for (a) 3 electrode and (b) 2 electrode configurations.
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2.3 TECHNIQUES FOR DATA ANALYSIS

2.3.1 CycLic VOLTAMMETRY

Cyclic voltammetry (CV) is a popular electrochemical technique used to in-
vestigate the reduction and oxidation processes. Before explaining the mea-
surement, procedures would illustrate the electrochemical cell that is generally
employed for carrying out the CV measurements. An electrochemical cell in a
three-electrode configuration mainly consists of a working electrode containing
the active material, a reference electrode with respect to which the voltage
difference is measured, and a counter electrode to pass the current (Figure 2.3a)
(Elgrishi et al. 2018). In cyclic voltammetry, the electrode potential ramps lin-
early with time in a cyclic process. The scan rate (V/s) is the rate of voltage
change over time during each cycle. The current is measured between the
working and the counter electrodes, and the potential is measured between the
working and the reference electrodes. A plot of current (i) vs applied potential
(E) is analyzed for the initial forward scan (from time, ty to t;) when an in-
creasingly reduced potential is applied, resulting in the cathodic current to in-
crease initially if reducible analytes are in the system during this potential
window. After the reduction potential of the analyte is reached, the cathodic
current will decay because of reduced the concentration of reducible analyte.
For a reversible redox couple, during the reverse scan (from time, t; to t,), the
reduced analyte will re-oxidized. That, in turn, increases the current of opposite
polarity (anodic current). Both the oxidation and reduction peaks will be of
similar shape for more reversible redox couples. Hence, CV analysis provides
the information about electrochemical redox potentials and reaction rates
(Elgrishi et al. 2018).

A typical CV plot is represented in Figure 2.3(b), in which potential sweep
initiates at —0.4 V for oxidative and more positive potentials. Initially, at smaller
potential, no oxidation of the analyte occurs, but exponential increase with the
initiation of the oxidization occurs at the working electrode surface with the
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FIGURE 2.3 (a) A schematic illustration of three electrode cell configuration; (b) a re-
presentation of typical CV curve; (c—g) Nyquist plot as appears for various ideal systems with
their equivalent circuits.
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attainment of the onset potential (E,,s) of oxidation. In the process of cyclic
voltammetry, as the voltage increase, the current increase linearly keeps a con-
stant concentration gradient across the diffuse double layer (DDL) associated
with the analyte in the vicinity of the electrode surface (Elgrishi et al. 2018). As
the DDL grows, the analyte gets depleted; hence, a gradual loss in the current
response from linearity is seen. The current reaches peak maximum, i,, as a result
of oxidation when anodic peak potential E,, is reached. Now there can be an
increase in the current at more positive potentials by a decay in flux of analyte
away from the surface of, the electrode. From this turning point, the current is
mainly limited by the mass transport of analyte from the bulk to the DDL in-
terface. This process does not satisfy the Nernst equation because it is slower on
the electrochemical timescale; until a steady-state is reached, the current decays
as the potential becomes more positive. Finally, a further increase in the potential
will no longer have any effect (Elgrishi et al. 2018). Now, for negative potentials
(scan reversal), analyte continues to oxidize until the applied potential reaches an
optimum value. The oxidized analyte accumulates at the electrode surface and
can be re-reduced (Elgrishi et al. 2018).

The reduction and oxidation processes mirror each other, except for an opposite
scan direction. For a reversible process, the cathodic and anodic peak currents are
required to be of same magnitude but have the opposite sign. Randles-Sevcik
equation (2.1) can descried the peak current, i,, of the reversible redox process. At
298 K, the equation becomes (Ngamchuea et al. 2014):

i) = (2.69 % 10912ACD2V3 @.1)

where ‘A’ is the electrode area (cm?), ‘D’ is the diffusion coefficient (cm?/s), ‘n’ is
the number of electrons, ‘C’ the concentration (mol/cm3 ), and ‘V’ the potential scan
rate (V/s) (Elgrishi et al. 2018).

2.3.2  GALVANOSTATIC CHARGING-DISCHARGING

The galvanostatic charge-discharge (GCD) measurement is implemented to
monitor the electrochemical capacitance of materials in the current-controlled
conditions, while the voltage is noted, unlike the cyclic voltammetry approach. In
the field of electrochemical energy-storage devices, GCD becomes one of the
largely implemented approaches from a laboratory scale to an industrial scale.
The GCD approach is also termed as chronopotentiometry because it measures
various parameters, including capacitance cyclability solution and resistance
(J. Liu et al. 2018). In this approach, the final potential is monitored with respect
to a reference electrode dependent of time on application of a current pulse to
the working electrode. The monitored potential varies abruptly on application of
current, which is attributed to the loss in IR (internal resistance); after that, there
is gradual variation in the concentration of the reactant, attaining zero at the
surface of the electrode. The voltage alteration is denoted by the following
equation (Elgrishi et al. 2018):
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where ‘V’ (t) is the voltage as a function of time, ‘R’ is the resistance, ‘C’ is the
capacitance, and ‘i’ is the current. The slope of the galvanostatic charge-discharge
curve gives the capacitance of the supercapacitor, which will be discussed further
in a later section (J. Liu et al. 2018).

2.3.3 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

Electrochemical impedance spectroscopy (EIS) measurements are carried out
with application of alternating-current (AC) frequencies to study various types of
resistance offered by the electrode material and its interface with the electrolyte,
including interfacial resistance, internal resistance, and charge-transfer resistance
(Sunil et al. 2020). Study of data obtained from impedance spectroscopic mea-
surements reveals the data about the interfacial structure, boundaries, and reac-
tions variation. EIS is a sensitive technique and needs lots of care during the
measurements. The results are not always clearly understood, attributed to the
inadequate mathematical tools related to the equations linking the impedance
signal data with the physicochemical parameters. Other methods complimenting
EIS can be used to elucidate the interfacial processes perfectly. EIS reveals the
direct relation between a real system and an ideal equivalent circuit with discrete
electrical components (capacitance (C), resistance (R), and inductance (L)) linked
in parallel and series combinations. The graph obtained by plotting real im-
pedance vs. imaginary impedance is termed as Nyquist plot (Sunil et al. 2020).
Supercapacitors are the physical assemblies that implement blocking or polariz-
able electrodes (in case of EDLCs) or electrode materials, which are electroactive
(pseudocapacitors). Figure 2.3(c) represents the impedance pattern corresponding
to an ideal capacitor comprising a steep rising line that coincides with the ima-
ginary axis of the impedance plot. On the other hand, a physical capacitor con-
tains a shift, resulting in a line parallel to the imaginary axis in a Nyquist plot
representing a series arrangement of a series resistance Ry with an electrolytic
(Figure 2.3(d)). The simplified Randles cell model includes a solution resistance
(or electrolyte resistance), a charge transfer (or polarization) resistance in series,
and a double-layer capacitor in parallel. In addition, the simplified Randles cell is
used for other more complex models and geometrical capacitance C, (under
the influence of electric field a dielectric polarization of electrolyte). Here, the
Nyquist plot would consist of a semicircle only (Figure 2.3(e)). However, as
the electrolytic resistance is included in series with a Randles circuit, the semi-
circle gets shifted, as can be seen in Figure 2.3(f) (Sunil et al. 2020). For real
systems, another component, called the Warburg element, has to be considered to
account for the diffusion mechanism (Figure 2.3 (g)). At high frequencies, the
Warburg impedance is very low and attributed to the lesser distance travelled by
the diffusing reactants. However, at the low frequencies, the Warburg impedance
become significant, and on the Nyquist plot, it appears as a 45° slope. The place
of the impedance spectrum comprising a large capacitance at low frequencies
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depicts ionic penetration through the entire polymer film or the porous electrode,
which is mostly interpreted by the terms of distributed C and R network.

2.4 MODELLING TECHNIQUES FOR SUPERCAPACITORS
FROM ELECTRODE TO ELECTROLYTE

A supercapacitor has four main components: electrolyte, electrodes, a membrane
separator, and current collectors. On application of potential among the two dif-
ferent electrodes, cations (anions) will get transported to the negatively (positively)
charged electrode (Samantara and Ratha 2018a). This charge transport and se-
paration will lead to the formation of electrical double-layers at the interface be-
tween the electrode and the electrolyte. With an analogy to the general capacitors,
for an electric double-layer, the electrode plays the role of one metal-conducting
plate, and electrolytic ions adsorbed acting as counter ions at the electrode/elec-
trolyte interface play the role of other conducting metal plate. Attributed to largely
diminished distance between the electrolyte and the electrode, in combination with
large surface area of interaction between the electrode and the electrolyte, the
charge-storage capacity increases many folds (as the electric field generated be-
comes very strong) as compared to the conventional capacitors (Samantara and
Ratha 2018a). The electrodes used in the supercapacitor generally have high por-
osity resulting in very high surface area available for interaction with the electro-
Iyte. Selection of electrode and the electrolyte both influences the specific
capacitance delivered by the supercapacitor.

As described in an earlier chapter, three classes of electrolytes are mainly
used in the supercapacitors. Aqueous electrolytes, including solutions of H,SO,4
and KOH, are mostly implemented due to their cost-effectiveness and large
electrical conductivity. However, the aqueous electrolytes are challenged by low
breakdown potential (<1.2 V), along with problems related to corrosion issues
(Huo et al. 2019). To mitigate these problems, two kinds of nonaqueous elec-
trolytes are progressively being implemented attributed to their larger working
voltage: (1) room-temperature ionic liquids (RTILs), including N-methyl-N-
propylpyrrolidinium bis(trifluoromethanesulfonyl) imide, (2) organic electrolytes
like tetraethylammonium tetrafluoroborate in aprotic solvent of acetonitrile.
Organic electrolytes can be operated at higher working potential spanning up to
2.7 V (Nasrin et al. 2021). Interestingly, RTILs can be operated at even higher
potentials, e.g., 6.0 V. RTILs comprise of entirely organic/inorganic anions and
organic cations (Nasrin et al. 2021). Nevertheless, ion-dissolved solvents are
main constituents of the organic electrolytes. In addition to the large electro-
chemical window, RTILs have garnered ample attention in past few years due to
their outstanding thermal stability and lower volatility. Various classes of ma-
terials have been implemented as electrodes for application in supercapacitors.
Particularly, carbon-based materials have been most frequently implemented due
to their large specific surface area, lower cost, diversity of form, ease of synthesis,
easy processability, and comparatively inert electrochemistry. Carbons in many
forms have been designed for implementing in supercapacitors as electrodes, e.g.,
templated carbon, doped carbon, activated carbon, carbon nanotubes (CNTs),
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carbide-derived carbons, onion-like carbons (OLCs), and graphene, etc. (Lahrar,
Simon, and Merlet 2021). The essence of supercapacitor designing lies in charge-
storage characteristics optimization (i.e., improving the energy and power den-
sities) through selecting apt electrodes and electrolytes. In the past few years,
heaps of experiments have been dedicated to investigate the capacitive properties
of various supercapacitors. In addition to the generally performed electrochemical
and physiochemical experiments, molecular simulations suggest the attainable
capacitance and structure of electric double-layers in supercapacitors by an in-
vestigation of the molecular structures of electrolyte and electrode materials
(Lahrar, Simon, and Merlet 2021). This approach is very effective in providing
significant understandings of the charge-storage mechanism and can provide
explicit assistance toward an ideal model of supercapacitors. In addition to acting
as the link between the macroscopic world and microscopic length/time, this kind
of simulation can also draw the relation between experiments and theories. The
field of supercapacitor modeling has been highly effective in the past few dec-
ades, and several publications on the related field publish each month. We will
first discuss the fundamental methodology associated with molecular modeling of
supercapacitors and thereafter discuss details about the evaluation of experi-
mentally realized parameters. This will be followed by major research results and
perceptions. Finally, the possible paths for future works will be discussed.

2.4.1 Basic METHODOLOGY

The carbon-based electrodes of a supercapacitor possess highly complex micro-
structure. Consequently, several kinds of EDLs can be designed for application in
a supercapacitor. For instance, some EDLs are created close to the open surfaces;
these are planar (e.g., spherical (e.g., OLC), flat graphene sheet, or cylindrical
(e.g., CNT)). Some EDLs can also be formed inside thin pores (e.g., slits and
cylindrical) (Lahrar, Simon, and Merlet 2021). By contemplating each EDL as a
separate capacitor, a supercapacitor can be thought of as several capacitors as-
sembled in series and/or in parallel. This idea makes it realistic to investigate the
EDL capacitors to develop insights into the mechanism of charge storage in an
actual supercapacitor. Several techniques can be implemented to replicate EDLs.
The fundamentals of density functional theory calculations (DFT) and molecular
simulations (Lei Zhang et al. 2018) are included the next sections.

2.4.2 MOLECULAR SIMULATIONS

Monte Carlo (MC) and molecular dynamics (MD) simulations are well-known
simulation techniques applied to the molecules of any system (Lei Zhang et al.
2018). Since EDLs developed in the supercapacitor are molecular phenomenon,
these simulation methods are perfectly applicable for modeling supercapacitor.
The distinctive benefit of these simulation methods is that they provide data on
both the macroscopic properties (e.g., its capacitance) and the microstructure
(e.g., ion-density distribution across EDL) (Da Silva et al. 2021). This helps to
develop an understanding of the microscopic origins of the capacitance and thus
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leads to the choice and design of electrode/electrolyte materials. MD simulation
is popular as a technique for calculating the equilibrium properties and transport
characteristics associated with a classical many-body system (Da Silva et al.
2021). This method is accompanied by numerical solutions of the applicable
classical equations of motion to an MD system. The basic algorithm linked with
MD is extremely analogous to actual experiments in various ways: The first step
is to design a sample experiment; this step is followed by assessing the parameter
of interest for a certain duration. The initial condition related to an atomic
system, the forces prevailing between the atoms, can be implanted according to
the potential of interaction between the atoms. Considering these forces, the
position and the velocity of atoms/molecules are revived according to the clas-
sical law of motion (Da Silva et al. 2021). The path of the molecules/atoms is
examined to obtain microscopic figures of the MD system similar to what is
performed in macroscopic experiments (Da Silva et al. 2021). EDLs’ simulation
of employing MD methods is comparable to recreation of other atomistic trends;
literature related to the subject is plentiful. The electrodes in supercapacitors
exhibit good electrical conductivity, unlike many other molecular systems, and
so their electronic polarizability is at risk of being overlooked. Actually, while
executing the experiment, electric potential is precisely controlled instead of
the charge on the electrode surface. It is really difficult to carry out modeling
of the electrically polarizable bodies to the molecular level; hence, for EDL si-
mulations, the approximate method has been adopted for now, i.e., partial
charges are assumed to be distributed uniformly among surface atoms of elec-
trodes. This method is successful for idealized electrodes, including cylindrical,
planar, or spherical surface) (Feng, Qiao, and Cummings 2015; Bo et al. 2018).
This method, however, is tricky to implement for complex-shaped electrodes in
which the charges on different atoms of the electrode differ in the sense time-
averaging. For such a case, it is important to focus on a constant electrical po-
tential on the surface of the electrode. Two kinds of approaches have been im-
plemented for this purpose. For the first method, the applied electrical potential
is set as a constant on the surface atom of each electrode by altering the charges
on the atoms. In the second method, pioneered by the Aluru group of University
of Illinois at Urbana-Champaign, with the help of solving a Laplace equation
(auxiliary), the potential (electrical) is given on certain points belonging to a
numerical grid existing all over the surface of the electrode. The above-
mentioned techniques have been applied for shaping nanopores existing in an
electrode (Quations, n.d.) (Pean et al. 2016). The setup in detail of the MD model
of a electrochemical capacitor associated with electrolytes near the planar elec-
trode can be observed in reference (Bo et al. 2018), and for the case where the
nanopores are filled with electrolytes, refer to the publications (Cazade,
Hartkamp, and Coasne 2014). Several publications are available where the mo-
lecular simulations of EDLs are carried out implementing the MD method and
the MC method. Particularly, MC is better suited for modelling the EDLs formed
inside the nanopores implementing restricted primitive model (RPM). In such an
model, the electrolytic ions are considered as hard spheres possessing a point
charge at their center (Banik et al. 2010).
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2.4.3 DensiTY FUNCTIONAL THEORETICAL CALCULATIONS

Density functional theory (DFT) is considered a powerful tool for evaluating the
equilibrium characteristics in terms of one-body density profiles of many-body
systems. As compared to the MD or MC simulations, DFT calculations necessitate
fewer computational resources and allow accurate tuning of parameters for mod-
eling, including electrode surface-charge density and ion size and surface potential.
For most of the available classical DFT supercapacitor modeling, grand canonical
ensemble-based DFT calculations are considered where the electrolyte is denoted
by a primitive model and the anions and cations are defined by van der Waals
interactions and charged hard spheres refraining from the complex ionic structure.
A supercapacitor DFT modeling possessing nanopores filled with room temperature
ionic liquids can be found in the reference (Kui Xu et al. 2020).

2.4.4 CaprAacITANCE CALCULATIONS

After determining the ion-density distribution within a modeled supercapacitor
(or EDL) after implementing DFT calculations or molecular simulations, a super-
capacitor’s macroscopic characteristics can be calculated (Kui Xu et al. 2020). The
most significant characteristic of a supercapacitor is its specific capacitance.
The integral and differential capacitances of a supercapacitor are defined as

C=—2 2.3)
(@epL — PZC)
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where C; and Cj,, represents the differential and integral capacitances, respectively;
o represents surface charge density of the electrode; ¢gpy is the potential gap be-
tween electrolyte and the surface of the electrode. In case o is not precisely imposed
in MD simulations, it can be entered as (Feng et al. 2011):

o = — [ @eo WR)Vp,du 25)

where p. represents the space-charge density measured for an EDL obtained from
DFT calculations or molecular simulations, ‘v’ is directed along the normal di-
rection of electrode surface, ‘R’ is the radius of the spherical or cylindrical elec-
trode, N = 0 is for the planar electrode, and N = 1 and 2 are for cylindrical and
spherical electrodes, respectively. Meanwhile, ¢zp; can be calculated from the
potential distribution, ¢, which can be obtained by solving Poisson equation as
follows:

Vi@ = —p,le€ (2.6)
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where ¢, and ¢ represents the dielectric constants of the EDL and the vacuum
permittivity, respectively. Particularly, for EDLs in the vicinity of the planar
electrodes, the potential distribution can be represented by:

() = — /g8 LO (z — w)p, (ydu — o&,€0z 2.7)
For cylindrical electrodes,
@(r) = —1/¢e€ LR up, w)In(r/u)du — (oR/e,0)In(r/R) (2.8)
For spherical electrodes,
@(r)=—1/g g LR (1 — ulr)up,(u)du — (oR/e.g9)(1 — R/r) (2.9)

Most present-day simulations related to the supercapacitors refrain from con-
sidering the double layers formed inside electrodes. Those kinds of double-layers
indeed exist and can influence the capacitance of a supercapacitor. Modelling the
double-layers existing inside the electrodes and at electrode/electrolyte interfaces
at the same time, however, is very difficult. Such simulations will differentiate
the electronic and atomic degrees of freedoms of these EDLs. This differentiation
can be achieved in principle through integration of MD and DFT approaches.
Specifically, the statistical dissemination of electrolytic ions/solvent molecules
can be determined by MD, and the calculations related to the electrodes can be
completed using DFT. Nevertheless, this combination is computationally highly
intensive. Furthermore, several published modeling studies demonstrate that not
considering the contribution of the double-layer within electrode and the electronic
degree of freedom does not severely affect the prediction of EDLs when im-
plemented with nonaqueous electrolytes. Further, the next section elaborates the
parametric studies of a supercapacitor from the experimental results.

2.4.4.1 Calculation of Specific Capacitance from CV, GCD, and EIS

The specific capacitance of a supercapacitor can be calculated both from the CV as
well as from the GCD plots, as shown in Figure 2.4 (Kumar and Misra 2021; Kumar
et al. 2020; J. Liu et al. 2018).

» The specific capacitance from the CV can be calculated as follows:

[1av
Csp = m (2 10)

where, m is the total mass of the electrode active material, fIdV is the area
enclosed by the CV plot, and AV is the working potential. The specific



Electrochemical Measurements 35

—
i~
=
—~
o
o

Intercalation wit
partial redox

Current (i, mA)

1

1

1

|

i

,m

1 O

[ g

' @]

]

1

]

]
|

]

i

]
Current (i, mA)

|

1

1

1

1

1

1

1

)

1

1

1

1

1

1

Potential (V) Potential (V)

—
e)
~

Potential (V)
' 4
4
G
Potential (V)
4
4
/
®

Time (s) e Time (s)

FIGURE 2.4 The typical cyclic voltammogram and galvanostatic charging discharging
plots for the electric double-layer type material and pseudocapacitive type material.

Source: Reprinted with permission from (Gogotsi and Penner 2018), Copyright © 2018
American Chemical Society.

capacitance can be calculated from mass, area, or volume of the electrodes
in the device.
* It can also be calculated from GCD curve using the discharging time as:

1At
= — 2.11
P mAv 1D
where, I is the applied current, At is the discharging time, m is the total mass
of the electrode active material, and AV is the working potential.

However, equation 2.11 can be avoided to calculate for a GCD curve when the
slope of the discharge curve changes with time and is not constant.

Therefore, the specific capacitance for such materials should be calculated, as
given below: (Rolddn et al. 2015)

20 vt 2.12)
sp — V_f .
2
m x V- v

e To calculate the specific capacitance from the EIS, the following

equation should be used:
1
Cyp= ————— 2.13
P monfz” ( )
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where, f is the frequency and Z” is the imaginary part of the impedance
obtained at the given frequency.

2.4.4.2 Why We Cannot Calculate the Specific Capacitance of a Battery-
like Material

Typical CV curves for pure EDLC and pseudocapacitive response are shown
in Figure 2.4. As can be seen in the Figure 2.5, for a battery-type material,
the capacitance remains zero for a significant potential range above 3.4 V and below
3.2 V, while in the middle, i.e., at the potential range from 3.2 V to 3.4 V (0.2 V)
1866 F g™' is the value of specific capacitance is (Figure 2.5). Now, if we calculate
the energy density with this capacitance value using the equation:

E= %CVQ (2.14)

Where C is the specific capacitance and V is the potential range, the value of the
energy density calculated will be as high as 1019 Wh kg™'. However this apparent
value is overestimated because the value of specific capacitance is 1866 F g~' in the
working potential of 0.2 V, which will result in an energy density of value 10.33
Wh kg™ (10 times smaller as compared to the previous case). So, for battery-type
material instead of specific capacitance the specific capacity is measured.

2.4.4.3 The Contribution of Charge: Diffusion-Controlled and Capacitive

Area enclosed by a cyclic voltammogram indicates the total stored charge ori-
ginating from non-faradaic and Faradaic reactions. The total charge stored can
be classified into three components: non-Faradaic contribution originated from
electric double-layer capacitance, the diffusion-controlled Faradaic contribution,
and the non-diffusive Faradaic contribution that occurs from the charge-transfer
reaction with the surface-bound atoms, often referred to as pseudocapacitance
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FIGURE 2.5 The typical (a) charging and discharging plot and (b) CV plot for a battery-
type material.

Source: Reprinted with permission from (Mathis et al. 2019), Copyright © 2019,
John Wiley and Sons.
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(John Wang et al. 2007; Brezesinski et al. 2010). The current i from the CV curve
obeys the power law, as shown in equations (2.15) and (2.16) (Lindstrém et al.
1997; John Wang et al. 2007).

i=ad (2.15)
log(i) = blog(v) + loga (2.16)

where a, b are adjustable parameters and v is the scan rate. The value
of parameter b can be obtained from the slope of the linear plot of log i vs
log v. The obtained b values can classify the charge-storage mechanism.
Generally, diffusion-controlled processes possess b = 0.5 satisfying Cottrell’s
equation: i = av'’? and b = 1 for capacitive dominated processes (John Wang
et al. 2007).

Furthermore, a quantitative separation of capacitive and diffusion-controlled
contribution from scan rate dependent voltammetric current is introduced by
Dunn and co-workers. The current response i at each voltage (V), is the sum
of the two contributions, as expressed in the following equation: (John Wang
et al. 2007):

(V) = kp + k2 (2.17)

where k; and k, are constants. In this equation, kjv represents the surface capa-
citive effects while kov!/? represents diffusion-controlled processes. Dividing the
square root of the scan rate on both sides of the equation for analytical purposes
yields:

(V)2 = kp!”? + ko (2.18)
Therefore, after plotting i(V)/v'/? vs v!/2 at a given voltage, the constants k; and k,
can be obtained. Thus, by determining k; and ko, the current response can be
quantified due to surface capacitive and diffusion-controlled processes at a specific
potential. This characterization technique has been used to evaluate the electro-
chemical performance of the electrode materials, as previously reported and shown
in Figure 2.6.

A similar kind of analysis was first developed by Trasatti et al. (S ARDIZ-
ZONE, G FREGONARA 1990) to separate the surface-capacitive effect from the
diffusion-controlled process using the relation between capacitance and the scan
rates. Capacitance due to surface reactions will be independent of the variation of
scan rate. On the other hand, the semi-infinite linear diffusion-controlled capa-
citance will vary with v!/2. The total stored charge (q7) can be demonstrated as the
charge at 0 mV/s because there is sufficient time for every reaction to occur,
while the charge stored at the surface (qg) can be demonstrated as the charge
stored at an infinite scan rate. The difference between these two charges (q; — qg)
will provide the stored charge due to diffusion-controlled processes. The total
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storage in a supercapacitor. (a) Voltammetric response at 1 mVs™'. The capacitive charge-
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pacitance contribution at different scan rates (1, 2 and 5 mVs™"). a,b Reprinted with per-
mission from (Owusu et al. 2017), Copyright © 2017 Springer Nature. (c) Another example
of cyclic voltametric response from mesoporous MoOs film at 0.1 mVs™'. The capacitive
charge-storage corresponding to the entire current is indicated by the shaded region.
Reprinted with permission from (Brezesinski et al. 2010), Copyright © 2010, Springer
Nature. (d) Charge storage mechanism in V,0s/CNT electrodes at 0.1 mV~!. The grey
shaded portion corresponds to capacitive contribution.

Source: Reprinted with permission from (Sathiya et al. 2011), Copyright © 2011,
American Chemical Society.

voltammetric charge, qy, can be obtained by plotting the inverse of the voltam-
metric charges (q) against the square root of scan rates assuming semi-infinite
linear diffusion of ions, as expressed in the following equation:

1_ constant-v'/? + € (2.19)
q dr

Internal resistance of the electrodes and nonconformity from semi-infinite linear
diffusion of ions data points at higher scan rates may deviate from linearity and
those deviated points were avoided during the linear fitting. The “total stored
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N-RGO in 1 M KOH.

Source: Reprinted with permission from (Y. H. Lee, Chang, and Hu 2013), Copyright ©
2012, Elsevier.

charge” is equal to the sum of the charges due to surface reactions and diffusion-
controlled reactions. Plotting the voltammetric charge, q, vs the inverse of the
square root of the scan rates should yield a linear plot as presented in the following
equation (assuming semi-infinite linear diffusion of ions):

1
q = constant-v~12 + o« (2.20)
0

where g, can be defined as so-called stored charge at the outer surface of the
electrode or the stored charge due to the capacitive reactions at the surfaces. After
linear fitting of the plot and extrapolating the fitted line to the y-axis will
provide q,. The difference between the calculated q; and q, yields the maximum
diffusion-controlled capacitance. The above characterization technique has been
used to evaluate the electrochemical performance of the electrode materials as
previously reported and shown in Figure 2.7.
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3 State-of-Art
Supercapacitor Design

3.1 FUNDAMENTALS OF PLANAR SUPERCAPACITOR

Rapid miniaturization of the electronic devices has stimulated a demand for the
compatible-energy storage system, and thus, planar or micro supercapacitors
(MSCs) have garnered huge attention. As compared to the conventional bulk
supercapacitors associated with either a stack geometry or bulk porous materials,
the main characteristics of planar MSCs are a rendered thinness with much-
reduced mass to the complete device. Moreover, MSCs have a smaller device
size and provide flexibility to be implanted as an arbitrary substrate, including
plastics. The small interspaces between the electrodes allow the ions from the
electrolyte to get transferred rapidly, resulting in a ultrahigh power delivery
due to the reduced diffusion distance (El-Kady and Kaner 2013). The separator
mediated-ion transport from the electrolyte to the electrodes in conventional
supercapacitors is now unnecessary in that kind of MSC. The tunable thickness
associated with the planar MSCs makes it suitable for several types of fabrication
of miniaturized devices for direct integration with electronics on an industrial
scale (El-Kady and Kaner 2013). Unlike the planar supercapacitor, the super-
capacitor with stack configuration is not suitable for the transfer of gel or solid
electrolytes, consequently causing a significant reduction in the power delivered.
Particularly, the association of the traditional bulk supercapacitors with the
modern electronic gadgets results in a big challenge that necessitates several steps
related to processing the arrangement of the layers of active materials, current
collectors, and electrolytes, and to connect all the components at the ends (Pech
et al. 2013). Henceforth, MSCs possess advantages of ease in designing elec-
trically separated electrodes and integrating them into small dimension electro-
nics existing on a similar plane. Planar supercapacitors also allow broad
suitability for several kinds of electrolytes and the simple design alternation in
patterns of the microelectrodes. Thus, this arrangement results in a decrease in the
internal impedance due to the loss of distance between adjacent interdigital
electrodes. To start with, in 2003, Sung et al. were responsible for the primary
fabrication of the first planar MSCs prototype in combination with a liquid-
electrolyte dropped on a substrate made up of silicon. This work contributed
greatly to the fabrication and design of flexible and all-solid-state MSCs (Sung
et al. 2006). This research is a pioneering example of planar MSCs, where an
interdigital MSC was fabricated on Au and Pt metals-based microelectrode array
using conducting polymer. The deposition techniques used in this method were
photolithography and electrochemical polymerization. In this work, conducting
polymers, poly-(3-phenylthiophene) (PPT), and polypyrrole (PPy) were grown on
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the electrodes in micro scale electrochemically. So procured MSC comprised
of 50 fingers was assembled with two electrolytes viz. non-aqueous (0.5 M
Et4NBF, in acetonitrile) and aq. (0.1 M H5PO,) and together with the cell po-
tentials recorded varying between 0.6 and 1.4 V (Sung, Kim, and Lee 2003).
Since these MSC devices used liquid electrolytes, in practical applications,
leakage of electrolytes must be considered. Therefore, the designing of all-solid-
state MSCs that will implement only solid materials is a mandate. In 2004, Sung
and co-workers designed gel-polymer electrolytes integrated all-solid-state MSCs
on Si0,/Si substrate through photolithography, solution-casting, and electro-
chemical polymerization. Gold microelectrodes acted as the current collectors,
and PPy played the role of electrochemically active material. An aqueous-based
PVA/H;PO, electrolyte, two kinds of gel-polymer electrolytes, and a non-
aqueous polyacrylonitrile (PAN)/LiCF;SO5-EC/PC electrolyte were tested.
Tuning of the capacitance of the device was possible by controlling the content of
deposited PPy. The working potential window achieved was ~0.6 V. They
concluded that the device performance of all-solid-state MSCs mirror the per-
formance of MSCs associated with a liquid electrolyte (Sung, Kim, and Lee
2004). After 2006, aggressively increasing attention has been devoted to devel-
oping planar supercapacitors concentrating on the synthesis of efficient nanos-
tructured materials for the electrodes and utilizing techniques such as thin-film
deposition, including inkjet printing (Pech et al. 2017), electrochemical poly-
merization (Sung et al. 2006), and layer-by-layer assembly (Beidaghi and Wang
2012), together with the creation of novel device structures from two-dimensional
to three-dimensional microelectrodes (Shen et al. 2011). In conclusion, all the
design parameters in MSCs, along with the suitable materials’ choice, aim to
significantly enhance the power and energy densities, along with the cyclic sta-
bility and frequency response.

3.2 ELECTRODE DESIGN

Considering the cumbersomeness of the generally implemented microfabrication
methods, the low-cost micro-devices for making micropatterns on substrates are
desirable for a wider range of applications. ElKady and Kaner reported a scal-
able fabrication method of MSC by direct laser writing on graphene oxide (GO)
films, implementing a standard light scribe DVD burner (El-Kady and Kaner
2013). This approach is a facile, cost-effective, high-throughput lithographic
technique and refrains from the use of masks and extra complex or operations
processing. Figure 3.1 presents the designing MSCs involving laser-scribed
graphene (LSG).

Primarily, in this process, a disc grown with GO film on it was put into a
light scribe DVD, equipped with a computer-designed circuit created with a laser
to create patterns on the GO film. An electrolyte was used to procure a planar
LSG-MSC. This approach can be easily increased in scale for the fabrication of
> 100 MSCs for solid micro-devices on a flexible substrate within 30 minutes
or less. A wide potential range of 2.5 V was obtained with the fabricated MSCs
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FIGURE 3.1 (a—c) The fabrication procedure for LSG-MSCs. (d,e) A single disc with direct
writing of more than 100 LSG-MSCs.

Source: Reprinted with permission from EI-Kady and Kaner*’. (Copyright 2013, Macmillan
Publishers Limited).

with 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (an ionogel
electrolyte) fumed with silica. This MSC presented an augmented charge-storage
capacity with a power density of ~200 W cm™ along with a rational rate cap-
ability offering a time constant of 19 ms. Even though graphene-based MSCs
presented a vitally improved performance in thin-film device architectures using
easily accessible manufacturing technologies, but the power density of the MSC
is lower compared to the thin-film batteries based on lithium. Further, Wu et al.
reported planar interdigitate graphene-based MSCs by incorporating graphene
(MPG) films reduced by methane plasma deposited on any arbitrary substrates
(Figure 3.2) (Z. S. Wu et al. 2013).

MPG films showed a high electrical conductivity of ~345 S cm™" and, using the
planar geometry of graphene-based MSCs with H,SO4/PVA, could exhibit a volu-
metric capacitance of ~17.9 F cm™, an areal capacitance of ~80.7 uF cm™, together
with the energy density of 2.5 mWh cm™ and a power density of 495 W cm™.
Furthermore, these devices also exhibited a better cycling stability corresponding to
~98.3% capacitance retention at the scan rate of 50 V s™' following 100 000 cycles.
These micro supercapacitors could operate at very high scan rates with values at-
taining up to 1000 V s™!, which is three orders of magnitude greater compared to
conventional supercapacitors. Thus, the benefits of planar architecture of MSCs are
mentioned over the bulk classical stack with sandwich-like architecture super-
capacitors. These MSCs can be integrated with other energy-storage devices by
connecting in parallel or in series combination to satisfy some particular applications
requiring larger operating currents or applying voltages in a short time. Thus, the
MSCs based on graphene having a planar geometry provide a ocnsiderable benefit for
various flexible and miniaturized electronic applications.
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FIGURE 3.2 (a) All-solid-state interdigitated graphene-based MSCs grown on silicon
wafer has been shown schematically. (b—f) Cyclic voltammograms of the MSCs at 1 to
1000 V s™'. (g) Discharge current plotting with the scan rate.

Source: Reprinted with permission from Wu et al. (Z. S. Wu et al. 2013). (Copyright 2013,
Macmillan Publishers Limited.)

3.3 MATERIALS DESIGN

Implementing atomically thin 2D graphene, novel architectures for the thin-film
planar MSCs has been reported. These MSCs utilize the atomically thin layer of
graphene with flat morphology. In addition, MSCs due to the planar surfaces are
suitable for a short ion diffusion from the electrolytic by interacting along the entire
graphene sheet surface, as shown in Figure 3.3 (J. J. Yoo et al. 2011).

Yoo and research group fabricated ultrathin planar supercapacitors incorporating both
multilayer-reduced graphene oxide (rGO) film and pristine CVD-grown monolayer
graphene. The planar supercapacitor exhibited a significant enhancement in capacitance
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FIGURE 3.3 Supercapacitor device design, where graphene is arranged (a) stacked and
(b) planar geometries.

Source: Reprinted with permission from Yoo et al. (J. J. Yoo et al. 2011). (Copyright 2010,
American Chemical Society.)

compared to the conventional supercapacitors. The synthesized planar devices delivered
a specific capacitance corresponding to a value of ~80 pF cm™ for the monolayer
graphene film. The multilayer rGO film exhibited a specific capacitance of 394 uF cm ™2,
Graphene-based MSCs were patterned through hydrated graphite oxide (GO) films’
laser reduction (Gao et al. 2011) by Ajayan’s group. In this process, substantial quantity
of trapped water in GO acts as a good ionic conductor and also an insulator (electrical)
for an electrolyte, as well as an electrode separator for ion transport. Both sandwich-like
and planar supercapacitors were planned in several shapes and patterns (Figure 3.4),
which were directly grown on a GO paper.

A concentric circular geometry of the planar supercapacitor exhibited an areal ca-
pacitance of~0.51 mF cm_z, which was almost double that of the sandwich super-
capacitor and showed enhanced cyclic stability to a ~35% reduction of capacitance
following 10,000 cycles. However, the long gap between the electrodes of the devices
could result in lowered frequency response, high internal resistance (6.5 k), and a poor
rate performance. However, this technique of large-scale production showed a promise
for future developments. A scalable and facile method to manufacture graphene-
cellulose membrane paper (GCP) is designed by Weng et al., which will act as binder-
free freestanding flexible electrodes for MSCs (Figure 3.5) (Weng et al. 2011). The
electrode corresponding to flexible GCP electrode comprises an interwoven 3D
structure of cellulose fibers and graphene sheets. 120 F g™ of specific capacitance was
attained by the GCP electrode (in graphene weight) and >99% of capacitance
retention over 5000 cycles. A flexible interdigitated MSC with the electrode
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FIGURE 3.4 (a) Laser-patterning of hydrated GO films in combination with a picture of the
patterned films in various geometries. (b) Cyclic voltammograms of both kind of devices at
the scan rate of 40 mV s™'. (c) Areal capacitance obtained for the sandwich-type MSC device
with various electrolytes and Ragone plot for the different fabricated devices (Inset).

Source: Reprinted with permission from Gao et al.(Gao et al. 2011) (Copyright 2011,
Macmillan Publishers Limited.)

material of GCP was designed involving H,SO,4/PVA gel electrolyte on a poly-
dimethylsiloxane substrate. So-obtained MSC exhibited an areal capacitance of
~7.6 mF cm™. Xu’s group designed a ultrathin, flexible, and all-solid-state MSCs
based on graphene having H3PO4/PVA gel as the electrolyte. Very thin rGO-
based interdigital electrodes were fabricated on a polyethylene terephthalate
(PET) substrate with the help of combination of photolithography and electro-
phoretic deposition (Figure 3.6) (Niu, Zhang, et al. 2013).

A high specific capacitance of 286 F g' was resulted due to the small ion
diffusion pathway, in rGO-MSCs. This value was three times improved as com-
pared to the traditional rGO-based supercapacitors having a ~86 F g~' of specific



State-of-Art Supercapacitor Design 47

VA e 3
W, o P
T

; GNSs coating on Mod in voi
Cellulose fibers ceilulose fibgers GNSs filled in voids

@ = O]

0.06 4
0.04 4
0.02 1
0.00 1
S 0021 ;
-0.044 —— Normal
-0.06 4 — Bent
-0.08 T '

6 0.8

02 04 O
Voltage (V)

ty (mA cm?)

nsi

Current

Cellulose r’ AN | ] —
fiber |

iy /

FIGURE 3.5 (a) Structural of initial and final form of GCP. GCP membrane shown by
(b) SEM and (c) TEM images. (d) CV curves monitoring the responses in normal and bent
states of MSC. (e) MSC device powered red LED. (f) MSC comprising of a flexible GCP.

Source: Reprinted with permission from Weng et al. (Weng et al. 2011). (Copyright 2011,
John Wiley & Sons, Inc.)

(a) rGO pattern
Au film

Electrolyte

Micro-supercapacitor
(c) (d)
300

_ —v— Micro-supercapacitor

o 250 4 —v— Conventional supercapacitor

T

2 200

c

£

= 150

2

< 100 o

.

£ 501

2

» 0

('J 2[;0 4(;0 660 8(’)0 'IOIO(]
Scan rate (mV's™)

FIGURE 3.6 (a) Fabrication of rGO-MSCs by using both the photolithography and elec-

trophoresis. Digital pictures of (b) rGO pattern and (c) microsupercapaccitor on a PET

substrate. (d) Comparison of specific capacitance associated with MSCs based on rGO and
traditional supercapacitors at various scan rates.

Source: Reprinted with permission from Niu et al. (Niu, Zhang, et al. 2013). (Copyright 2013,
John Wiley & Sons, Inc.)



48 Micro to Quantum Supercapacitor Devices

04 12
T —1Vs! T —100Vs’
e (0 £ o [(d)
< 02F <
£ E
z z 41
2 00 2
3 2 0r
S 02t s
3 S 4t
(&) o

04 Lo L L L L L g 1 1 . L L

00 02 04 06 08 1.0 00 02 04 06 08 1.0
Potential (V) Potential (V)
) T 50
E 60 (e) —1000V s g 20 _(f)
£ of z nf
= 20+ 5]
2 = L
20 5 20
5 20} 2 ol
3 8
3 a0} £ of
T 2 N
o

00 02 04 06 08 10 0 200 400 600 800 1000
Potential (V) Scanrate (Vs”)

FIGURE 3.7 (a) TEM micrograph of a single GQD. (b) SEM micrograph of electrodes
interdigitated based on GQDs. (c—e) CV curves at (c) 1, (d) 100 and (e) 1000 V sh
(f) Change in current density with scan rate.

Source: Reprinted with permission from Liu et al. (W. W. Liu et al. 2013). (Copyright 2013,
John Wiley & Sons, Inc.)

capacitance. Quantum dots (GQDs) based on graphene show exclusive physical and
chemical characteristics, large electrical conductivity, adequate edge defects, easy
functionalization, and chemical stability, rendering them promising for a super-
capacitor (Shinde and Pillai 2013). Yan’s group used electrode materials based on
GQDs for application in MSCs (GQD-MSCs) (W. W. Liu et al. 2013) tested in
ionic liquid (EMIMBE,) and 0.5 M Na,SO, electrolytes. MSCs were designed on
interdigital Au microelectrodes by the electrodeposition of GQDs (Figure 3.7).
GQD-MSCs could function at a scan rate as high as 1000 V s™" and grasp rapid
frequency response corresponding to a 103.6 us of time constant when tested in an
aqueous electrolyte and 53.8 ps when tested in an ionic liquid electrolyte associated
with a capacitance retention of ~97.8% over 5000 cycles. The improved char-
acteristics of MSCs based on GQD are due to the beneficial characteristics of
GQDs, such as an adequate number of active surface sites, large specific surface
area, and edges providing adequate interfaces for rapid ion adsorption/desorption.
To attain high-energy and power densities, much attention has been given to the
asymmetric supercapacitors (aqueous) consisting of a capacitive electrode for high
power density and a battery-like Faradic electrode, resulting in the increase in
operating voltage (Z. S. Wu et al. 2010). Yan’s group projected designing of a
GQD//MnO, asymmetric MSCs, applying MnO, nanoneedles playing the role of
the positive electrode and the negative electrode comprising of GQDs equipped
with 0.5 M Na,SO4 (W. W. Liu et al. 2013). The asymmetric MSCs consisting of
GQD//MnO, were designed using a two-step electrodeposition. Initially, electro-
deposition of GQDs was performed on one face of the interdigital Au electrodes in
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50 mL dimethylformamide (DMF) solution engaging 6.0 mg Mg(NO3),-6H,O and
3.0 mg GQDs at 80 V for 30 min. This step was followed by an MnO, electro-
chemical deposition on another side of the Au electrodes within 0.1 M NaNO;
and 0.02 M Mn(NOs), for 5 minutes, with an operating potential between —1.2 and
12 V at 1 mA cm™. The specific capacitance obtained for the GQD//MnO,
asymmetric MSCs was ~1107.4 uF cm™ and the energy density corresponded to a
value of ~0.154 uWh cm™ which was two times improved over the symmetric
GQD-MSCs in NaySO, electrolyte. Following a similar approach, they also de-
signed an all-solid-state MSC asymmetric in nature equipped with PVA/H3;PO, gel
electrolyte through the electrodeposition of polyaniline (PANI) nanofiber as a po-
sitive electrode and GQDs playing the role of negative electrode on both the side of
Au microelectrode [64]. The so designed asymmetric MSCs comprising of GQD//
PANI delivered a good rate capability, a scan rate of 700 V s~ in combination with
~85.6% of capacitance retention followed by 1500 cycles in combination with a
small time constant of 115.9 us when tested in a solid-state electrolyte.

3.3.1 GrAPHENE CARBON NANOTUBE HYBRID

As mentioned previously, the planar architecture can lead to an enhancement in the
accessibility of ions up to the graphene sheet surface and hence enhance the charge-
storage ability. Moreover, it is normal to expect that the charge-storage capability and
energy density of planar MSCs is possible to improve in the presence of additional
capacitive spacers, including CNTs, electrically conductive polymers, and nano-scaled
metal oxide within the gap between the graphene sheets. The implementation of such
capacitive spacers not only results in limiting the graphene sheet agglomeration and
restacking along with enhancing the available surface for charge storage. Apart from
that, the synergetic effect developed in between the graphene and the spacers leads to
improvement in the device performance (Z. S. Wu et al. 2012). Wang’s group im-
plemented photolithography lift-off followed by the electrostatic spray deposition for
making the interdigital microelectrodes (width of 100 um and interspace of 50 um)
executed together with binder-free rtGO/CNT hybrids to form MSCs (rGO/CNT-MSCs,
Figure 3.8) (Beidaghi and Wang 2012).

The implementation of CNTs within the graphene sheet layers inside planar
interdigital microelectrodes improved the accessibility associated with the elec-
trolyte ions present between the sheets of rGO and the power and energy densities.
The MSCs based on rGO/CNT showed an areal capacitance corresponding to a
value of ~6.1 mF cm™ at 0.01 V s™' and ~2.8 mF cm™2 with ~3.1 F cm™ of stack
capacitance at 50 V s™'. All these values were considerably improved as compared
to the values obtained for MSCs implementing pure rGO or CNTs (Z. S. Wu et al.
2012). The improved performance of the MSCs implemented with the rGO/CNTs is
attributed to developed synergy leading to the heritance of the advantages of gra-
phene, electrolyte-accessible, CNTs, and binder-free microelectrodes and the in-
terdigital planar geometry in a single system. To attain large-energy density but
keep satisfactory AC line filtering characteristics in a single device, Lin et al. re-
ported 3D graphene/CNT carpet (G/CNTC)-based MSCs (G/CNTC-MSCs) with
nickel substrate (Figure 3.9) (Z. S. Wu et al. 2010).
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FIGURE 3.8 (a) Schematic of MSCs based on rGO/CNTs (inset: photograph of an MSC).
SEM images (b) Top-view and (c) cross-section of interdigitated microelectrodes.

Source: Reprinted with permission from Beidaghi and Wang (Z. S. Wu et al. 2012).
(Copyright 2012, John Wiley & Sons, Inc.)
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FIGURE 3.9 (a) The assembly of G/CNTC-MSCs. Inset: a pillar structure of Ni-G-CNTC.
(b) SEM image of the MSCs. (c) TEM image of a SWCNT, (d) CNTCs. (e) Impedance phase
angle vs frequency plot.

Source: Reprinted with permission from Lin et al. (Z. S. Wu et al. 2010) (Copyright 2013,
American Chemical Society.)
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The G/CNTC-MSCs showed an impedance phase angle of —81.5° at 120 Hz,
which was very much like the commercial aluminum electrolytic capacitors
(AECs, 83.9°) implemented for AC line filtering. When tested in the ionic liquid
(BMIM-BF,) G/CNTC-MSCs showed a high rate capability corresponding to a
value of ~400 V s™', a volumetric energy density of 2.42 mWh cm™ and a high
power density of 115 W cm™. The excellent electrochemical performance showed
by the G/CNTC-MSCs is attributed to unified graphene/nanotube junctions pre-
vailing at the interface of the different carbon allotropes.

3.3.2 GRAPHENE/METAL OXIDE HYBRIDS

Peng and co-workers fabricated planar MSCs to enhance the charge-storage ability
of the planar MSCs, implementing MnO,/graphene sheets hybrid nanostructure
(denoted MnO,/GMSCs) and tested it in a gel electrolyte of PVA/H3;PO,
(Figure 3.10) (L. Peng et al. 2013).

The flexible planar MnO,/G-MSCs was prepared by implementing MnO,/G
hybrid film created with vacuum filtration concerning a solution of MnO,/gra-
phene. The next step was to transfer the thin film to a PET substrate, trailed by
rasping the thin film to obtain slim strips to play the role of working electrodes.
This step was followed by the Au current collectors’ thermal evaporation on both
faces of the substrate implemented with working electrodes, followed by covering
with gel electrolyte on the parallel interspaces midway between the electrodes.
This process led to the construction of a planar MnO,/G-MSC (L. Peng et al.
2013). The hybrid thin graphene and MnO, sheets not only presented adequate
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FIGURE 3.10 (a) Schematic diagram corresponding MSCs. (b) The planar MSC device.
(c) The hybrid thin film with stacked geometry. (d) Schematic illustration of the ion transport.
(e) Capacitance comparison of different MSCs. (f) A energy density vs power density plot of
the MSCs.

Source: Reprinted with permission from Peng et al. (L. Peng et al. 2013). (Copyright 2013,
American Chemical Society.)
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electrochemically active surface leading to rapid desorption/absorption of elec-
trolyte ions, but also availed extra interfacial area at the hybridized locations
causing accelerated charge transport. The MnO,/GMSCs procured showed aug-
mented electrochemical charge-storage characteristics as compared to graphene-
based MSCs, such as high specific capacitance, outstanding rate capability, and
very high cyclic stability. Furthermore, the MnO,/G-MSCs showed better flex-
ibility and cyclic stability corresponding to initial capacitance retention greater
than 90% following 1000 folding/unfolding cycles.

3.4 IN SITU AND EX SITU MATERIAL SYNTHESIS PARAMETERS

At the time of synthesis of any composite of two or more materials, in situ synthesis
refers to the growth of any one material on the other material during combining the
two materials. While ex situ synthesis involves the synthesis where the two parent
materials are combined in the reaction. It has been seen in many cases that the
structural and morphological properties vary completely for the composites syn-
thesized via in situ or ex situ. The situation can be explained by the following
example; according to a report, in situ electrospinning technique was employed to
produce carbonized ZIF-67/carbon fiber electrodes as supercapacitor electrode
material. To refrain from the inner pores of ZIF67 being clogged by the polymers
and causing a reduction in the surface area and pore volume at the time of elec-
trospinning process, an adapted slurry was incorporated during in situ electro-
spinning technique demonstrated in this report (Figure 3.11). The adapted slurry
involves only PAN and cobalt salt. ZIF67 was created after integrating the cobalt/
PAN electro spun matrix into ligand solution to refrain from PAN clogging the
pores of ZIF67. It is important to mention that at the time of common straight
electrospinning process, the slurry is made up of a metal salt, polymer, and a ligand
precursor. A same process was demonstrated by Li et al., who prepared Co and
N co-doped carbon for application in oxygen reduction reaction (B. Li et al. 2020).
According to the literature, particle size ZIF67 was greater as compared to the
diameter of nanofiber, leading to the gems-on-string structure having nanofiber
crossing by the ZIF67. In this work, a bigger diameter value associated with the
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FIGURE 3.11 [Illustration of the fabricating process for ZIF67@PAN Using in situ and
ex situ methods. (C. H. Yang, Hsiao, and Lin 2021).
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nanofiber was obtained and ZIF67 was excellently decorated on the inner as well as
the outer surface of the nanofiber. Cobalt precursor concentrations were varied to
fabricate ZIF67/ PAN electrodes, followed by the application of stabilization and
carbonization methods to obtain carbonized ZIF67/carbon fiber (C67/PAN-OC)
electrodes exhibiting large electrical conductivity. The enhanced in situ synthesized
Ce7/PAN-OC electrode exhibited the highest specific capacitance (Cg) corre-
sponding to a value of 386.3 F g' at 20 mV s~'. Whereas the C67/PAN-OC
electrode material that was synthesized ex situ exhibited a CF value of 27.7 F g™'.
The augmented energy-storage capability associated with in situ synthesized elec-
trode is attributed to the comprehensive growth of PAN-OC and the suitable car-
bonized ZIF67 contents, leading to a large electrochemical surface area (ECSA) and
little resistances. A symmetric supercapacitor comprising of optimized C67/PAN-
OC electrode material exhibits the highest energy density corresponding to a
value of 9.64 kWh kg™' at 0.55 kW kg™ and a Cg retention of 59% following
1000 charge/ discharge cycles.

To have a better idea and explanation, Figure 3.12 demonstrates the developing
method for in situ and ex situ synthesized C67/PAN-OC electrodes. The ex situ
electrospinning process results in PAN to pass through ZIF67, resulting in de-
struction in the structure of ZIF67. During the process of carbonization, PAN gets
transformed into N-doped carbon, and 2-melm in ZIF67 gets transformed to N and
Co co-doped carbon. The various carbon materials formed from PAN and 2-melm
exhibited different rising directions and compositions, which would abolish the
original regular arrangement and reduce active surface area. At the last stage of
carbonization, the carbon materials grown from 2-melm and PAN would grow
concurrently and get integrated as a reliable carbon material, which can be seen by
the one-body structure of the ex-situ synthesized C6714@PAN-OC electrode.
Overall, the highest ECSA was attained by the incorporation of ZIF67 in PAN
through in situ electrospinning approach 7 mmol L™" of Co precursor concentration.
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FIGURE 3.12 Tllustration of in situ and ex situ electrospinning methods. (C. H. Yang,
Hsiao, and Lin 2021).
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It is observed that the electrospinning approach is more significant in rendering the
ECSA as compared to the parameters used in the process of electrospinning such as
concentration of the precursor. The specific surface areas 16.08 m* g~' was obtained
for the in situ and 22.92 m* g~' was obtained for the ex situ synthesized C6714@
PAN-OC electrode material. Note that the trend followed in the specific surface area
obtained through N, adsorption/desorption was inconsistent with the ECSA. In
other words, the C6714@PAN-OC electrode synthesized ex sifu exhibited little
ECSA but a higher BET surface area as compared to the one synthesized via in situ
approach. These results are attributed to the varying morphologies associated with
the in situ and ex situ prepared C6714@PAN-OC electrodes. The in situ prepared
C6714@PAN-OC electrode comprises of various particles visible on the surface.
However, a much flatter surface was seen for the C6714 @PANOC electrode syn-
thesized by ex situ approach. It is concluded that the pores existing in the ex sifu
synthesized C6714@PAN-OC material are mostly distributed within the smooth
layer. In other words, a thick layer was formed at the surface to limit the electrolyte
from getting transported into the inner sides, those were occupied by several pores.
Therefore, the acceptance of the active material by the electrolyte was much more
easier in case of the in situ synthesized C6714@PAN-OC electrode than the
electrode material synthesized ex situ. The N with lesser sizes are able to pass
through the little holes created on the surface of the C6714@PAN-OC electrode
synthesized ex situ and reach the inner pores and surfaces, but the electrolyte with
higher size and larger viscosity as compared to the N is difficult to penetrate within
the inner side of the ex situ synthesized C6714@ PAN-OC electrode via the little
pores in its outer layer. This characteristics results in the larger surface area ana-
lyzed by the N, adsorption and desorption measurements in case of the ex situ
synthesized C6714@PAN-OC electrode. The in situ formed C6714@PAN-OC
electrode exhibits an average pore size and volume of 173.0 nm and 72.5 mm? g~!
respectively. The ex situ synthesized C6714@PAN-OC electrode, shows the
average pore size and volume of 216.4 nm and 127.6 mm® g~'. The bigger pore size
and pore volume were seen for the C6714@PANOC electrode synthesized ex situ.
Although the pore size is bigger in case of the ex situ synthesized C6714@PAN-OC
electrode, the coat of the thick layer on the surface may restrict the diffusion of the
electrolyte into the inner pores. However, implementing different approaches for
determining the surface area of active materials may give opposite results. The
ECSA is more consistent for approximating the amount of active sites of material as
the ECSA measurement environment is similar to the energy-storage system.
Influence of the concentration of cobalt precursor in an in situ/ex situ electrospin-
ning processes on the electrochemical and physical performance of SC electrodes
were investigated. Clear distinction of PAN substrate and ZIF67 could be obtained
for in situ synthesized C67@PAN-OC electrodes. The ex situ synthesized C6714@
PAN-OC electrode exhibited a one-body structure created by the co-growth of
carbon materials from the 2-mele and PAN. The in sifu synthesized C6714 @PAN-
OC electrode exhibits the largest ECSA attributed to a suitable carbonized ZIF67
amount and whole growth of the PAN substrate; however the ex-sifu synthesized
C6714@PAN-OC electrode grants much lesser ECSA attributed to irregular growth
and one-body nature of the carbon electrode. The largest Cg value corresponding
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to 386.3 F g™ at 20 mV s™' was achieved for the C6714@PAN-OC electrode
synthesized in situ, but the ex situ synthesized C6714@PAN-OC electrode solitary
shows a Cg value of 27.7 F g~'. The minimum charge transfer resistance and series
resistance values were obtained for in situ synthesized C6714@PAN-OC electrode.
The supercapacitor containing in situ synthesized C6714@PAN-OC electrodes in
combination with the gel electrolyte offers a potential window of 1.1 V, a highest
energy density of 9.64 kWh kg™" at 0.55 kW kg™' and a Coulombic efficiency of
80% and a Cg retention of 59.5% following 1000 times charge/discharge cycles.
This supercapacitor also exhibits a Cg retention of 75.6% as a result of bending
at the angle of 90° for 100 times (C. H. Yang, Hsiao, and Lin 2021).

3.5 DEVICE DESIGN ARCHITECTURE

3.5.1 Device CONFIGURATIONS OF SUPERCAPACITOR

The charge-storage capacity attainment of smart supercapacitors is mostly influ-
enced by the configuration of the devices. However, generally, supercapacitors are
fabricated in spiral wound or button cells, which become too bulky for smart
energy-storage systems. Unlike the situation associated with the conventional su-
percapacitors, numerous microscale supercapacitor shapes have been proposed,
according to the necessity of smart energy-storage devices. Growing numbers of
smart electronic devices have conveniently increased the need for power sources,
which will be flexible, thin, and foldable, such as electrochromic and shape-memory
supercapacitors. Film supercapacitors are assembled as sandwiches in which all the
components are intended to be very thin and often have excellent flexibility.
However, conventionally used liquid electrolyte would face the problem of leakage
at the time of bending or twisting, resulting in safety problem and damage. Hence,
solid- or quasi-solid-state electrolytes are suitable for the design of these film su-
percapacitors. The electrolytes with solid- or semi solid-state form of very thin
thickness will restrict the ion transport path length, along with serving as a sieve to
further simplify the device configuration. A film electrochromic supercapacitor
comprising solid-state with largely transparent Ni(OH),-polyethylenimine ethoxy-
lated (PEIE)/poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:
PSS) polymer-based electrodes was reported (Ginting, Ovhal, and Kang 2018).
Attributed to the electrode’s thinness, the device showed high transparency and high
coloration ability. Furthermore, diminishing the energy-storage device size within a
chip will efficiently enhance the energy density of the devices. MSCs in general
contain conductive substrates in the form of interdigitate as current collectors and
various finger electrodes within the millimeter scale seized from each other by an
insulating layer. The electrolyte is covered on the devices to restrict ion transport
between electrodes. Smart micro-supercapacitors are possible through reasonabe
design with the selection of suitable constituents. Furthermore, the micro-design in
supercapacitors will abbreviate the diffusion path for ions in electrolyte, causing an
effective utilization of the ECSA of micro-electrodes. The unbolted side edges of
micro-electrodes remain in touch with the electrolyte, which paves the path for the
electrolyte to infiltrate into the micro-electrodes, resulting in large energy density.
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As compared to the other configurations corresponding to the supercapacitors,
micro-supercapacitors are easy to integrate on the chip, and these are more com-
panionable to be associated with the other micro-electronic devices, having the
potential to act as smart power sources for the micro-electronic devices. As com-
pared to the conventional fiber supercapacitors, planar supercapacitors remain 1D
wires with diameters in the range from micrometer to millimeter. Three important
configurations are related to the fiber supercapacitor devices: all-in-one fiber su-
percapacitors with twisted and coaxial fibers. The coaxial fiber supercapacitors are
generally integrated by core fiber electrode, implementing layer-by-layer fabrica-
tion of electrode shell, and solid-state electrolyte or separator together. According to
this configuration, a self-healing supercapacitor based on fiber was designed, where
CNTs acted as working electrode and self-healing substance functioning as core.
Furthermore, fiber architecture supercapacitors can be spun into textiles or fabrics,
which exhibit significant prospects for working as wearable smart energy-storage
devices. CNT fibers were warped beside the Ti wire to play the role of a fiber
substance trailed by the deposition on the TiO, nanotube modified segments grown
on the Ti wire to achieve photoelectric conversion. In case of the all-in-one fiber
configuration, one fiber is deposited with the micro-electrodes followed by the
covering of electrolyte. However, their implementation with the smart devices
becomes difficult due to their complex fabrication procedure.

3.5.2  SELF-HEALING SUPERCAPACITORS

Flexible supercapacitors with various configurations have been designed and can
very often tolerate bending or stretching strains to some extent (Niu, Dong, et al.
2013). However, these devices will be challenged by unwanted mechanical damage
due to large external or internal deformation, causing significant deprivation of
electrochemical performance and additionally causing severe safety concerns at-
tributed to electrolyte leakage (X. Cheng et al. 2018). If supercapacitors exhibit the
ability to repair on their own any damage, they will be able to regain the initial
performance or minimize the distortion of the performance in association with the
supercapacitors. Consequently, the lifetime and toughness of self-repairing super-
capacitors will be enhanced to a large extent, minimizing the electronic cost and
waste (Shuo Huang et al. 2019). In this regard, several materials possessing the
ability to self-heal, particularly polymers, are implemented to fabricate and as-
semble self-repairing supercapacitors. These self-healing polymers mostly comprise
significantly reversible active chemically and physically cross-linked bonds, which
are capable of responding to external physical inducements, such as temperature,
pH, and light, to achieve self-healing characteristics. The primary self-healing su-
percapacitor was designed in 2014 by implementing a self-healing substrate con-
sisting of hierarchical flower-like TiO, nanospheres together with a supramolecular
network (Figure 3.13A) (Hua Wang et al. 2014). As a result of the presence of
a high amount of hydrogen bond donors and acceptors in the supramolecular net-
work, when destroyed, the substrate was able to re-build the dynamical chain
and the cross-links between the cracked surfaces. Moreover, in this situation, net-
works consisting of single-walled carbon nanotubes (SWCNTSs) were distributed on
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FIGURE 3.13 (a) Schematic illustrating the planar self-repairing supercapacitor.
Reproduced with permission (Hua Wang et al. 2014). Copyright 2014, Wiley-VCH. (b) Self-
repairing of fiber-like electrodes. Reproduced with permission. (H. Sun et al. 2014)
Copyright 2014, Wiley-VCH. (c) Optical pictures of self-repairing micro-supercapacitor.
Reproduced with permission. (Yue et al. 2018) Copyright 2018, American Chemical Society.
D, Elongated and relaxed state of the self-repairing. E, Schematic illustrated the source of
stretchability. Reproduced with permission. (Y. Huang, Zhong, et al. 2015) Copyright 2015,
Nature Publishing Group. F, Illustration of the repairing method. Reproduced with permis-
sion. (C. R. Chen et al. 2019) Copyright 2019, Wiley-VCH. G, Digital images of couture all-
repairable supercapacitor. H, CV curves. I, GCD curves.

Source: Reproduced with permission. (Z. Wang and Pan 2017) Copyright 2017, Wiley-VCH.

self-repairing substrate, which were used as both the electrodes of supercapacitors.
Furthermore, based on the same self-repairing polymer, a polymer fiber showing
healable characteristics was intended in 2014, where the aligned CNTs were as-
sembled onto its surface; it was implemented as a self-healing supercapacitor
electrode (Figure 3.13) (H. Sun et al. 2014).

Another self-repairing supercapacitor was retrieved exhibiting large mechan-
ical strength from PU. The fiber-shaped supercapacitor exhibited 54.2% and
82.4% of capacity retention following third healing/cutting cycle and a 100%
stretch, respectively. On the same note, a PU shell was integrated with 3D
MXene-rGO composite to form micro-supercapacitors exhibiting self-repairing
ability in 2018 (Figure 3.13C) (Yue et al. 2018), which exhibited a large areal
capacitance of 34.6 mF cm™ at 1 mV s™. Gel or hydrogel-based electrolytes
generally showed significant physical flexibility and outstanding electrochemical
properties, where the main constituent is the polymer (Zhong et al. 2015). The
conventional poly(vinyl pyrrolidone) (PVP) or poly(vinyl alcohol) (PVA) im-
plemented gel electrolytes can easily self-heal due to the presence of O-HO
hydrogen bonds amid the polymer chains (Shuo Huang et al. 2019). However,
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these gel electrolytes are formed in the nonattendance of cross-linking, leading to
unacceptable mechanical and healable properties. To enhance the suitability of
self-healing in addition to the gel electrolytes, a gel polymer electrolyte con-
sisting of hybrid vinyl-silica nanoparticles (VSNPSPAA) and polyacrylic acid
was designed successfully in 2015 (Figure 3.13 D, E) (Y. Huang, Zhong, et al.
2015). Credited to the undistinguished architecture of the cross-linked polyacrylic
acid by vinyl hybrid silica nanoparticles possessing hydrogen bonds, that kind of
electrolyte is largely stretchable and healable, even up to >3700%, resulting in
~100% retention of capacitance after 20 cutting/healing attempts. Unlike the
cross-link in the polymer molecules within the hydrogel electrolytes, a hydrogel
by Laponite cross-linked and graphene oxide was fabricated to be implemented as
self-healing supercapacitors in 2019 (Huili Li et al. 2019). The functional groups,
like COOH, OH, and Mg2+, and GO in Laponite result in cross-linking of CONH,
in the polymer chains, causing excellent mechanical stretchability and repairing
performance. Because the synthesis of electrolyte in hydrogel form is a method of
transferring liquid to hydrogel state, several components of a supercapacitor,
including separator, cathode, and anode, is likely to amalgamate together through
the hydrogel electrolyte and controlling the adjusting the supercapacitor config-
uration together with the gel process. The combined construction becomes very
helpful in the method of seal-healing the entire devices. An all-healing real-time
all-gel-state supercapacitor was designed in 2019 (Figure 3.13F) (C. R. Chen
et al. 2019). The electrode was based on GCP@PPy hydrogel, and the CP hy-
drogel electrolyte possessed a chemical cross-linking with gold nanoparticles.
The result exhibited a large stretching strain of 800% and rapid electrical re-
pairability with 80% efficiency within two minutes. Similarly, an all-healable
supercapacitor that could rebuild its electrochemical performances and config-
uration has also been reported in 2017 (Figure 3.13) (Z. Wang and Pan 2017).

3.5.3 SHAPE-MEMORY SUPERCAPACITORS

Supercapacitors can carry out diverse deformations irreversible in nature during
practical application, which will cause functional and structural damage due
to long-term stress (Xinyu Wang et al. 2017). Because of the discovery of the
shape-memory function, the likely fatigue associated with the supercapacitors
will meaningfully recover, expanding the cyclic life of the devices. Various kinds
of shape-memory devices have been reported. To be compatible with the various
shape-memory devices, the shape-memory supercapacitor is needed. Suitable
shape-memory materials possess the ability to resort to external stimuli, like
pressure, temperature, and magnetic force. Shape-memory supercapacitors are
classified into two kinds: the first one is shape-memory polymers (SMPs), and
the second one is shape-memory alloys (SMAs) (K. Guo et al. 2017). For SMA
materials, the shape-memory effect is conducted by a reversible crystalline phase
change, termed as martensiteaustenite transformation (Yun Yang et al. 2017). As
a result of heating at a certain temperature, the distorted SMAs generally restore
their initial shape, and all the plastic deformations are restored. SMAs are clas-
sified into four different classes, including Fe-based, NiTi-based, Cu-based, and
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intermetallic compounds (Z. G. Wei, Sandstrorom, and Miyazaki 1998). In all of
these, NiTi forms the SMAs for supercapacitors credited to its larger mechanical
and electrical characteristics. For example, a shape-memory supercapacitor was
designed by implementing graphene coated on NiTi alloy flakes, with the nega-
tive electrode and very thin MnO,/Ni film acting as the positive electrode in 2016
(Figure 3.14) (Lingyang Liu et al. 2016). In the ambient temperature, the de-
stroyed device was able to recover its initial planar shape within 550 seconds. It
could be shaped into a watchband, which would be able to automatically wrap
itself onto the human wrist as it touches a human body. Nevertheless, the rate of
recovery associated with this kind of shape-memory supercapacitor is lower in
comparison, which can be attributed to the stress coming from the positive
electrode. Fiber-shaped shape-memory supercapacitors show greater potential and
design versatility in wearable electronic devices credited to their 1D structure and
the capability of transformation to any shape (Zhibin Yang et al. 2013). In this
case, in 2006, NiTi wires were applied as current collectors as a twisted wire-
shaped supercapacitor. The shape-regaining method associated with this super-
capacitor was accomplished within 25 seconds with capacitance retention of 96%.
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FIGURE 3.14 (a) Schematic of the shape-memory supercapacitor. (b) Optical images of the
shape-memory supercapacitor. Reproduced with permission. (Lingyang Liu et al. 2016)
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Source: Reproduced with permission. (J. Deng et al. 2015) Copyright 2015, Wiley-VCH.
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The supercapacitors were cast into traditional fabrics to design the smart sleeve,
which was able to learn its shape and self-curl for understanding the heat exertion
and cooling when the human body was too hot. SMPs including polyurethane,
trans-isopolyprene, styrene-butadiene, and polynorbornene copolymers exhibited
lighter weight as compared to the SMAs (J. Deng et al. 2015). Furtheromore, as a
result of the combination of various reversible phase transitions in the polymers,
SMPs are able to remember more than one shape and resume their original structure
as subjected to different stimuli, such as light, magnetic fields, temperature, and
electric currents. Therefore, SMPs are lately implemented in shape-memory su-
percapacitor devices. By coating graphene paper on the PU film, a double-layered
composite film was designed; it exhibited outstanding shape-memory characteristics
in 2012 (Figure 3.14) (Tung et al. 2016). The composite film possessed the cap-
ability to be transformed at 80 °C and ibe restored to its initial shape at ambient
temperature in less than one second, exhibiting excellent shape-recovery capability.
A shape-memory fiber-implemented supercapacitor was designed through sequen-
tially coating thin layers of CNTs, PVA-gel electrolyte, CNTs and PVA gel elec-
trolyte on to a PU fiber in 2015 (Figure 3.14 D-F) (J. Deng et al. 2015). Additional
to its stretchability and flexibility, the supercapacitor was able to be “frozen” and
transformed in various shapes and sizes opted by the user.

3.5.4 ELECTROCHROMIC SUPERCAPACITORS

Electrochromic materials retain the ability to transform into various colors through
insertion/extraction of charge and/or chemical reduction/oxidation. Electrochromic
materials, if implemented as supercapacitor components, would result in super-
capacitor storing energy in combination with accurate sensing of the variations in
the energy showed by their detectable color change. The common electrochromic
materials include conducting polymers, transition metal oxides, and metal organic
frameworks, which can also be implemented as the electrode of the supercapacitors.
Transition metal oxides were the pioneering material to be applied in electro-
chromic electronic devices. Among the various transition metal oxides, oxides of
tungsten form the most general electrochromic materials, where the insertion/ex-
traction of proton will lead to a change of color. The first work related to designing
of electrodes for supercapacitors implementing WO; films on fluorine-doped tin
oxide (FTO) glass wasattempted in 2014. The electrode material exhibited a high
value of specific capacitance of 639.8 F.g™' in combination with excellent elec-
trochromic properties (Figure 3.15) (P. Yang and Mai 2015). The color transfor-
mation went from transparent to deep blue, accompanied by an abrupt minimization
in the optical transmittance from 91.3% to 15.1% at 633 nm from O to 0.6 V (vs
Ag/AgCl).

The electrochromic system that will bring a change in the value of transmittance
in response to incident sunlight can be implemented in wearable electronics and
architecture; the devices will be capable of reversibly transforming their color re-
liably and aptly store energy. In 2018, a nano-generator in combination with an
electrochromic micro-supercapacitor was reported. In the device AgNWs/NiO on
ITO electrodes were implemented as the capacitive material, as well as the
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FIGURE 3.15 (a) Schematic of the electrochromic micro-supercapacitor. (b) Digital pic-
tures of electrochromic micro-supercapacitor and corresponding transmittance plotted with
the wavelength. Reproduced with permission. 66 Copyright 2018, Wiley-VCH. (c) Cross-
sectional scanning electron microscopy image of the WO; thin film.

Source: Reproduced with permission. (P. Yang and Mai 2015) Copyright 2015, Wiley-VCH.

electrochromic material (S. Qin et al. 2018). During the charging/discharging
method, the positive electrodes of the micro-supercapacitor changed to dark color
and got back to its original transparency due to reversible faradaic redox process of
Ni**/Ni** couple (Rui Wang, Yao, and Niu 2020).

3.6 NEW DEVICES AND APPLICATIONS OF SUPERCAPACITOR
3.6.1 BATTERY-SC HyBRID (BSH) DEVICE

Battery-supercapacitor hybrid (BSH) devices consider themselves significant due to
their projected utilization in different smart optoelectronic devices, electrical net-
works, and electric vehicles, etc., with traditional Ni-MH, P-acid, Ni-Cd, Li-ion
batteries (LIBs) in combination with some advanced batteries, including Li-sulfur,
Li-air, Al-ion, and Na-ion other metal-ion-based aqueous batteries. Energy-storage
device fabrication through the combination of an electrode with higher value of
(charge storage ability) Cs in combination with a greater (power delivery) Pq
electrode with a high capacity, termed as battery-supercap hybrid (BSH), projects a
vital method for achieving a system exhibiting the characteristics of both battery
and supercapacitors (F. Zhang et al. 2013).

In Li-ion BSH, the supercapacitor-based electrode materials are mainly
carbon-based materials, including graphene, activated carbon, Carbon Nano
Tube, etc., and the battery material consists of metal oxides, intercalation
compounds, and their composites. Zhang et al. (F. Zhang et al. 2013) fabricated
the EDLC type (positive) electrode and battery type (negative) electrode and
amalgamated them to design a device, which was able to deliver excellent
electrochemical performance corresponding to energy density of 147 Wh kg™
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at power density of 150 W kg™' in combination with good capacitance retention.
A novel supercapacitor/Li-ion battery (SC/BT) technique coined as hybrid en-
ergy storage system (HESS) was attempted by Peng et al. (Lx et al. 2017) to be
applied in electric vehicles (EV) through an ADVISOR simulator. In this
system, the brake-regeneration energy is harnessed from the supercapacitor
package. Limited availability of Li resources has proved to be a challenge to
the researchers to rely on other abundantly available earth metals. Na-ion su-
percapacitors are one such category of devices being investigated, in combina-
tion with high-capacity battery electrode and high-power density-based SC
electrode to result in an energy-storage system having high rate capacity. Lu
et al. (K. Lu et al. 2015) designed a suave Na-ion supercapacitor electrode
implementing Mn hexacyanoferrate acting as the cathode and Fe;O0,/rGO
acting as the anode. The device was tested in aqueous electrolyte with working
potential of 1.8 V, delivering a energy density of 27.9 W h kg™' and a power
density of 2183.5 W kg™' in combination with 82.2% capacitance retention
following 1000 cycles.

3.6.2 ELectrOCHEMICAL FLow Capacitor (EFC)

In electrochemical flow capacitor (EFC), energy storage occurs in double layers
comprising the charge of carbon molecules. In this type of device, a slurry mixture
comprising carbon electrolyte plays the role of an active material responsible for the
storage of charge. EFC comprises a cell casing the external deposits originating
from a reservoir consisting of a mixture of carbon materials and electrolytes. The
uncharged slurry is transported from the stock tanks in the flow cell energizing the
carbon material. Following the loading of the charge, the slurry can be taken in
huge tanks until the time the energy demand increases; as the need increases, there
is setback of the entire process. EFCs can sustain large number of load (charge-
discharge) cycles (Presser et al. 2012). A liquid electrode consisting of HQ/carbon
spheres resulting in a greater capacitance reaching a value of 64 F g~', which is
50% larger as compared to the flowable type electrodes based on carbon material
(Y. Guo et al. 2021).

3.6.3 ALTERNATING CURRENT (AC) LINE-FILTERING SUPERCAPACITORS

A supercapacitor is apt to replace bulky Al-based electrolytic capacitors (AEC),
broadly been applied in the AC line filter, leading to miniaturization of the de-
vice. However, the supercapacitors implemented for this cause exhibit a voltage
window limited to ~20 V. To augment the voltage window, fabrication of ap-
propriate carbon electrodes possessing a suitable pore structure is significant.
Yoo et al. (Y. Yoo et al. 2016) attempted a mesoporous carbon that was graphene
based as a supercapacitor electrode, and the corresponding supercapacitor ex-
hibited a 2.5 V of voltage window with a surface capacitance corresponding
to 560 mF cm™ in combination with rapid frequency response (¢—80°) produced
at 120 Hz. Integration of a small amount CNT leads to enhanced voltage of 40 V.
Rangom et al. (Rangom, Tang, and Nazar 2015) attempted the fabrication of
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self-supporting electrodes comprising of single-walled carbon nano tubes
(SWCNTs). Mesoporous 3D electrodes based on SWCNTSs result in ion transfer
in thick films and lead to improvement in 120 Hz ac line frequency. Wu et al.
(Zhenkun Wu et al. 2015) reported the implementation of high-scale graphene ac
line filters (Qi et al. 2017). In the particular work, the reduced GO (rGO) pos-
sessed metal joints applied as the electrode material and the fabricated device
was tested at the phase angle of —75.4° at 120 Hz, having a time constant of
0.35 ms, an areal capacitance of 316 uF cm™ in combination with 97.2% of Cj
over 10,000 cycles. Kurra et al. (Kurra, Hota, and Alshareef 2015) studied the
PEDOT based micro-supercapacitor operated in 1 M H,SO, at the scan rate of
500 V 57" at the frequencies of 400 Hz at ~—45 ° and obtained 9 mF cm ™ of areal
capacity. The capacitance retention exhibited was 80% following 10,000 cycles,
in combination with a Coulombic efficiencies () of 100% and energy density
of 7.7 mW h cm™.

3.6.4 THERMALLY CHARGEABLE SUPERCAPACITORS

Recent research shows that the thermal energy earlier projected to have less
contribution can be harnessed for power supplies in portable electronics. Energy
conversion obtained through thermoelectric is an apt approach to channelize
waste heat. Nevertheless, the disadvantages include small output working po-
tential, in combination with incapacity to stock energy requiring other compo-
nents. Supercapacitor with the ability of thermal self-charging comprises of the
Seebeck effect, temperature-influencing thermally activated ion diffusion and
electrochemical redox potential. It includes two electrodes kept at two separate
temperatures (Hértel et al. 2015). A new approach to produce large operating
potential in combination with a gradient of temperature, including traditional
thermoelectrics, has been attempted (S. L. Kim, Lin, and Yu 2016). According
to the report, PANI-coated CNT and graphene electrodes arrest polystyrene
sulfonic acid (PSSH) films, in which the electrochemical reactions excited
thermally leads to recharging the supercapacitor without the requirement for an
external energy source. In the presence of a small temperature gradient of 5 K,
the supercapacitor thermal charger generates 38 mV of voltage and charge-
storage capacity of 1200 F m™2. Al-zubaidi et al. (Yaseen et al. 2021) stated the
incidence of thermal induction at the interface of the solid-liquid and the ionic
electrolyte. Further, the research also showed the self-charging in the super-
capacitors at the moment of thermal excitation. Wang et al. (Jianjian Wang et al.
2015) fabricated supercapacitor electrode material by applying phenomenon of
thermal charge to retrieve the wasted energy in supercapacitors following the
method of charging/discharging. Zhao et al. (D. Zhao et al. 2016) implemented
an electrolyte consisting of an asymmetric polymer retrieved from NaOH-treated
polyethylene oxide (PEO-NaOH) to produce stress by implementing thermal
induction in supercapacitor. The electrodes implemented were of Au and multi-
walled carbon nanotubes (MWCNTSs) reinforced on Au and could attain a
thermal voltage of 10 mV K ', charge capacity (area) of 1.03 mF cm™ and
energy density of 1.35 mJ cm™ at the temperature gradient of 4.5 K.
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3.6.5 PIEZOELECTRIC SUPERCAPACITORS

Improving the limit of integration, in combination with minimizing the loss of
energy in circuits of power management, becomes a mandatory component in the
current situation. Generally, a full-wave rectifier is implemented in combination
with the energy-storage device, along with the nanogenerator based on piezo-
electric component, which is expected to diminish the density of integration and
enhance the energy loss. Recently, Xing et al. (Xing et al. 2014) attempted to
fabricate the self-charged supercapacitor by integrating piezoelectric separator
into the Li-ion battery. However, attributed to sluggish charge and abridged span
of the Li-ion battery, supercapacitors have garnered tremendous attention. Song
et al. (R. Song et al. 2015) implemented a PVDF film into supercapacitor as both
separator and current collector. A supercapacitor was fabricated with the help of
PVDF film acting as an anode and a carbon cloth in combination with H,SO4/
PVA electrolyte acting as the cathode. The PVDF piezoelectric film exhibited
a charge storage of 357.6 F m™2, an energy density of 400 mW m 2 and a power
density of 49.67 mW h m™2. Relating to the capability to lead to high perfor-
mance, the choice is presented also based on their physical properties including
pressure, temperature, stress, self-healing property, battery type, size, AC current
type, etc. Ramadoss et al. (Ramadoss et al. 2015) attempted to study a new
material synthesized by integrating the piezoelectric type and the pseudocapaci-
tors for the storage of energy.



4 Supercapacitor Materials

The supercapacitor’s performance depends on various parameters that depend on the
material’s properties. Hence, researchers are devoted to altering and/or optimizing
these properties by designing novel electrode materials either by combining two or
more materials within a single system, doping, or surface functionalization, etc. Some
of the properties and their effect in the capacitive performance are listed below:

Crystallinity: 1t is well known that metal-based compounds like metal oxides, metal
nitrides, and metal sulfides generally are crystalline. An increased level of crys-
tallinity makes a material more rigid and lessens the material’s charge-storage
capacity. For example, with an increase in the value of crystallinity, the specific
capacitance was observed to be reduced as reported by Kim and Popov (H. Kim and
Popov 2003) and shown in Figure 4.1 (a) and (b). The crystallinity of the material
increases with increased annealing temperature, evident by XRD pattern; it has the
opposite effect on the material’s capacitance. This effect could be attributed to
the limited transport of the charges species/electrolyte to the bulk of the crystalline
material (Merlet et al. 2012). The redox materials’ increased crystallinity inhibits
the bulk diffusion within the electrolyte of the material and limits the specific ca-
pacitance contribution, but only from the surface-redox reactions (Y. Liu, Jiang, and
Shao 2020). On the other hand, the amorphous redox materials’ specific capacitance
can be contributed from both the exterior of the electrode as well as bulk interaction
between the electrode and the electrolyte.

Porosity: Specific capacitance is very significantly dependent upon the pore fea-
tures of any electrode material. Pore features also determine the active surface area
and the pore volume of an electrode material (Heimbockel, Hoffmann, and Froba
2019). The electrolyte diffusion and internal conductivity depends on the pore
structures and pore size distribution of the electrode materials. The specific surface
area of the electrode material can be determined through adsorption-desorption
experiments by employing the Brunauer—-Emmett-Teller (BET) analysis of the
obtained isotherms. Further, the Barrett-Joyner-Halenda (BJH) model can be em-
ployed to get particle-size dispersal, as well. The influence of pore-size distribution
on the capacitance of the material has an intriguing effect, and it depends on the
thickness of the double layer, as shown in Figure 4.2 (Heimbockel, Hoffmann, and
Froba 2019). Electrode materials can be categorized as microporous (<2 nm),
mesoporous (2-50 nm), and macroporous (>50-200). Micropores promote the in-
crease in surface area but do not promote the electrolytic ion diffusion. On the other
hand, macropores are not favorable to causing a high surface area, but they favor
ion diffusion. Mesopores can help to promote both ion diffusion and surface area,
but with compromising both to some extent. Hence, to get the best of the pore
features, materials’ hierarchical pore structures are gaining researchers’ attention.
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FIGURE 4.1 (a) XRD pattern as function of annealing temperature from Mn/NiO, and (b) Effect
of annealing temperature/crystallinity on the specific capacitance of Mn/PbO, and Mn/NiO,.

Source: Reprinted with permission from (H. Kim and Popov 2003). Copyright ©2003,
IOP Publishing, Ltd.
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Wettability: This property is another significant aspect that determined the level of
the favorable association (physical or chemical) of the electrolyte with the electrode
active material. The reversible redox reaction in case of the redox active material
crucially depends on the exchange of the charges species and the electron hopping.
The hopping of electrons actually takes place between the OH™ and the H,O sites of
the electrode material. Hence, physically, a chemically bound water to the active
electrode material surface plays a major role in determining the interaction limit of
the electrolyte and the charge propagation.
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Conductivity: The intrinsic conductivity of an electrode material plays a crucial role
in the the electrode material’s resulting total resistance. Doping of the electrode
material is often performed to result in enhanced conductivity. Better conductivity
leads to easy-charge transport within the electrode material, resulting in higher
power density, better reversibility, and higher specific capacitance.

Size of the material: Nanosized particles are known to show better electrochemical
charge-storage properties as compared to the bulk materials. Hence, nanostructured
materials gained a lot of attention due to their promising charge-storage aspect.
Nanostructured materials always provide a large number of active sites for electrode-
electrolyte interactions. Hence, in general, the smaller-sized materials exhibit aug-
mented gravimetric capacitance. The size of the electrode material can effectively be
adjusted by controlling the synthesis path and selecting appropriate precursors.

4.1 POROUS MATERIALS

4.1.1 CARBON MATERIALS

This type of material in various forms is the most popularly used electrode material for
fabricating supercapacitors attributed to high surface area, low cost, abundance, and
well-known production methodology of the electrode. Carbon materials store charge
electrostatically by the formation of an electric double layer at the electrode/electrolyte
interface. Hence, for the carbon materials, the capacitance mainly originates from the
surface area the electrolyte ions access. Significant factors controlling the electro-
chemical characteristics of the carbon-based material are their specific surface area,
pore texture and shape, surface functionality, pore size distribution, and electrical
conductivity (H. Yang et al. 2017; A. P. Singh et al. 2015). High surface area open to
the electrolyte leads to high capability of storing a large amount of charge in the
separated charged double layer at the interface of the electrode and the electrolyte.
Besides the high surface area and porosity, the surface functionalization may also play
an important role in enhancing the capacitance of the material. Certain forms of carbon,
which are popularly studied and used as supercapacitor electrode material, are carbon
aerogels, activated carbon, carbon nanotubes, graphene, carbon nano-onions, etc.

4.1.2 AcTtivatep CarBoN (AC)

AC is the widely applied carbon form for supercapacitor electrode attributed to its
good electrical conductivity, large surface area, and cost effectiveness. AC can be
synthesized either by chemical or physical activation of several kinds of carbo-
naceous materials (e.g., coal, carbon containing biowaste, wood, etc.). The physical
activation takes place by the carbon precursors’ treatment at a large temperature
(700-1200°C) in the presence of oxidizing gases like CO,, steam, and air. Unlike
the physical activation, the chemical activation is performed at a lesser temperature
(400-700°C); implementing activating agents include potassium hydroxide,
sodium hydroxide, phosphoric acid, nitric acid, and zinc chloride (Pandolfo and
Hollenkamp 2006). Zeng et al. showed the effect of nitric acid activation of carbon,
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FIGURE 4.3 (a) SEM image of activated carbon derived from activated carbonaceous
mudstone and lignin-derived carbons (ASLDC) and (b) Effect of activation on the specific
capacitance of the material.

Source: Reprinted with permission from (L. Zeng et al. 2019), Copyright © 2019, Elsevier.

obtained from activated carbonaceous mudstone and lignin-derived carbons
(ASLDC), on specific capacitance, as shown in Figure 4.3 (L. Zeng et al. 2019).

On the basis of the carbon precursors and triggering methods implemented, acti-
vated carbonexhibitsseveral physiochemical properties with high surface areas of
till 3000 m* g~'. Porous-activated carbon synthesized by applying the chemical
or physical activation leads to a broad pore size distribution comprising micropores
(<50 nm) (Saleem et al. 2019). Numerous researchers have assessed the influence
of the pore structure and specific surface area (SSA) and the specific capacitance of the
porous carbon. According to a report, AC with a large SSA value near to 3000 m* g™*
exhibited not very satisfactory specific capacitance value, implying an ineffectiveness
of a large portion of the pores in the charge storage. Hence, for a satisfying perfor-
mance, apart from the SSA, some other features also play a crucial role influencing
the electrochemical performance to a large extent, including the pore size distribution
(Lota et al. 2013; Lufrano and Staiti 2010). In addition, unnecessary activation causes
in high pore volume, in turn causing setbacks including less conductivity and less
density of material. These will in turn result in a loss of energy density and power
capability. Measures have been put to study the impact of various electrolytes on the
charge-storage performance of the activated carbon. It was observed that the charge-
storage capacity of AC is larger in aqueous electrolytes (100 F g~' =300 F g') than in
the organic electrolytes (<150 F g™') (Hasan and Lee 2014).

4.1.3 CARBON NANOTUBES

The discovery of CNTs ushered the path of advancement in the engineering as well
as science of carbon-based materials. The overall resistance of all the components
of a supercapacitor determines its power density. A significant amount of attention
has been dedicated to CNT as supercapacitor electrode material attributed to its
unique pore structure, improved mechanical and thermal stability, along with
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superior electrical properties (Q. Cheng et al. 2011a; Tamilarasan, Mishra, and
Ramaprabhu 2011; C. Du and Pan 2007) CNTs are synthesized by the means of cat-
alytic decomposition of hydrocarbons and precise manipulation of various parameters;
it becomes probable to produce nanostructures in various shapes and also regulate their
crystalline structure (Pandolfo and Hollenkamp 2006). A specific property of carbon
nanotube that makes it different from the other carbon-based electrodes is that in CNTs
the mesopores are interconnected allowing a perpetual distribution of charge, which
brings almost entire accessible surface area to interact with the electrolyte and enhances
the electrochemical response, as shown in Figure 4.4. CNTs have a lesser electro-
chemical series resistance as compared to the activated carbon attributed to the diffu-
sion of the electrolytic ions into the mesoporous network.

CNT can be classified as MWCNTs and SWCNTs, or both are mostly studied as
electrodes for supercapacitors. The high surface area reachable to the electrolyte
and high conductivity renders CNTs to exhibit high specific power. Additionally,
CNTs can act as efficient scaffold for active materials attributed to their open
tubular network and large mechanical resilience. In general, CNT possess less SSA
(<500 m? /g), further leading to reduced energy density than the energy density
offered by the AC. CNTs can be activated chemically with the help of KOH,
leading to augmentation in its specific capacitance. The above procedure can result
in significant augmentation in the surface area of CNT (two to three folds), while
maintaining its nanotubular morphology (Pandolfo and Hollenkamp 2006).

4.1.4 GRAPHENE

Graphene has garnered attention as 2D-layered material for various applications, in-
cluding energy storage, photonics, sensing, water splitting, drug delivery, etc. (Mathew
and Balachandran 2021). Graphene exhibits a one-atom thick 2D-layered structure that
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has arisen as a distinctive carbon material having huge potential as the electrode ma-
terial attributed to its excellent chemical stability, large conductivity, and high surface
area (Shrestha et al. 2020). Recently, it was projected that graphene is applicable as
material for supercapacitors, and the capacitance for this material in independent of the
distribution of pores at solid state, unlike the other carbon materials, including CNTs,
AC, etc. (Karthika, Rajalakshmi, and Dhathathreyan 2012; T. Kim et al. 2013).

Among the various carbon materials applied for the electrode materials in the
electrochemical double-layer capacitors, graphene exhibits larger SSA near to
2630 m? g‘l (T. Kim et al. 2013). If the entire SSA will interact with the electrolyte,
graphene can exhibit a capacitance of 550 F g~' (C. Liu et al. 2010). Another benefit
of implementing graphene as an electrode material is that the main graphene sheet
surfaces are exterior, making them readily available to the ions. Several distinctive
processes presently are being investigated for designing different kinds of graphene,
including micromechanical exfoliation, CVD, unzipping of CNTs, the arch-discharge
method, electrochemical and chemical methods, epitaxial growth, and intercalation
methods in graphite (S. M. Chen et al. 2014). To use the largest intrinsic specific
surface area and surface capacitance associated with the single layer graphene, steps
were taken to limit restacking of the graphene sheets during the synthesis of graphene
and successive procedures for electrode production. These can be guaranteed by
making arched graphene sheets that will refrain from restacking face to face. Energy
density equal to 85.6 Wh kg™ at RT and 136 Wh kg™" at 80°C obtained at a current
density of 1 A g~' were obtained. The energy densities delivered by this material
could be compared to that of battery implemented with Ni metal hydride (C. Liu et al.
2010). There are several processes of producing graphene from graphite. Chemically
modified graphene (CMG) was obtained and tested implementing both aqueous and
organic electrolyte. Capacitances of 99 and 135 F g™', respectively, were delivered by
it (Arico et al. 2010). Graphene is challenged by agglomeration of the layers and
tends back to the formation of graphite. Graphene material implemented in super-
capacitor electrodes can result in a large capacitance of 205 F g™' at the 1 V when
measured in aqueous electrolyte, associated with 28.5 Wh kg™ energy density. These
values are greater than the supercapacitors assembled using carbon-based electrode
material. The experiment was carried out on a single-layered graphene-oxide sheet,
which was reduced by hydrazine at room temperature (RT). Graphene synthesized
using this procedure exhibited little less aggregation as compared to the chemically
modified graphene synthesized by implementing aqueous solution (Pope et al. 2013).
To establish a more effective technique for implementing graphene as an electrode in
supercapacitor, three distinct processes were investigated. The first process involved
thermal exfoliation of graphitic oxide, the second method involved heating nano-
diamond at 1650°C in a He atmosphere, and the third and last method implemented
the decomposition of camphor over nickel nano-particles to obtain graphene. The
largest specific capacitance of 117 F g™ associated with an energy density of
31.9 Wh kg™ were exhibited by the graphene obtained by the thermal exfoliation of
graphitic oxide (Iro, Subramani, and Dash 2016). For high-power applications
of supercapacitor, it’s important to design supercapacitors with large specific
capacitance and rapid charging time obtained at a high current density.
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FIGURE 4.5 (a) SEM image of highly corrugated graphene sheet (HCGS) and (b) com-
parison of CV curves of thermally expanded graphene sheet (TEGS) and HCGS under
20 mV/s scan rate and 6 M KOH aqueous electrolyte solution.

Source: Reproduced with permission from (J. Yan et al. 2012), Copyright © 2012, Elsevier.

Graphene synthesized by modified hummer’s method and tip sonication could
exhibit such high value of specific capacitance and high power. Various charging
current were investigated, including 2.5 A 7', 5 A g™ t0 7.5 A g”'. Even at a large
current of 7.5 A g~' the energy and power density exhibited by the graphene was
58.25 Wh kg™' & 13.12 kW kg™', respectively. This performance was adequate for
their application in electric vehicle (Kakaei, Esrafili, and Ehsani 2019). Exfoliation of
graphene is performed at a high temperature. A new method was implemented and
investigated in which low temperature was applied for the exfoliation of graphene;
this ability was attributed to its unique surface chemistry, which was shown by
graphene exfoliated at low temperature. It also exhibited good energy-storage prop-
erties, and the capacitance exhibited was larger than the graphene exfoliated at high
temperature (Lv et al. 2009). Several methods are being investigated on the possible
way to reduce the problem of restacking and agglomerating graphene. Highly ridged
graphene sheets were procured by thermally reducing the graphite oxide at a large
temperature and then cooling it rapidly by implementing liquid nitrogen. A high
capacitance of 349 F g~' was exhibited by the material by highly corrugated graphene
sheet (HCGS) and shows improved electrochemical performance in comparison with
thermally expanded graphene sheet (TEGS) shown in Figure 4.5 (J. Yan et al. 2012).

4.2 METAL OXIDES

Metal oxides can be considered as another substitute for the materials implemented in
electrode fabrication in supercapacitor since they exhibit large specific capacitance and
small resistance, leading to simpler supercapacitor construction associated with large
energy and power. The popularly implemented metal oxides as supercapacitor electrodes
are ruthenium dioxide (RuQ,), nickel oxide (NiO), iridium oxide (IrO,), manganese
oxide (MnO,), etc. The expense synthesized metal and its compatibility with a milder
electrolyte make these metal oxides a possible attractive substitute (Shafey 2020).
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4.2.1 RutHeNium Oxipe (RuO,)

RuO; in both amorphous and crystalline forms is significant for theoretical as well
as practical purposes, attributed to distinctive combination of properties, including
metallic conductivity, catalytic activities, electrochemical reduction-oxidation
characteristics, large thermal and chemical stability,. and property of field emis-
sion. Equipped with these properties, RuO, becomes apt for various products in-
volving resistors, ferroelectric films, electronics, and integrated circuit designing.
Additionally, recent advances in the fabrication techniques and demand of flexible
electronics led to RuO, flakes growing over flexible Kapton tape via precursor
coating followed by Laser scribing, as shown in Figure 4.6 (K. Brousse et al. 2018).
RuO; is also well-known supercapacitor electrode material storing charge through
redox interaction with the electrolyte (Cuimei Zhao and Zheng 2015). Among the
several metal oxides, those are implemented as the electrode materials are RuO,
NiOy and IrOy etc. RuO, is the most successful metal oxide attributed to various
advantages, including long cycle life, broad potential window, large specific ca-
pacitance, largely reversible oxidation-reduction reaction, along with metallic
conductivity. For application as a supercapacitor electrode, RuO, was produced
electrochemically by implementing an electrodeposition approach. The obtained
electrodes showed excellent cyclic stability delivering specific capacitance of
498 F g™' (Gujar et al. 2007).

4.2.2 Nicker OXIDE

Nickel oxide is one of the very promising electrode materials for application as
electrode material for supercapacitor attributed to its environmental friendliness,
facile synthesis, and cost effectiveness. Among the various advantages for elec-
trochemical strategy are simplicity, reliability, accuracy, cost effectiveness, and
versatility. Using an electrochemical approach, nickel hydroxide can be changed
into nickel oxide. The so-applied method resulted in 1478 F g™" of ultrahigh specific
capacitance when the material was tested in 1 M KOH aqueous electrolyte
(H. Y. Wu and Wang 2012).

substrate

FIGURE 4.6 (a) SEM image of RuO,/substrate interface of KaptonTM/Ti/Au/Ru02 elec-
trode material and (b) demonstration of laser coated RuO, on flexible substrate.

Source: Reprinted with permission from (K. Brousse et al. 2018), Copyright © 2018 Elsevier.
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4.2.3 MANGANESE OXIDE

In recent years, MnO, has garnered huge research interest attributed to its distinct
physical and chemical properties together with a broad range of applications in
catalysis, ion exchange, energy storage, biosensor, and molecular adsorption.
Special attention has been dedicated to MnO, for application as an electrode ma-
terial for supercapacitors due to its low cost, excellent capacitive performance in
aqueous electrolytes, and environmental friendliness (Uke et al. 2017; Iro,
Subramani, and Dash 2016).

4.3 POLYMERS

4.3.1 Pure CONDUCTING POLYMERS

To date, conducting poylmers (CPs) have projected themselves as very promising
materials of pseudocapacitive origin attributed to their distinct characteristics.
Polyaniline (PANI), polypyrrole (PPy), and olythiophene (PTh) are some of the
popular CPs. Supercapacitor electrodes designed with these materials exhibit sev-
eral advantages, including flexibility, good conductivity, facile synthesis, and cost-
effectiveness (Naskar et al. 2021). A substantial quantity of research has been
devoted to the electrochemical property improvement of these CP-based electrodes.
In this section, research progress of pure PANI, PTh, and PPy based supercapacitor
electrodes have been reviewed.

4.3.2 PovryaniLNE (PANI)

PANI can be synthesized by polymerization of the aniline monomer using dif-
ferent approaches. This material exhibits a lot of advantages, including facile
synthesis method, facile doping de-doping related to acid/base chemistry and
environmental stability (A. P. Singh et al. 2015), and has projected itself as one
of the most promising materials suitable for application as a supercapacitor
electrode material. PANI nanostructures’ morphology reflects a significant in-
fluence on their electrochemical performance. Attributed to this development of a
high-efficiency and convenient synthesis approach to synthesize PANI exhibiting
necessary nanostructure is very important. In fact, PANI is also capable of syn-
thesizing facially by chemical or electrochemical polymerization. During the
chemical oxidative polymerizationin aqueous solution, PANI is mostly positioned
as nanofibers (Syarif, Ivandini Tribidasari, and Wibowo 2012). There are several
kinds of polymerization approaches to synthesize PANI nanofibers (Abdolahi
et al. 2012). Interfacial polymerization is relatively cost effective and facile,
making it one of the most common approaches. Sivakkumar et al. (Sivakkumar
et al. 2007) synthesized PANI nanofibers via. interfacial polymerization approach
and evaluated their electrochemical properties through designing a redox super-
capacitor tested in aqueous electrolyte in two-electrode configuration. The so-
fabricated supercapacitor showed a large initial specific capacitance (554 F g~
at 1.0 A g7"). Nevertheless, the cyclic life corresponding to the material was
disappointing, as shown in Figure 4.7.
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FIGURE 4.7 (a) SEM image of PANI nanofibers and (b) Difference of specific capacitance
and coulombic efficiency with respect to number of cycles.

Source: Reprinted with permission from (Sivakkumar et al. 2007), Copyright © 2007, Elsevier.

Li et al. (Hanlu Li et al. 2009) determined the experimental and theoretical specific
capacitance of PANI when tested in 1 M H,SO,. The greatest theoretical specific
capacitance of PANI was obtained to be 2000 F g~' which seemed impressive.
Nevertheless, the experimental value of specific capacitance of this material by
various approaches was much lesser compared to the theoretical value. This reduced
value of the specific capacitance is attributed to contribution to specific capacitance
only by a small amount of PANI. The amount of effective PANI contributing to the
specific capacitance depends on the material conductivity and also the rate of diffu-
sion of the counter-anions. In a nutshell, pristine PANI implemented as an electrode
for supercapacitor application has been investigated significantly, while its electro-
chemical property, specifically the cycling stability, cannot meet the requisite for the
practical applications yet. Deprived cycling stability associated with the super-
capacitor results in the reduction of the specific capacitance rapidly, resulting in a few
initial cycles. As a result, it has been tried to develop various PANI-based composite
with carbon-based materials, metal-based compounds to improve the electrochemical
properties of PANI and its cyclic stability (J. Banerjee et al. 2019).

4.3.3 POLYPYRROLE

Polypyrrole (PPy) is considered among the important CPs due to several ad-
vantages, including facile synthesis, comparatively large charge-storage property,
and improved cycling stability. Yang et al. (Qinghao Yang, Hou, and Huang 2015)
fabricated self-standing films of PPy films using interfacial polymerization in the
presence or absence of surfactant. The films synthesized by implementing the
surfactant created more pores of smaller size or vesicles and exhibited superior
electrochemical performance. For instance, the optimized specific capacitance at-
tained 261 F g™' at 25 mV s~ reserving 75% of its foremost specific capacitance
following 1000 cycles, as shown in Figure 4.8. Li and Yang (M. Li and Yang 2015)
synthesized an underlying PPy flexible film using an approach of chemical oxi-
dation using methylorange-FeCl; as the self-sacrificing reactive template. At the
FeCl; to monomer molar ratio of 0.5, the received film consist of nanotubes 5-6 pm
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FIGURE 4.8 (a) SEM image of self-standing PPy film synthesized with Tween80 surfactant
at 25°C and (b) variation of specific capacitance with cycle life 1 M NaNOs at 25 mV.s™'.

Source: Reprinted with permission from (Qinghao Yang, Hou, and Huang 2015),
Copyright © 2014, John Wiley and Sons.

along with a diameter of about 50-60 nm. The PPy film showed excellent elec-
trochemical performance corresponding to the electrochemical charge-storage ca-
pacity of 576 F g~ at 0.2 A g™' in combination with an initial capacitance retention
of 82% following 1000 cycles at current density of 3 A g~' in 1 M KCI.

Xu et al. (Cao et al. 2018) applied methyl orange (MO) and FeCl; as a template
to synthesize cotton fabrics with good electrical conductivity coated with nanorods
of PPy, implementing an in-situ polymerization approach. The so-manufactured
fabrics were not; when tested as electrodes for supercapacitors, they exhibited
a specific capacitance of 325 F g™ and energy density of 24.7 Wh kg™ at
0.6 mA cm 2. The cyclic stability of the device was also tested, and it was found
that 63% of the initial capacitance value was retained. Rajesh et al. (Rajesh et al.
2016) synthesized a film comprising PPy using dopant phytic acid through the
electro-polymerization method. The maximum specific capacitance obtained for the
film was 343 F g™' at 5 mV s~'. Furthermore, the specific capacitance retention
of the PPy-based electrode was 91% at 10 A g~ following 4000 cycles. Hence,
the synthesis method, dopant, substrate, template, and so on are the significant
features affecting the electrochemical character of PPy-based electrodes. Tuning
these factors, the electrochemical properties of the PPy can be improved. Therefore,
studies on composites of polypyrrole and carbon, polypyrrole and metal based
compounds are continued with an aim to improve the electrochemical performance
and the cyclic stability. The supercapacitor comprising polythiophene-based elec-
trode exhibit a specific capacitance of 260 F g™ at 2.5 mA cm™.

4.3.4 POLYTHIOPHENE

Polythiphene (PTh) and its derivatives have projected themselves as promising
materials for application as electrode materials in supercapacitors. PTh have gar-
nered considerable researcher interest due to large environmental stability, high
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electrical conductivity, and long wavelength absorption (Q. Chen et al. 2019).
Significant research has been devoted to investigate the electrochemical char-
acteristics of supercapacitor electrode comprising pristine PTh (Senthilkumar,
Thenamirtham, and Kalai Selvan 2011). Several synthesis factors have been tuned
to augment the performance of the PTh. Laforgue et al. (Laforgue et al. 1999)
synthesized PTh through a chemical approach, and the active material showed a
large specific capacitance of 40 mAh g~ and exceptional cycle stability where its
capacity was almost the same over 500 cycles. The supercapacitor fabricated with
PTh-based electrode showed a specific capacitance of 260 F ¢! at 2.5 mA cm™.
Ambade et al. (Ambade et al. 2016) fabricated a wire-shaped and flexible all-solid-
state symmetric supercapacitor. In this work, using the electrochemical method,
PTh was deposited on titania (TiO,) wire. The resulting supercapacitor was char-
acterized with a specific capacitance reaching a value of 1357.31 mF g~ along with
good cyclic stability corresponding to the maintenance of 97% of the initial ca-
pacitance at the end of 3000 cycles. Gnanakan et al. (Gnanakan, Rajasekhar, and
Subramania 2009) reported the synthesis of the nanoparticles of pure PTh and the
composite of PTh-tartaric acid nano-particles. In the composite, the tartaric acid
was implemented as a doping agent possessing cationic surfactant-assisted poly-
merization approach. The specific capacitance corresponding to the two different
types of PTh-based nanoparticles viz composite of PTh-tartaric acid and pristine
PTh nano-particles were reported to be 156 and 134 F g', respectively.
Unsubstituted films of PTh were designed by Nejati, implementing an oxidative
CVD approach, and the PTh was then coated on different substrates. Results of the
electrochemical experiment indicated that in comparison with the pristine activated
carbon electrode, the PTh-coated activated carbon showed better electrochemical
properties and improved specific capacitance by 50%. In addition, for the electrodes
the cyclic stability corresponded to the 90% of initial capacitance retention fol-
lowing 5000 cycles. Amorphous PTh thin film was synthesized and reported by
Patil et al. (Patil, Jagadale, and Lokhande 2012) through undertaking consecutive
ionic layer reaction and adsorption approach at ambient temperature. In this
method, the oxidation agent used is FeCl;. The thin-film-based electrode when
tested as supercapacitor could attain a value of 252 F g~' when measured in 0.1 M
LiClOy solution. Chemical bath deposition method was also undertaken to prepare
PTh film and the specific capacitance to obtain for the film 300 F g™ at 5 mV s™' in
the solution of 0.1 M LiClO,/PC (Patil, Patil, and Lokhande 2014). In a nutshell,
various factors influence the electrochemical properties of the PTh active material,
including substrate, synthetic method, morphology of PTh, and so on. Though the
performance of PTh-based supercapacitors has been much improved, they are still
far from the performance requisite for the practical application. Their electro-
chemical performance is much inferior in front of the performance of PANI and
PPy (Alabadi et al. 2016). Although pristine CPs possess several unique char-
acteristics, these are not apt to be implemented as supercapacitor electrode material
attributed to low electronic conductivity and low energy density. For improving
electrochemical performance of the CP-based materials, designing of binary and
ternary composites of CP has been tried. Carbon materials and metal-based com-
pounds have been used as the fillers to improve the performance of CPs.
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4.4 HYBRID MATERIALS

It is well known that transition metal oxides (TMOs) exhibit poor electronic con-
ductivity, reduced specific capacitance, and low stability. The composite synthe-
sized using the carbon material and the TMOs will lead to improvement of the
operation of the associated supercapacitors. Hence, in adding to the metal oxides
and mixed-metal oxides, various composites of metal oxides, together with carbon
material, have also shown a larger surface area as compared to those of the cor-
responding pristine material (Poonam et al. 2019).

One of the most important advantages of CNTs is that surface functionaliza-
tion with materials such as conducting polymers and metal oxides can be per-
formed. Hence, there exists a great deal of inquest devoted to contrasting the
properties of the pristine materials with nanocomposite. For example, the hy-
drothermal method was used to synthesis the composite of MnO,/CNT, and the
electrode implementing the nanocomposite exhibited a larger rate capability and
specific capacitance as compared to pristine MnO, and CNT electrodes.
According to the report, the large specific capacitance exhibited by the synthe-
sized nanocomposite was attributed to large specific surface area of the MnO, and
the large porous structure (F. Liu et al. 2012).

In another work, MnO,/carbon naospheres (CNS) was reported to be synthesized
with very large stability, corresponding to 96.1% of the initial capacitance retention
at 5 A g~'. It was recorded that the augmented specific capacitance and cycling life
of MnO,/CNS were primarily due to the robust coupling in in the middle of the
nanospheres of carbon material and in situ formed sheet arrays of MnO, char-
acterized by large specific surface area (L. Wang et al. 2015). Furthermore, various
hybrid materials including Co;04/graphene (Xiang et al. 2013) Co3;04/CNTs (Shan
and Gao 2007), and Cos;0,4/carbon nanofibers (CNFs) (Abouali et al. 2015) have
been reported to be synthesized, exhibiting very large surface area along with
an augmented conductivity. Besides, an asymmetric supercapacitor machine was
built implementing graphene and MnO,, the cathode was made of the composite
of MnO,-coated/graphene, and the pristine graphene was implemented as the anode.
A capacitance value of 245 F g™ at 1 mA is exhibited by pristine graphene elec-
trodes, while a capacitance of 328 F g™'is shown by the electrode with deposited
MnO, at the same current density (Q. Cheng et al. 2011b).

According to a report, in the designing fabrication of a hybrid electrode for
ASSCs, hybrid NiO/GFnanocomposite was implemented and displayed 1225 F g™
as specific capacitance at 2 A g~'. An asymmetric supercapacitor was designed,
implementing nikel oxide/GF as the cathode and hierarchical porous nitrogen-doped
CNTs (HPNCNTSs) as the anode; the device was tested in KOH as the electrolyte.
This system showed superior electrochemical properties as a result of the estab-
lished synergy among the two electrodes. The designed device exhibited a large
energy density of 32 Wh kg™ at a power density of 700 W kg™ with a 94% of the
initial capacitance was retained after 2000 cycles (Huanwen Wang et al. 2014).

Furthermore, CoNi,Ss/graphene (CNS/GR) nanocomposite was reported to
exhibit a large specific capacitance of 2009 F g™' at 1 A g™' and the specific
capacitance was retained to a value of 7554 F g™' at 4 A g™' following
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FIGURE 4.9 (a) SEM image of V,05-CNT nanocomposite with marked V,0Os nanowires
(VNWs) and CNTs (inset image shows nanocomposite at higher magnification), (b) Digital
image showing free-standing flexible CNT-VNW paper, and (c) Ragone plot of the CNT-VNW
and CNT- (Li)VNW nanocomposite in comparison with other type of energy storage devices.

Source: Reprinted with permission from (Perera et al. 2011), Copyright © 2011, John
Wiley and Sons.

2000 charge/discharge cycles (W. Du et al. 2014). In another study, Perera
et al. (Perera et al. 2011) designed asymmetric supercapacitor in the coin
cell configuration implementing V,0s-CNT as the anode and carbon fiber as
the cathode (shown in Figure 4.9 a, b). The device delivered 5.26 kW kg_l of
power density of and an energy density of around 46.3 Wh kg™' as shown in
Figure 4.9 (c). Apart from this, the designed CNTs/nano carbon sphere (NCS)
coated by MnO, composites exhibited a specific capacitance of 312.5 F g™' at
1 A g”'. Furthermore, this exhibited a capacitance retention of 92.7% following
4000 cycles. The asymmetric supercapacitor design implementing activated
carbon as the negative electrode material and the CNTs/NCS/MnO, composite
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as the positive electrode material showed a large specific capacitance associated
with a steady voltage window of 1.8 V. The energy density displayed was
27.3 Wh kg™! and the power density was 4500 W kg™ (Lin Hu et al. 2012).

Another substitute is the carbon-based composites of RuO, where the content of
the carbon materials and RuQO, including carbon aerosols, AC, graphene and CNTs
will render large charge-storage properties and the composite will also be cost
effective as compared to the devices implementing pristine RuO, based electrodes
(D. Hong and Yim 2018). By the introduction of RuO, into MWCNTs, MWCNT/
RuO, composite was synthesized, and the associated device, when tested in acidic
solution, for various loading of the RuO, filmsexhibited a maximum specific
capacitance of 628 F g7! (J. K. Lee et al. 2006).

As mentioned before, CNTSs can act as a scaffold to the hollow-structured particles.
As an example, one of the leading issues related to the electrodes based on RuO, are
developing cracks in the body of RuO, causing bad cyclic stability. This degradation
of the structure is caused by the developed strain as a result of repetitive
charge—discharge cycles. For mitigating this issue, a core—shell-templated method
was implemented by Wang et al. (P. Wang et al. 2015) for assembling CNT-
scaffolded nanoparticles of hollow-structured RuO, (hRuO,/CNT), where it was
possible to refrain from the crack formation. The so-designed electrode exhibited a
specific capacitance of 655 F g7 at 5 A g'. Guan et al. (Guan et al. 2014) designed
the needle-like Co3;0O4 grown on graphene used as supercapacitor electrode material.
The resultant electrode materials exhibited a specific capacitance of 157 F g™' at
0.1 A g™". In addition, there are many instances where the single-phase materials or
the nanocomposites of Ni,Cos_,S,4 could be designed and exhibited excellent specific
capacitance. For instance, according to a recent report, NiCo,S, nanotubes were
designed by implementing sacrificial templates, which exhibited specific capacitance
of 933 F g_1 (Wan et al. 2013). Ternary NiCo,S, delivers greater redox reactions as a
result of having a larger electronic conductivity as compared to the Ni,Co3_,S4 as
a result of the reduction in the charge transfer resistance. As a consequence, a little
interior resistance (IR) reduction takes place at higher current density. Hence, a larger
power density and a higher rate capability was exhibited by the fabricated device
(Zhi et al. 2013a). Besides, by a simple hydrothermal Ni-Co—Mn, nanoneedles were
designed and the synthesized material showed a specific capacitance of 1400 F g™',
larger energy density, and power density (30 Wh kg™ and 39 kW kg™, respectively),
as compared to Ni—-Co-S electrodes. According to the report, there was no loss of
the initial capacitance till 3000 charge discharge cycles (Xiong et al. 2015).

Carbon-based materials implemented as the supercapacitor electrodes can be
compared based on several parameters, including pore features, surface area, cyclic
stability, and cost. The carbon materials and the composites containing metal oxides
project themselves as strong candidates as electrode materials (Zhi et al. 2013b).
For example, a ternary nanocomposite has been reported to be synthesized im-
plementing the rGO nanospheres and MnO, nanorods, which were grown on the
poly(3, 4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT: PSS). For su-
percapacitor application, the synthesized composite (denoted as MGP) exhibited an
augmented specific capacitance with stable charge-storage capacitance of 100%
following 5000 cycles. The augmented capacitance was a result of association of
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both double-layer and pseudocapacitive mechanisms (Hareesh et al. 2017). In ad-
dition, W. Peng designed composite NiCo,S,4/rGOof nanospheres through hydro-
thermal method. Specific capacitance of 1406 F g~'was exhibited by the resulting
composites in combination with a cyclic stability of 82.36% following 2000 charge/
discharge cycles at 1 A g™'. These values were greater than the values obtained for
pristine NiCo,S, (W. Peng et al. 2020).

In another study, composite of carbon and iron cyclotetraphosphate (Fe,P40,
was implemented as a supercapacitor electrode material. The authors stated that the
phosphorus doping in carbon with porosity and the existence of functional groups in
the carbon derived from phytic acid caused improved redox couple, in turn max-
imizing the pseudocapacitive performance of the composite. The authors have re-
ported that the charge-storage property and the cyclic stability of the resulting
composite is not only influenced by the electrode material but also significantly
influenced by the selection of the electrolyte. Fe,P,O,, composite showed a large
stability when measured in 0.5 M H,SO,. It exhibited a capacitance of 251 F g™*
at 1 A g”' accompanied by a constant capacitance following 9000 cycles (Soni and
Kurungot 2019).

Furthermore, W. Peng designed the composite of NiCo,S4/rGO nanospheres via
hydrothermal approach. The so-obtained composites exhibited a specific capaci-
tance corresponding to a value of 1406 F g~' in combination with the capacitance
retention of 82.36% over 2000 charge/discharge cycles at 1 A g~'. These values
were greater as compared to the pristine NiCo,S, material (W. Peng et al. 2020).

In another study, iron cyclotetraphosphate (Fe,P,0,) has been composited
with carbon was applied as supercapacitor electrode material. According to the
reports, the existence of the functional groups in the phytic acid-derived carbon
and the phosphorus doping in the porous carbon structure were mainly credited to
the increased electrochemical properties of the redox couple. They have stated
that the behavior of charge storage and the stability of the composite are influ-
enced not only by the electrode material choice but also by the selection of the
electrolyte. Fe,P,0;, composite showed a specific capacitance of 251 F g™! at
1 A g”' accompanied by a constant capacitance followed by 9000 cycles (Soni
and Kurungot 2019).

4.4.1 CarBoN-CPs COMPOSITES

Various carbonaceous materials can be combined with conducting polymers to result
into a nanocomposite. For example, the nanocomposite synthesized by combining a
carbonaceous material and conducting polymer can exhibit energy density greater than
pristine carbon and power density greater than the pristine conducting polymer.
Implementing CPs as the anode and activated carbon as the cathode can result in
higher energy density and power density as compared to EDLCs and an improved
cycling stability as compared to pseudocapacitors (S. Banerjee and Kar 2020).
For an example, a composite electrode was reported to be designed via. colloidal
self-assembly approach by implementing graphene-MWCNT-PPY nanofibers
(Forouzandeh, Kumaravel, and Pillai 2020). The self-standing PEDOT-PSS/SWCNTs
composites exhibited a specific capacitance equivalent to 104 F.g™' at 02 A g™', a
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power density of 825 W kg™', and an energy density of 7 Wh kg™'. Additionally, there
was 90% capacitance retention over 1000 cycles (Antiohos et al. 2011). According to
another report, PEDOT/PSS and MWNT composites exhibited 100 F.g™' of specific
capacitance (Frackowiak et al. 2006).

Numerous kinds of electrodes can be designed to implement polyaniline (PANI).
Nevertheless, the reduced rate capability and poor cyclic stability restrict their
applications. In spite of that, materials based on single-phase PANI have been
widely believed as a suitable supercapacitor electrode material. There are several
nanocomposites that can be designed by combining carbon-based materials and
PANI nanostructures showing an improved electrochemical property as compared
to that of the parent materials. The composite material containing PANI and carbon
scaffolds carbon acts as stabilizer with availability in various morphologies (Panbo
Liu et al. 2019). For instance, PANI composite with rGO aerogel was reported to be
synthesized by facile electro-deposition approach where rGO aerogel was deposited
with the PANI arrays. In general, the deprived energy density, cyclic stability, and
rGO aerogels’ flexibility limit its application. The synthesized composite exhibited
a deep network of open pores and high capacitance value credited to the capacitance
originating from PANI and a large electrical conductivity arising from the 3D
aerogel, which is having cross-linked framework (Yu Yang, Xi, et al. 2017). The
specific capacitance of the resultant composite was reported to be 432 F.g™' at
1 A.g™'. The energy density reached a value of 25 Wh.kg™', and a capacitance
retention of 85% was shown at the end of 10,000 charge/discharge cycles (Yu
Yang, Xi, et al. 2017). In another study, a flexible supercapacitor was designed by
implementing composite of etched-carbon fiber cloth and PANI. The material ex-
hibited a capacitance retention of 88% and a specific capacitance reaching a value
of 1035 F.g™" at 1 A.g™") (P. Yu et al. 2013). The one-step in-situ polymerization
approach was undertaken to synthesize the graphene/PANI nanofiber composite,
which exhibited a specific capacitance of 526 F.g™' at 0.2 A.g™" (Mao et al. 2012).
The so-synthesized GNSs/PANI composite exhibited a specific capacitance equal to
532.3 F.g™" at the scan rate of 2 mV.s™'. The composite exhibited the initial ca-
pacitance retention of 99.6% at the scan rate of 50 mV.s™' (Ronghua Wang et al.
2017). In addition, in combination with PANI, a CNT hydrogel was designed; it
showed a specific capacitance of value 680 mF cm™ at the current density of
1 mA.cm™> (S. Zeng et al. 2015). In another study, PANI nanorods in combination
with graphite nano sheets exhibited a specific capacitance of 1665 F.g™' at 1 A.g™!
(Yingzhi Li et al. 2013). Han et al. (Zhe Yang et al. 2010) designed electrodes
implementing composite comprising graphene oxide and the conducting polymer
PEDOT/PSS. When tested in the 1 M H,SO, electrolyte, it exhibited a specific
capacitance of value 108 F g~ along with a specific capacitance retention of 78%
following 1200 charge/discharge cycles. In addition, the asymmetric (PPy/AC) and
symmetric (PPy/PPy) supercapacitor devices were designed implementing
Cladophora algae-derived cellulose binder. The devices exhibited a specific capa-
citance in the range from 0.45 F to 3.8 F (Keskinen et al. 2015). Three separate
composites have also been reported to be synthesized via. in-situ polymerization by
applying CNTs, graphene nano sheets (GNSs), and PANI. The composite of GNSs/
PANI showed a specific capacitance of 1046 F.g~'. The specific capacitance
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corresponding to CNT/PANI and GNSs/CNT/PANI composites were 780 F.g™'
and 1035 F.g™'. The capacitance degradation was 67% for CNT/PANI, 6% for
GNSs/CNT/PANI, and 52% GNSs/PANI over 1000 cycles (J. Yan et al. 2010).
According to another report hydrogen exfoliated GNSs and polyphenylene diamine
showed 248 F.g™' of specific capacitance at 2 A.g”!, and the assembled device
delivered an energy density of 8.6 Wh.kg™' and a power density of 0.5 kW.kg™"
(Jaidev and Ramaprabhu 2012). In another study, graphene-based PVA composites
were reported to exhibit 10 folds augmentation in the Young modulus along with
a tensile strength 150% improved associated with graphene loading of 1.8 vol %
(Xin Zhao et al. 2010). The so-designed composite comprising PEDOT/PSS and
CNTs exhibited a specific capacitance ranging from 85 F.g™! to 150 F.g™" at various
contents of PEDOT/PSS and CNTs. The energy density was reported to be
0.92 Wh.kg™" while the power density differed from 100 W kg™ to 3000 W kg™
(Snook, Kao, and Best 2011).

A hybrid composite comprising of 2D MoS, nanosheets combined with 1D
PANI nanowires were implemented as supercapacitor electrode by Nam et al. (Nam
et al. 2016), as shown in Figure 4.10 (a). The MoS,/PANI hybrid electrode material
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FIGURE 4.10 (a) FESEM image of MoS,/PANI nanocomposite material, (b) CV curve of
pure MoS,, PANI, and MoS,/PANI electrode at 20 mV s~! scan rate in aqueous 1 M Na,SOy,
(c) Nyquist plot from EIS analysis, and (d) Ragone plot of energy density and power density
for the MoS,/PANI electrode.

Source: Reprinted with permission from (Nam et al. 2016), Copyright © 2016, Royal
Society of Chemistry.
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exhibited a capacitance of about 485 F ¢! at 1 mA cm™, which was higher than

pure materials, as can be seen from CV curve in Figure 4.10 (b). The improved
specific capacitance reached a value of 812 F g™' for the composite with MoS, and
PANI in the ratio of 1:2. This improved electrochemical performance was attributed
to the established synergy between 1D PANI and the conductive 2D MoS, nano
sheets exhibiting a high surface area. The Nyquist plot and Ragone plot shown in
Figure 4.10 (c) and (d) confirms the high electrochemical performance character-
istics ofMoS,/PANI hybrid electrode material (Nam et al. 2016).

4.4.2 MEetaL OxiDE AND CONDUCTING POLYMER-BASED COMPOSITES

The metal oxide (MO) and conducting polymer (CP) based composites (MOs/CPs)
are another class of composites with extremely promising electrochemical perfor-
mance; they can be implemented as electrode material for supercapacitor applica-
tion resulting from the established synergy between the parent materials (Xie and
Wei 2014). The cyclic stability, specific capacitance, and the rate capability can be
effectively improved as compared to the electrode material comprising pristine CPs
and pristine MOs for electrodes, by creating the composites of CPs with MOs
causing improved conductivity of the electrodes. For example, the MoOj3 coated by
PPy was reported to be designed via. an in-situ polymerization approach, which
exhibited specific capacitance of 110 F g™' at 100 m A g~'. The energy density
obtained was 20 Wh kg™' corresponding to a power density of 75 W kg
Asymmetric supercapacitor devices assembled implementing PPy/MoO3; composite
as the positive electrode and AC as the negative electrode when tested in 0.5 M
K,SO, aqueous electrolyte exhibited an energy density of 12 Wh kg™' at Power
density of 3 kW kg™ (Yu Liu et al. 2013).

The nanocomposite of PANI/MnO, was synthesized by the exchange reaction
between MnO, and n-octadecyltrimethylammonium-intercalated and PANI in
N-methyl-2-pyrrolidone solvent (X. Zhang et al. 2007). The Fourier transform in-
frared spectroscopy results revealed the interactions that developed within the in-
tercalated PANI and the MnO, layers. Even after the intercalation into the MnO,
layers, PANI exhibited considerably good electrical conductivity. The composite
was characterized with a specific capacitance of 330 F g" at 1 A g”'. The improved
specific capacitance in the composite is due to developed synergistic effect between
MnO, and PANI. The initial specific capacitance retention was 94% of the fol-
lowing 1000 charge/discharge cycles. The composite of MOs-CPs could be im-
plemented widely as non-flexible and flexible planar SCs electrode material to
optimize various parameters, including the energy density, capacitance, and power
density. For instance, Raj et al. (Raj, Ragupathy, and Mohan 2015) fabricated
(cobalt oxide-conducting polyindole) Co3;04-PIND, and applied that as an electrode
material in a non-flexible supercapacitor. The supercapacitor fabricated by im-
plementing a system of free-binder exhibiting a specific capacitance of 1805 F g™!
at 2 A g”'. Several composite-based electrode materials, comprising carbon-based
material, metal oxides, and conducting polymers, where the best electrochemical
property exhibited has been exhibited by the ternary composite as compared to
those of parent components (Forouzandeh, Kumaravel, and Pillai 2020).
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4.5 FUTURE MATERIALS

Pseudocapacitors are generally known to implement fast and highly reversible
redox interactions with the electrolyte at the interphase of the electrode and the
electrolyte. The large (as compared to the supercapacitors based on EDL me-
chanism) specific capacitance of faradaic electrodes garners much attention of the
researchers working in the field of energy-storage materials. Several new mate-
rials have been discovered and investigated for checking the aptness of a su-
percapacitor electrode material. For instance, Yafei et al. synthesized two
different electrode materials by simple hydrothermal procedure: nanoclusters of
zinc—cobalt oxide and sulfide hybrid (ZCOSH) and drew their comparison with
binary oxide nanosheets zinc—cobalt (ZCO NSs). Nanoclusters of ZCOSH were
designed by fabricating a Ni foam, activated carbon electrodes, and an NKK
MPF30AC 100 membrane as a separator. The specific capacitance was de-
termined to be 2176.7 F g~' for ZCOSH nanoclusters and 367.2 F g™' for the
ZCO NSs (Najib and Erdem 2019).



5 Macro Supercapacitor

5.1 FLEXIBLE SUPERCAPACITORS (FSCS)

Flexible electronic gadgets are widely applied for daily life requirements, various
industrial production uses, and application in aerospace, medicine, military, en-
vironmental monitoring, etc. These require perpetual supply of power. Fiber-like
flexible supercapacitors (FSCs), also termed as wire-shaped FSCs, are efficient
energy providers for the aforementioned applications (Xianfu Wang et al. 2014).
Apart from acting as an energy source for micro-electronics, fiber-like FSCs
also prove suitable for application in the field of smart clothes (Xianfu Wang
et al. 2014). Based on current established weaving knowledge, yarns with apt
mechanical strength and flexibility may be fabricated into different clothes with
ease (Xianfu Wang et al. 2014).

As shown in Figure 5.1(a), there can be two kinds of structures associated with
the fiber-like FSCs. The first type of structure is obtained from fiber-like flexible
electrodes (FEs) enfolded around each other, and the second type of structure is
associated with a coaxial structure. In between the electrodes generally exist a
separator and an electrolyte in an FSC. A separator is a must in case of a liquid
electrolyte; however, for solid gel, an electrolyte separator is not necessary. In the
second case, the electrolyte itself plays the role of a separator and stops the short
circuit (C. Choi et al. 2014). Solid gel electrolytes are readily available and very
safe to implement, more so than the liquid electrolytes in FSCs because the liquid
electrolyte is challenged by the risk of leakage of the electrolyte. Fiber-like FEs
possess significant flexibility and exhibit good electrochemical properties. The
characteristics of large flexibility needs FEs with fiber-like properties to show a
flexible mechanically and strong fibrous structural scaffold, while the electro-
chemical properties of the FEs are due to implementation of electrochemically
active materials (C. Choi et al. 2014). For example, flexible fiber scaffolds are
covered with electrochemical active materials to design FEs, as illustrated in
Figure 5.1 (b). There are various types of alternate fibrous structural scaffolds and
electrochemically active materials, such as activated carbon, carbon nanotubes,
nanosheets of graphene, MnO,_ and polyaniline, etc. In addition, several complex
methods have been implemented directly to attain the process of coating, in-
cluding electrodeposition, chemical reaction “dipping and drying,” and so on
(P. Yang et al. 2014). However, note that in case of the FEs, as shown in
Figure 5.1(b), the volume or/and weight fraction associated with the fibrous
structural supports is often much larger compared to electrochemically active
materials. Negative effect is imparted as a result of this situation on the specific
capacitance and the associated electrochemical peerfotmance of FEs with fiber-
like properties (Dong, Xu, Li, Wu, et al. 2016).
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FIGURE 5.1 Schematics of different fiber-like FSCs (a) and FEs (b)—(d) (Dong, Xu, Li,
Huang, et al. 2016).

Obviously, for improving the electrochemical characteristics of FEs, it is better
to minimize the implementation of materials not exhibiting electrochemical prop-
erties. It is significant to develop proper fibrous materials that can function as the
structural support and also exhibit electrochemical activity (Figure 5.1 (c)).
Furthermore, current collectors form the other important part of a supercapacitor.
As shown in Figure 5.1 (d), largely conductive metal wires/meshes (e.g., Pt wire)
are mostly implemented in fiber-like FSCs warped with FEs as current collectors
(Foroughi et al. 2014). However, with exception, the requirement for the current
collector is eliminated in case the electrical conductivity of the electrochemically
active material is meaningfully good (C. Choi et al. 2014). To further study the
above concept, representative researches employing FSCs along with fiber-like
FEs are discussed.

5.1.1 FEs/FSCs witH PLAsTiC FIBER SCAFFOLD

Inexpensive, mechanically robust and flexible plastic fibers are possible to be applied
as fibrous structural scaffold in FEs with fiber-like properties. In accordance with a
report by Fu et al., plastic fiber was covered through a method of dipping used with
commercial pen ink (Y. Fu et al. 2012). The solid part existing in the pen’s ink, as
shown in Figure 5.2 (a), was basically graphite carbon nanoparticles. The nano-
particles from the pen ink resulted in a uniform film on the plastic fiber (Figure 5.2
(b)). Besides having high electrical conductivity, they acted as electrochemically
active materials in FEs and also acted as current collector. Beforehand, Au film was
grown on the plastic fiber surface. The assembled FSC implementing plastic fiber
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FIGURE 5.2 SEM image of the electrochemically active materials (a) and fiber electrode
made of plastic (b); schematic of structure (c) and digital picture (d) of symmetric FSCs with
fiber like properties.

Source: Adapted from (Y. Fu et al. 2012) with permission from Wiley-VCH.

electrodes/pen ink (Figure 5.2 (c¢) and (d)) exhibited a capacitance, energy
density, and power density of 19.5 mF/cm?, 2.7 mW.h.cm™ and 9070 mW.cm™,
respectively. The FSC exhibited good flexibility and cyclic life. It was observed that
the absence of any decay of the initial capacitance following 15,000 cycles tested
through cyclic voltammetry measurements. Furthermore, with bending the FSC from
0° to 180° and 360°, only a very small reduction in the capacitance value was noted.
Furthermore, it is noteworthy that in addition to the use of PVA/H,SO, gel electro-
lyte, for maintaining a gap between the two electrodes, implementation of a wire
(Figure 5.2 (c)) was designed to refrain from the direct contact between two fiber-
like electrodes.

5.1.2 NATUrAL FiBER SurPORTED FEs/FSCs

Yarn made up of cotton, linen, and bamboo, etc., exhibits similar diameter and
a geometric structure of the yarn bundle: each yarn possesses several individual mono
filaments with diameter around 10 nm. Meanwhile, attributed to the flexibility of the
above yarns and their robustness, they can be implemented as scaffolds for the fibrous
structures in the fiber-like FEs (Jost et al. 2015). Unlike the largely conducting
carbon-fiber (CF) bundles, these yarns generally are insulating in character.
Therefore, it is requisite to implement conductive fillers such as CNTs, graphene
nanosheets, and activated carbon particles for fabricating yarn-based fiber-like FEs.

5.1.3 FEs/FSCs ScarroLDeD BY CNT YARN

CNT yarns, graphene nanosheet (GN) fibers, and GN/CNT hybrid fibers exhibit
multiple advantages, including large electrical conductivity, mechanical strength,
lightweightness, and relatively large specific surface area (Meng et al. 2013).
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Besides, GN and CNTs exhibit electrochemical performances by themselves.
Hence, it is appropriate to keep in place CNT yarns, GN fibers, or their hybrid to
design FEs with fiber-like properties and FSCs. By winding CNT films, CNT yarns
are normally fabricated through CVD method (C. Choi et al. 2014). Smithyman
et al. applied CNT yarns as FEs with fiber-like properties (Smithyman and Liang
2014) and demonstrated that the capacitance came around only 20 F.g™' at
50 mV.s™'. An assembly is created from a coaxial fiber-like FSC having CNT yarns
as the inner electrode and an outer electrode of CNT film. Some other value of
capacitance is reported in other works using CNT yarns, including SWNTs and
MWNTs; however, overall, the capacitances obtained for CNT yarns are not good
enough (Y. Huang, Hu, et al. 2015). Actually, the so-produced yarns made from
CNTs are relatively unsuitable for ion diffusion, specifically in solid gel electrolytes
(Foroughi et al. 2014). This is a significant reason detracting from the obtained
electrochemical capacitance associated with the CNT yarn electrodes. In addition,
partial elimination of the catalysts and lack of a surface-activation procedure also
affect negatively the electrochemical performance (Smithyman and Liang 2014).
Though CNT yarns are possible to be implemented in FEs with fiber-like properties,
but these are unable to provide large electrochemical capacities. Hence, it is still
required to implement electrochemically active materials into the CNT yarns for
producing composite yarn electrodes with high performance.

5.1.4 Paper-Like FEs aAND FSCs

Paper-like FSCs, also termed as planar FSCs, are implemented as electronic screens
associated with digital cameras, foldable mobile phones, and laptops. These are
integrated along with a current collector, paper-like FEs, a flexible packing shell,
and a separator (S. Y. Lee et al. 2013). In spite of the newer concept regarding FSCs
with paper-like features, paper-like FEs have been in the market for a long time. For
instance, for powder-like electrochemically active materials, they are usually cov-
ered on a metal foil, including flexible Cu foil, Al foil, or Ni foil, for electro-
chemical measurements. From a particular perspective, in this moment, metal foil
covered with the active-material is taken as a paper-like FE. According to the
implementation of substrate, the reported paper-like FEs are classified into two
families, freestanding FEs and flexible substrate scaffolded FEs. In case of the free-
standing FEs, there is the presence of robust network structures. Penetration of the
electrolyte into the inner layers of the electrode depends on the pores defined by
network skeletons. Normally speaking, metal oxide/hydroxide particles are very
fragile and cannot be cast into flexible self-standing networks; furthermore, as the
particles own branch-like or wire-like morphology, which can be synthesized
successfully, such materials are rarely reported. CNFs and CNTs display a high
ratio of length-to-diameter, adequate flexibility, large mechanical strength, and
significantly high electrical conductivity (X. Yan et al. 2011). As a result, flexible,
free-standing, and conductive carbon films are found, which can be straight away
applied as paper-like FEs, even though their electrochemical performance depends
on several factors, inclusive of their specific surface area and electrical con-
ductivity. The electrochemical charge-storage capabilities of the paper-like FEs will
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additionally enhance the incorporation of some other electrochemically active
materials, including electrically conducting polymers and metal oxides/hydroxides.
Graphene nanosheet in combination with electrically conducting polymers ex-
hibiting long chain structures is also possible for fabrication into free-standing film
FEs (Dikin et al. 2007). It is ostensible that self-supporting FEs refrain from the
requirement of extra substrates and/or current collectors when assembled into FSCs
with paper-like features, largely reducing the mass of electrodes and hence super-
capacitors. However, for some different electrode materials, such as spherical AC
particles, and metal oxides/hydroxides assembling them into freestanding FEs
becomes very difficult. Attributed to this, paper-like FEs are mostly fabricated
with the help of electrochemically active material deposition on suitable flexible
substrates (S. Chen et al. 2010).

5.1.5 3D Porous FEs AND CORRESPONDING FSCs

Several fiber-like and paper-like FSCs exhibit excellent energy densities, power
densities, and gravimetric capacitances. They are suitable for application in micro-
electronic devices. However, they are very tough to familiarize for large-scale
equipment, which will require large energy over a short time (Zhai et al. 2015), and
the power of a paper-like FSC or a single fiber-like FSC is very small. Interlacing
different fiber-like FSCs in one big textile supercapacitor can aid reaching high-
energy density (Meng et al. 2013), but this still is challenged by various drawbacks
that must be mitigated. The glitches include fabrication of a robust enough, long
enough, and cost effective fiber-like FSCs for implementation for the braiding
method. Similarly, the outstanding properties of paper-like FEs is always influenced
by the electrode materials’ narrowness, which results in less areal energy density.
However, improving the thickness of the electrode material will severely damage
the gravimetric capacitances of electrodes/supercapacitors (Shah, Zhang, and
Talapatra 2009). In addition, a few excellent-performance paper-like and fiber-like
FSCs are reported, which were synthesized by implementing costly raw materials
and/or complex fabrication methods, highly hindering their applications in real life.
For fabricating supercapacitors with large energy output, porous and broad elec-
trodes (3D electrodes) developed (Jost, Dion, and Gogotsi 2014). Each porous 3D
electrode consists of a porous framework and an electrochemically active filler. For
3D porous electrodes with flexibility, comprising of aerogel electrodes, flexible
fabric electrodes, and electrodes like sponge, and so on, the host materials are broad
(~100 micrometers), porous, and flexible. These properties are helpful in these
ways: (1) creating a good flexibility accompanying the 3D porous electrodes;
(2) creating space for the addition of a high loading quantity of fillers comprising
electrochemically active material in main materials, rendering it possible to syn-
thesize high-energy electrodes; and (3) promoting fast transportation of ions in the
interior of the electrodes and hence preferring a large power density. It is evident
that the body material will mainly function as a flexible frame scaffold, and the
electrochemically active material filler is responsible for delivering the electro-
chemical capacity. However, in a few cases, the two parts, particularly the former
ones, can also act as other materials in 3D porous FEs.
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FIGURE 5.3 (a) SEM (b) and digital pictures images (c) and (d) of stretchable flexible
electrodes; fabrication (e) and photo (f) of stretchable fabric supercapacitors.

Source: Reproduced from ref. (Liangbing Hu et al. 2010) with permission from the
American Chemical Society.

5.1.6 TextiLe FEs aAND FSCs

Textiles are illustrative body of resources applied in 3D porous FEs. Polyester
microfiber twill, carbon foam fabrics, and cotton cloth, etc., have been applied as
such textiles (Jost, Dion, and Gogotsi 2014). These textiles possess a similar pre-
paration method and structure (textile technology) like the mostly used materials
for clothing. Hence, textile FEs/FSCs can be considered for construction of smart
garments (Jost, Dion, and Gogotsi 2014).

Hu et al. reported the designing of stretchable textile-based electrodes by the
integration of SWNTs into cotton cloth (Figure 5.3 (a)—(f)) (Liangbing Hu et al.
2010). The SWNTs powerfully got stuck to the cotton fibers in textiles, hence
limiting their reduction in the stretching and folding of the textiles (Figure 5.3 (d)).
The body material of textiles fabricated out of the cotton cloth exhibited electrically
insulating properties and hence refrained from exhibiting any electrochemical ac-
tivities. But due to its thickness and porous structure, it was able to house a
large amount of electrochemically active SWNTs loading. This resulted in a im-
proved electrical conductivity for the textile electrodes and an areal capacitance
(048 F cm_z) of the supercapacitors based on the electrodes (Figure 5.3 (e)). Apart
from the electrochemical performances, the textile supercapacitors remained almost
the same following stretching, as shown in Figure 5.3 (f).

5.2 OPTICALLY ACTIVE SUPERCAPACITOR

An optically active supercapacitor or photo-supercapacitor is a combination of an
energy-storage device consisting of a dye-sensitized solar cell (DSSC), acting as the
primary electron contributor attributed to the excitation of the electrons related to
the dye and the semiconductor conduction band, and a supercapacitor as the elec-
tron storage sink. The DSSC is associated with a significant thickness of metal
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oxide, which is photoactive on a photoanode substrate; it is a transparent, redox
electrolyte, and a counter electrode (Y. Qin and Peng 2012). The commonly im-
plemented parts in a DSSC are titanium dioxide (TiO,), ITO as a transparent
substrate, and Pt and as a counter electrode (Pratiwi et al. 2019). On the other hand,
a sandwich-like SC consist of stacked current collectors having electrolyte also
playing the role of a separator. Both the devices are composed of the same counter
electrode to complete the circuit. A photo-supercapacitor is created to use the re-
newable and easily available solar energy resource to create a hike in the light-to-
electrical energy conversion. A DSSC plays the role of an contributor of electron in
light’s presence when photons encounter the dye molecules. As the dye is illumi-
nated through the radiation of an equal or greater wavelength than the activation
energy of the electrons, a transfer of the electrons belonging to the dye from the
valence band highest occupied molecular orbital to the lowest unoccupied mole-
cular orbital belonging to the metal oxide surfaces; it is photoactive, inducing an
electron pathway to the supercapacitor reservoir from the DSSC compartments, as
shown in Figure 5.4.

The electrons created through the excitation of photons are incorporated into the
conduction band belonging to the ITO (~4.7 eV). (Mane et al. 2009). The buildup of
holes results in an atmosphere accompanied with significant electron affinity at the
sensitizer/electrolyte interface. The I’ redox ions diffusing across the DSSC
electrolyte-dye vicinity maintain the photogenerated electron circulation (Uono
et al. 2006). Electrons are transported for dye regeneration from the redox elec-
trolyte in the reduced form to compensate the affinity sites (Snaith et al. 2007). At
the same time, there occurs transfer of electrons from the counter electrode to
provide charge for the vacant sites within the electrolyte (Snaith et al. 2007).

In the case of a photo-supercapacitor, the irradiated electrons are transported
from the DSSC over an external circuit and accumulate in the supercapacitor. The
discharging and charging of a photo-supercapacitor occurs according to the
working principles of an individual supercapacitor, with the only difference that
there occurs the utilization of solar energy to initiate the photoelectron generation
in place of electrical energy provided by any power source. Photogenerated
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electrons accumulate in the common counter electrode, which can produce
electricity in the absence of light. Nevertheless, the rejoining of redox species or
dye molecules and the electrons at the interface of sensitizer and electrolyte is
inevitable (Park, Frank, and Korea 2003), leading to a cutoff in the conversion
efficiency from light to- electrical energy.

An photo-supercapacitor device is coordinated with a three-electrode device,
containing a DSSC photoanode, counter electrode that is shared and a current
collector of the supercapacitor in contact with electrolytes. In 2010, a work on
PEDOT conducting polymer implemented as electrode in photo-supercapacitor
exhibited a smaller internal resistance estimated to be 160 U (Murakami,
Kawashima, and Miyasaka 2005). This advantage was attributed to PEDOT, which
produced a larger surface area and larger conductivity as compared to the further
conducting polymers. The specific capacitance of the photo-supercapacitor was
obtained to be 0.52 F.cm™ and the DSSC based on plastic exhibited an efficiency
reaching a value of 4.37% (H. W. Chen et al. 2010). In the same year, another
photo-supercapacitor based on conducting polymer film was made up from poly
(3,3-diethyl-3,4- dihydro-2H-thieno-[3,4-b][1,4]dioxepine) (PProDOT-Et2) for
storage of energy and an N3 dye-TiO, DSSC for energy-conversion devices,
showing an efficiency of energy storage reaching a value of 0.6% (Hsu et al. 2010).
In 2013, a single crystal ZnO (hydrogenated) doped MnO, nanoscale-based flexible
supercapacitor showing a specific capacitance of 1261 F g~' related with in-
ductively coupled plasma atomic emission spectroscopy as the MnO, loading
reached a value of 0.11 mg cm™. In 2014, a photon-to-electrical conversion of
1.64%, and the greatest value of storage efficiency could be attained by a photo-
supercapacitor associated with nanotube arrays of bipolar anodic titanium oxide
with selective hydrogen plasma treatment on supercapacitor sub-device. This device
exhibited a highest energy-storage efficiency of 51.06% and outstanding cyclic
stability associated with discharge areal capacitance (1.289 mF cm™) of 96.5%
following 100 cycles at 0.1 mA cm™ (J. Xu et al. 2014). An integrated DSSC-
comprising of asymmetric Ni(Co)O,/AC supercapacitor (photo-supercapacitor)
reported to exhibit a 46 F g~ of specific capacitance for a single supercapacitor
device. For the individual electrodes, in cyclic voltammogram redox, peaks were
seen originating from Ni(Co)Oy electrode, representative of the energy storage in
the electrolyte/electrode interface ascribed to the redox transition. However, a re-
duction of 14 F g™! capacitance of the asymmetric supercapacitor was obtained in
combination with the DSSC, resulting in a capacitance of 32 F g~' and an efficiency
of 0.6%. (Bagheri et al. 2014).



6 Planar Micro-
Supercapacitor

6.1 DIFFERENCES IN MACRO-SUPERCAPACITOR AND
PLANAR MICRO-SUPERCAPACITORS

The structures of macro-supercapacitor usually comprise planar interdigitated and
sandwich-shaped structures, as shown in Figure 6.1(a). This type of difference
is also applicable for description of the micro-supercapacitors. In a sandwich-type
supercapacitor, the electrolyte lies in between (sandwiched) the two electrodes.
At present, the widely developed configuration in case of the macro-
supercapacitors is this sandwiched design attributed to its simple design, cost-
effectiveness, and possibility to scale up. However, in supercapacitors configured
in a sandwich-like fashion, the current passes at 90° to the plane of the device,
including electrodes and the electrolyte, as shown at the top of Figure 6.1(b)
(J. J. Yoo et al. 2011). The huge resistance coming from the interfaces between
the components of the supercapacitor and the large paths for the ion diffusion
generally reduced the specific capacitance and power density. Moreover, un-
wanted dislocation occurring in between layers of the sandwiched supercapacitor
is very common, especially when these supercapacitors are bent, making them
unsuitable for flexible electronics. On the other hand, planar supercapacitors
exhibit various advantages as compared to the sandwiched macro-supercapacitor
attributed to their exceptional interdigitated configurations of the electrode
(J.J. Yoo et al. 2011; El-Kady and Kaner 2013). To explain, the little interspaces
formed in the gap between the interdigitated electrodes lead to reduction in the
possibility of electrical short-circuiting and subsequent reduction in the resistance
corresponding to transport associated with the electrolytic ions. This improves the
electrochemical performance at the electrode—electrolyte interfaces. On the other
hand, supercapacitor with the planar configuration are known to reduce the dis-
placement occurring between various layers as is generally observed in the case
of the supercapacitors with sandwiched architecture. Planar supercapacitors hence
have the advantage of improved mechanical flexibility, significant for application
in the field of flexible and portable electronics. Furthermore, there can be sub-
stantial improvement in the electrochemical performance at the electrode-
electrolyte interspaces as a result of it being interdigitated. This is particularly
important for supercapacitors having electrodes made up of 2D materials pos-
sessing a thin-film structure along with a planar morphology. This is attributed to
the fact that for interdigitated design, it is possible for the electrolytic ions to get
transported through the flat electrode surfaces associated with the electrodes
based on 2D material bearing a smaller diffusion distance, as has been illustrated
in the bottom part of Figure 6.1(b).
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FIGURE 6.1 (a) Sandwich-type (top) and planar SCs (bottom).

Source: Reprinted from ref. (J. J. Yoo et al. 2011) with permission from American
Chemical Society, copyright 2011.

It is noteworthy that even though interdigital fabrication is widely im-
plemented in micro-supercapacitors, other different designs, including spiral-
shaped electrodes, can result in larger energy/power delivery (X. Tian et al.
2015). It is expected that more advanced electrode designs will prevail in the
future given the multipurpose patterning ability of printing. Lastly, for printed
supercapacitors, the context of a sandwiched configuration is ineffective as it is
not very easy to grow a layer of electrode on a liquid or gel electrolyte. Unlike
this method, planar-micro supercapacitors project themselves as a promising
technology that can be integrated in a facile way onto the microelectronic devices
contained on-chip attributed to their in-plane design and their small sizes. Thus,
this is very interesting and also of a great challenge to design interdigitated
electrode structures for application in high-performance micro supercapacitors.
Till now, various processes have been implemented, such as vacuum vapor de-
position, photolithography, and laser scribing (X. Tian et al. 2015; R. Ye, James,
and Tour 2018). Nevertheless, the involved processes are not very straightfor-
ward, are expensive, and can’t be scaled up. In contrast, printing methods come
with large patterning ability and compatibility with roll-to-roll and solution-based
methods, thus paving effective and feasible manufacturing methods for the cost-
effective and scaled-up production of micro supercapacitors possessing inter-
digitated electrode design. For instance, a printable and scalable approach has
been developed to fabricate interdigitated electrodes comprising hierarchical
nano-coral structure for application in flexible microsupercapacitors (Y. Lin, Gao,
and Fan 2017). Interestingly, as a result of the implementation of the inkjet-
printing approach, outstanding adaptability in precisely and artistically fabri-
cating the patterns could be achieved. It was discovered that the specific capa-
citance (areal) associated with the micro-supercapacitors could be consequently
improved along with the decrease in the interspace existing in-between the
two neighboring electrodes. All solid-state flexible micro supercapacitors that
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were inkjet-printed associated with nano-coral structures could attain large
areal capacitances of 52.9 mF cm 2. According to other reports, high-area
macro-supercapacitors were designed acting as units of energy-storage adapted
into a wearable self-power-driven system. This exhibited the high scalability
related to the particular printing approach. Printing approaches including screen
printing and 3D printing result in easy fabrication of broader electrodes; hence, it
is possible to build 3D supercapacitors having higher energy density and areal
capacitance as compared to those of 2D thin-film based supercapacitors having
the similar footprint area. The 3D structure is responsible for exposing the ex-
ternal shells of the electrodes into the electrolyte in all the three dimensions,
easing/augmenting the charge-storage approach, causing higher active surface
area as well as enhanced utilization of the active mass. Furthermore, the current
collector associated with a porous structure expanding in three dimensions might
also cause lesser resistance and hence augmented electrochemical performances.
The thick electrodes (> 5 mm) associated with 3D supercapacitors may result in
the lowering the power density; nevertheless, the significantly enhanced energy
density is normally of greater importance to 3D supercapacitors for application
in energy-storage devices. Furthermore, broad but porous electrodes show sig-
nificant promise of realizing simultaneous increase in the power as well as energy
densities. Other than augmenting the energy density and the areal capacitance, the
3D structure proves to be promising in endowing supercapacitors with different
functionalities. According to an example, Lv et al. attempted the designing of
a stretchable 3D supercapacitor proved to be inspiring using a honeycomb
lantern (Y. Lin, Gao, and Fan 2017). The supercapacitor is associated with
honeycomb composite electrodes, which are expandable and the ion transport
paths are independent of the device-thickness. The 3D supercapacitor exhibits
almost 60 folds larger capacitance corresponding to a value of 7.34 F cm™ as
compared to its 2D counterpart (120 mF cm™2). Furthermore, the structure ex-
panding in 3D can significantly enhance the stretchability of the supercapacitor
enabling customizable shapes, facile integrability of the supercapacitor with
wearable/stretchable electronics. Supercapacitors are also generally classified as
asymmetric and symmetrical supercapacitors based on the similarity or difference
in the composition of the two electrodes. In the case of the symmetrical super-
capacitors, both the electrodes consist of similar kind of material with same mass
loading either material of electric double-layer origin or pseudocapacitance
origin. Asymmetric supercapacitors are the ones where the two electrodes are
made up of different materials. Hence, asymmetric supercapacitors exhibit the
potential of being associated with large power and energy densities synchro-
nously. These also exhibit good cycling stability together with broad operating
potential windows. The significant diverse advantage of approaches involving
printing approaches is that different materials can simply be deposited having
various mass loadings/thicknesses on substrate. This promises for the fabrication
of asymmetric supercapacitors having the face of optimization of the two elec-
trodes. According to a report, the pioneering work implements inkjet printing to
design asymmetric supercapacitors grown on a flexible polyethylene terephthalate
substrate (Dinh et al. 2014). According to the report, flexible all-solid-state



96 Micro to Quantum Supercapacitor Devices

asymmetric supercapacitor implementing graphene nanosheets and nanocrystal
whiskers of lamellar K,Cos(P;,05),.2H,O were effectively fabricated through
the method of inkjet printing. The micro-devices assembled showed a volumetric
capacitance of 6.0 F cm™, high rate constancy, and high cyclic stability
(5000 cycles) associated with the highest energy density corresponding to the
value of 0.96 mW h cm™. This work demonstrated impactful insights associated
with the development of micro-supercapacitors for applications in flexible elec-

tronics (Y. Z. Zhang et al. 2019).

6.2 MECHANISM OF ELECTROCHEMICAL INTERACTIONS

Electrochemical devices have garnered significant attention in the previous few
decades attributed to the fast rate of charge—discharge and expanded cyclic stability
(Augustyn, Simon, and Dunn 2014; Hall et al. 2010). In comparison to other
energy-storage systems, including batteries, electrochemical capacitors have larger
power densities, and these can be charged and discharged within a few seconds
(Kelly-Holmes 2016). From the time when General Electric announced the first
patent in the context of electrochemical capacitors in 1957 (Becker 1957b), these
have found application in several fields, such as power supply and capture, appli-
cations in the context of power quality, and backup power (Hall et al. 2010).

6.2.1 FuNDAMENTALS OF DoOUBLE LAYER CAPACITANCE AND
PSEUDOCAPACITANCE

This section includes a discussion about the mechanism of charge storage in various
supercapacitors. Recalling the previous discussion, electrochemical capacitors also
termed as supercapacitors can be divided into two categories based on the process
of energy storage: pseudocapacitors and electric double layer capacitors (Simon,
Gogotsi, and Dunn 2014). In EDLCs, there is the formation of two oppositely
charged layers at the interface of the electrode and the electrolyte interface due to
the charge separation, and the charge is stored in such double layers (Hall et al.
2010). For the pseudocapacitors, electro sorption/ redox reversible reaction occurs
at the electrode surface, and the energy is stored. This happens usually in the case
of the conducting polymer or transition metal oxide (Augustyn, Simon, and
Dunn 2014; B. Wang et al. 2020). Generally, these mechanism are not completely
separable and both exist in a supercapacitor.

6.2.2 CHARGE-STORAGE MECHANISM IN EDLCs

6.2.2.1 Basic Difference between the Electric Double-Layer Capacitor,
Pseudocapacitor, and Battery-Based on Charge-Storage Mechanisms

The energy storage in EDLCs is by the means of physical surface charge adsorption
in absence of any faradaic reactions (Stoller and Ruoff 2010). During discharge/
charge cycles, the charge accumulation in the double layer of Helmholtz (EDL)
leads to production of a displacement current. These types of materials can deliver
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high power density as they can respond quickly to the variation in the potential as
well as the physical reaction in nature. EDL capacitors (EDLCs) are able to deliver
energy quickly, creating considerable power (Simon, Gogotsi, and Dunn 2014).
Nevertheless, as a result of the incarceration of the electrode surface, the total
energy stored becomes limited, and way lesser as compared to the pseudocapacitors
and batteries. The EDL capacitance is described as follows (Zhang and Zhao 2009;
Liu et al. 2018):

Q € S A
Cyg===—— 6.1
a=73 ) (6.1)

In the above equation, Cy is the electric double-layer capacitance contributed by
a single electrode, O denotes the overall charge transported at the operating po-
tential of V, ¢ is the dielectric constant of vacuum, ¢, is the dielectric constant of the
electrolyte, d is the distance between the two oppositely charged layers, and A is
the electrode surface area.

The response current (/) can be obtained from Eq. 6.1, Assuming C is constant
for EDLCs, according to the following equation:

do av
== _c, 2= 6.2
i a (6.2)

1

where, t corresponds to the charge time.

If the variation of the applied voltage V is linear with time t, that is, V = Vg + vt
(where V is the starting voltage and v is the scan rate (V s7! or mV s71)), the
relationship is defined as:

1= Cd] v (63)

The current response is linearly dependent on the sweep rate as has been shown in
Eq. 6.3. This results a clearly defined rectangular voltage (V)-current (I) cyclic
voltammograms for different sweep rates (Figure 6.2(a-b)).

Not all the materials store charge through this process. Some materials like
RuO,, MnO,, and so on store charge by the means of largely reversible Faradaic
reaction with the electrolyte (Liu et al. 2018). In other words, the term “pseu-
docapacitance” is implemented to indicate the electrode materials (RuO,, MnO,)
which have the electrochemical signature associated with a capacitive electrode
(such as observed in case of the activated carbon), i.e., showing a linear de-
pendence of the stored charge on the working potential, where charge storage is a
contribution from various reaction mechanisms. The CV and GCD of these
materials are not perfectly rectangular and triangular, respectively, as seen in case
of the porous carbon materials, but they possess a little deviation from that, as can
be seen in Figures 6.2(c-d). However, due to the involvement of Faradaic reaction
mechanism, battery materials are often mistaken as pseudocapacitor materials, as
shown in Figure 6.2(e-f) (Gulzar et al. 2016).
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FIGURE 6.2 (a-b) Typical CV and GCD plots obtained for the supercapacitor type elec-
trodes. (c-d) Nature of CV and GCD curves for pseudocapacitive type electrode material.
(e-f) Nature of the CV and the GCD plots for battery-type electrode material.

Source: Reprinted with permission from (Liu et al. 2018). Copyright © 2018 John
Wiley & Sons.

One major difference between the battery-type materials and the pseudocapacitor-
type materials is that they originate from the Faradaic charge-storage mechanism
comprising transfer of charge across the double layer, much like what happens in case
of battery charging or discharging. But in this case, capacitance is associated with a
special relation resulting from a thermodynamic cause between the limit of accep-
tance of charge (Aq) and the variation in the potential (AV); the result is that the
derivative dg/dV or d(Aq)/d(AV) expressing the capacitance may be experimentally
measured and formulated through dc, ac, or transient techniques (Brousse, Bélanger,
and Long 2015).

Alternatively, at the state when the capacitor is discharged or charged with a
constant current, the potential gets enhanced (charging) or reduced (discharging)
at a rate that is again constant, as shown in Eq. 6.3. Hence, the charge-discharge
curve is expected to be a triangular one, as shown in Figure 6.2(b). Over the past
few years, notable progress has been achieved in the basic designing and un-
derstanding of electrode materials for energy-storage applications. Materials
based on carbon, including CNTs (Senokos et al. 2016), ACs (Fuertes and Sevilla
2015), and graphene (X. Yang et al. 2013) exhibit as EDLC behavior, when the
specific capacitance is influenced by the pore-size distribution and the pore
structure (Raymundo-Pifiero et al. 2006), number of carbon layers (Ji et al. 2014),
and electrode surface area and surface state (Oh et al. 2014). To date, numerous
measures have been taken to augment the EDLCs energy density, in the context
of drawing a similarity between the carbon pore sizes and the electrolyte ion size
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(J. Chmiola, G. Yushin, Y. Gogotsi, C. Portet, P. Simon, n.d.) tailoring the
oxygen content, (Augustyn, Simon, and Dunn 2014) oxygen functionalizing the
carbon surface (Tan et al. 2018) or adapting carbon having heteroatom (N, S, F,
etc.) doping (Gueon and Moon 2015), as well as co-doping (S. Zhang et al. 2015),
designing ionic liquids with a wide temperature range and high working voltage
and (R. Lin et al. 2011) adopting redox-active species-based electrolytes
(Fic, Frackowiak, and Béguin 2012). Nevertheless, supercapacitor based in the
EDL mechanism for charge storage is unable to meet the sheltered necessities for
devices with large energy density attributed to the inherited drawbacks, restricting
their scaled up application.

6.2.3 TRrRANSITION FROM ELECTROPHYSICAL STORAGE TO
PSEUDOCAPACITIVE STORAGE

Pseudocapacitance originates from the energy storage that is Faradaic, arriving as
a result of rapid redox reaction occuring on the surface or near the region of the
electrode surface, where electrodesorption/electrosorption occurs as a result of
charge transfer in the absence of any bulk phase transformation due to charging/
discharging (Figure 6.2(b)). (The 1993) charge state (g) is dependent on the
electrode potential corresponding to the Faradaic charge/discharge (Q) passed
(B. E. Conway 1991a). The alteration in Q in comparison with the potential is
denoted by the derivative, dQ/dV, which is associated with pseudocapacitance
(Cp) (B. E. Conway and Pell 2003). Unlike EDL capacitance, which has
the context of the potential-dependent accumulation of electrostatic charge
(Figure 6.2(a) and (b)), pseudocapacitance is Faradaic in nature (Figure 6.2(c) and
(d)) (B. E. Conway 1991a). It is noteworthy that the pseudocapacitance is
somewhat different from the ideal Nernstian process involved in battery-type
materials in which the Faradaic reaction happens at a constant potential
(Figure 6.2(e) and (f)) (T. Brousse, Bélanger, and Long 2015). Conway et al.
classified pseudocapacitance into three types: (i) surface redox system (2D),
(ii) underpotential deposition (UPD) (2D), and (iii) intercalation system (quasi-
2D) (Figure 6.3) (B. E. Conway 1991a).

As metal is charged with a potential, there occurs the creation of an monolayer
adsorbed existing on the surface of electrode as a result of reduction of other
metal ion, causing a less negative potential as compared to equilibrium potential,
which is termed as UPD. (The 1993) deposition of Pb on Au is an UPD. (The
1993) UPD is applicable to metal deposition as well as other adsorbed layers, for
instance, H from H30" or H,O pseudocapacitance (Burke and Lyons 1986). The
redox system is a typical instance of pseudocapacitance, related with the me-
chanism involving electroactive ion adsorption on the electrode materials’ surface
or in the vicinity of the surface and occurrence of charge transfer due to Faradaic
reactions. Pseudocapacitance of the transition metal oxides originates as a result
of the fast redox reactions occurring due to intercalation of protons (H") or
alkali metal cations (C* = Na*, K™, etc.), as described below (J. P. Zheng and
Jow 1995):
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the systems of intercalation, respectively.

Source: Reproduced with permission (Becker 1957b). Copyright 2016, The Springer
Nature.

MO, + C* + e~ < MOOH (6.4)

MO, + C* + e~ & MOOC (6.5)

Due to the process of charging/discharging, there is no chemical transformation
taking place; however, a reversible functionalized molecular layer forms on the
electrode surface due to Faradaic reactions. Potential of the electrode exhibit a
linear dependence on the charge, which depends on the surface area of the electrode
enclosed by electroactive ions. These properties are completely dissimilar as
compared to the redox reactions occurring in a battery-type electrode.

Electrically conducting polymers (ECP) are able to release and store charge by
the means of redox processes related to the polymer chains, which are n-conjugated
during electrochemical doping—undoping, as has been represented by the following
reaction (Doblhofer and Zhong 1991; Béguin et al. 2014):

[ECP] + nX~ < [(ECP)™*nX"] + ne~ (6.6)

At the time of oxidization (p-doping), the anionic species X from the electrolyte
are incorporated into the backbone of the polymer and during reduction these
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are returned back into the electrolyte. The stripping and embedding of the counter
ions lead to large specific capacitance values, matching with an electrochemical
reaction of battery-type. However, ECPs are challenged by volumetric alteration
during the charging and discharging, leading to poor cycling performance and
poor mechanical properties of these brittle materials. (Béguin et al. 2014) So,
various efforts have been put to refrain from these drawbacks. The most apt
approach is to integrate carbon materials, e.g., Carbon Black (Peng Liu, Wang,
and Wang 2014), Carbon Nano Tubes (Qin Yang, Pang, and Yung 2014), or
graphene (K. Zhang et al. 2010)) with ECPs to improve the mechanical properties
of the ECP. Intercalation pseudocapacitance is another type of Faradaic method
taking place as a result of absence of a crystallographic phase alteration and
taking place as a result of the intercalation adsorption of the quasi-2D electro-
active species. It is dissimilar to the process of intercalation persisting in a bat-
tery, accompanied by phase transformation that is crystallographic at the time of
the charge-transfer processes. Intercalation systems related to the pseudocapaci-
tors come in association with the intercalation of Li* ions in the hosts, such as
V6013 (H. M. Zeng et al. 2009), TiS, (G. Sun et al. 2014), MoS, (H. D. Yoo et al.
2016), and incorporation of H into Pd-Ag alloys and pristine Pd (J. Liu et al.
2018). Currently, novel 2D materials have been designed. Among them, transition
metal carbides (MXenes) are recognized as distinct host materials as intercalation
pseudocapacitors (Lukatskaya et al. 2013). High-volume pseudocapacitors have
been stated to be synthesized with the help of intercalation of ions including Li*,
Na*, K*, NH4*, or AI’* within the MXene layers. As has been denoted in Eq. 6.7,
Ti5C,T,, which is a typical mXene material, exhibits large volumetric capacitance
as a result of change in the Ti oxidation state at the time of intercalation/ de-
intercalation processes

TisC,0, OH,F,_,_, + 8¢~ + 8H* & TisC,0,_sOH,,6 F,_,,  (6.7)

These three mechanisms related to the pseudocapacitance are grounded on various
Faradaic processes and take place in various kinds of materials; however, they bring
similar features in context with the thermodynamic phenomenon. That is, a loga-
rithmic relationship exists in between the extent of charge/discharge and the elec-
trode potential, as shown in Figure 6.4 [9,18,24,53]:

E=pfL, X
nfF 1-X

(6.8)

In the above equation, T denotes the temperature (K), E denotes the is the electrode
potential (V), n denotes the number of electrons, R denotes the ideal gas constant
(8.314 J mol™" K™"), X is the fraction of occupancy in the surface or lattice layer,
and F is Faraday’s constant (96 485 C mol™"). In the case of sorption, which is
electrochemical in nature, it is associated with the electroactive species taken place
in accordance with electrochemical Langmuir isotherm (B. E. Conway 1995). As
demonstrated in Equation (6.9), the pseudocapacitance can be defined as being
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Source: Reproduced with permission. (Simon, Gogotsi, and Dunn 2014) Copyright 1991,
the Electrochemical Society.

denoted by Equation (6.10) (B. E. Conway 1991b), where g* is the charge required
for completion of monolayer sorption:

X VF
—— =k — 6.9
1-X exp(RT) 69)
dX
Cyp = qu— 6.10
] q*dV ( )

The equations (6.9) and (6.10) imply that the pseudocapacitance Cy, is not a variable
and exhibit the largest value at X = 0.5. The energy storage in the pseudocapacitors
is quite similar to that of the energy-storage energy in EDL capacitors. However,
the significant difference relies in the involvement of Faradaic charge transform in
case of the pseudocapacitance. Particularly, for the pseudocapacitance, the potential
of the electrode is dependent on the electroactive material conversion. For the
maximum battery-type electrodes, a special electrode potential is denoted using the
Gibbs free energies corresponding to the pure, well-defined 3D phases and also the
concentration and/or composition of the solution (AG-nFE%) (Winter and Brodd
2004). Additionally, pseudocapacitors exhibit larger rate capability values as
compared to the batteries attributed to the surface/near surface reaction.
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6.3 ENERGY DENSITY AND POWER DENSITY

Energy density and power densities are two major parameters determining the
performance of a supercapacitor. The total amount of charge that can be stored in a
supercapacitor is expressed as the energy density of the supercapacitor, whereas power
density is the measure of how quickly the energy can be dissipated. For the super-
capacitors, the specific energy density is generally expressed in Wh kg™" whereas the
power density is expressed in W kg™'. The energy density and power densities are
measured of a device or in a two electrode system. The energy density can be obtained
from the discharging specific capacitance according to the equation (J. G. Wang, Kang,
and Wei 2015):

Eq = %CV2 (6.11)

where C is the specific capacitance of the device or the whole system, and V is the
potential window.

The power density can be calculated from the energy density by dividing it
by the discharging time. The equation for power density is (J. G. Wang, Kang, and
Wei 2015):

P, = E/t (6.12)

where, t is the discharging time.

The plot of energy density against the power density at various current
densities in log scale is termed as the Ragone plot. The energy density is directly
proportional to the specific capacitance, and a popular method to increase the
energy density is to increase the specific capacitance of the device. However,
the working potential is squared to get the energy density. So, increasing the
working potential of the device or the system is more effective in increasing the
energy density. Incorporating pseudocapacitive element in the electrode material
results in the increase in the energy density as redox charge-storage mechanism
is able to storage more charge than the EDL system. However, even though the
energy density increases, it decreases the power density as there is involvement
of redox charge storage, which takes longer for interaction as compared to the
surface-ridden charge storage. The power density of a device can be increased
by using highly porous material so that large surface area is available for the
charge storage.

Supercapacitor delivers lesser energy density as compared to those of batteries,
whereas the power density is much higher as compared to the rechargeable batteries
(Figure 6.5). However, the power density is less for supercapacitors as compared to
the conventional capacitors, and the energy density is far more as compared to the
conventional capacitors. In terms of energy and power densities, supercapacitors act
as a bridge between the capacitor with high power density and the rechargeable
batteries with large energy density.
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FIGURE 6.5 Ragone plots of different energy storage systems. (J. G. Wang, Kang, and
Wei 2015).

6.4 ULTRA SMALL PLANAR DEVICES

The first generation of micro-supercapacitors was inspired by the planar 2D design
associated with the thin film microbatteries. This facile design consists of a solid
electrolyte and two electrodes of thin film (thickness <10 um), which are placed on
top of each other creating a complete supercapacitor cell (Figure 6.6(a)). For facile
cost-effective production in bulk, this simple 2D design is preferred over the other
designs. Nevertheless, from the viewpoint of the application, the planar 2D elec-
trodes proves to be limited from the context of the amount of energy these are
capable of storing in a small device. For this type of architecture associated with the
device, preparing the electrodes more thick with the purpose of storage of aug-
mented energy is not a feasible option as thicker electrodes are challenged by the
electron and ion transport limitations, reducing the power density. Supercapacitor
electrodes based on thin films are prepared and implemented using several methods;
however as will be discussed in the following section, manufacturing methods,
which will result in binder-free, conductive, and porous films, in turn lead to larger
power and energy densities.

A change in the 2D structure is the one where both the electrode in the device
will comprise numerous microelectrodes (fingers) interdigitally arranged on a
substrate (in-plane interdigital electrodes), as illustrated by Figure 6.6(b). The
electrode construction typically accompanied by the fabrication of thin film ap-
proaches together with the inclusion of a step involved in patterning of electrode
before and after electrode deposition. This step of patterning mostly follows stan-
dard microfabrication methods, with a few exceptions. The in-plane design asso-
ciated with the interdigitated electrodes has a few advantages over the traditional
2D structure. Presence of the electrodes in the similar plane will result in the in-
tegration and fabrication of micro-supercapacitors. Also, an important cutoff in the
ion transport resistance is possible to be achieved by tuning the gap between the two
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FIGURE 6.6 Micro-supercapacitors grown on-chip with (a) traditional architecture of 2D
and (b) interdigital in-plane electrode architecture (Beidaghi and Gogotsi 2014).

Electrolyte

electrodes, applying high-tech microfabrication techniques. Yet another positive
side related to this device architecture is the improved accessibility associated with
the electrodes as the edges associated with the microelectrodes are also exposed to
the electrolyte. This is especially significant for the electrodes fabricated with the
help of the layered materials, including graphene, because arranging electrodes one
after the other side-by-side improves the access of ions amid the electrode material
layers, leading to augmentation in the rate capability. However, this side-by-side
arrangement of the electrode could cause reduced areal energy density in combi-
nation with highly thin electrodes as compared to the conventional 2D design as
bigger footprint area is necessary for the device to contain same quantity of the
electrode material. However, in several cases, the benefit related with the in-plane
architecture overshadow this disadvantage.

6.5 DEVICE DESIGN PARAMETERS

Flexible supercapacitors are perpetually taking the place as desired energy-storage
platform for driving devices credited to the transportable applications, such as di-
agnostics based on point-of-care and Internet-of-Things (IoT). A big advantage in
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comparison with the supercapacitors is their competence to combine with the
sporadic energy sources made available by energy harvesters (R. Song et al. 2015).
In this way, flexible supercapacitors have been intended to bridge the gap between
batteries and energy harvesters. So far, research based on the flexible super-
capacitors was mainly concerned with the growth of novel electrode and solid-
electrolyte materials. Graphene, conducting polymers, carbon nanotubes, various
2D materials, metal oxides, and biomass-derived carbons have been studied as
electrode materials in flexible supercapacitors (Dong et al. 2016). Current devel-
opments are challenged by configurational arrangement concerned with the flexible
components clearly because different principles of design importantly influence the
formation of the double layer (Shao et al. 2018). The experimentally observed
augmented capacitance value related with micropores is decisively credited to the
desolvation, which is partial of the ions belonging to the electrical double layer.
This phenomenon was then supported by theoretical methodical insights meant
to stem correlations between pore size and capacitance for versatile pore regimes
(J. Huang, Sumpter, and Meunier 2008). However, one significant challenge con-
sidered when dealing with micropores was the EDL formation reversibility, up-
setting the cyclic stability of the device. This delivers prospects for the preparation
of electrode surfaces nanostructured in nature to reach an optimization between
longer cyclic life in combination with high capacitance.

Attendant with thickening scientific interest, this field of research has
seen developments that are technical and engrossed on the designing of super-
capacitor energy-storage devices for driving mobile electronics, including flexible
sensors for essential implantable medical diagnostics, physiological parameters,
power T-shirts, smart devices, and electronic textiles (Figure 6.7) (Mondal and
Subramaniam 2019).
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Here it is intended to outline several aspects of principles of design concerned
with the growth of supercapacitors which is solid-state in nature. A quantitative
and qualitative comparison of various kinds of design methods, based on the
technical feasibility and the exhibited properties, have been presented. The en-
ergy density delivered by the wearable supercapacitors is straightaway related to
the accessible surface area, electrical conductivity, and pore structure associated
with the electrode material in plus possessing mechanical robustness. The pri-
mary electrode material, which has proved to be capable of enhancing the
energy density, comprises transition metal sulfides and oxides along with their
composites with carbon. Such compounds (MnO,, RuO,, IrO,, graphene-MnQO,,
FeS,, CNT-MnQO,, Co0,S5, Cu,S, and Ni3S,) show rich electrochemical redox
activity credited to existence of unpaired valence shell electrons and the multiple
oxidation states. In this context, the grouping of spinel/mixed oxide Zn,SnO,
(ZTO)-MnO, on carbon microfibers exhibited augmented capacitance of the
device (Dong et al. 2016). An alike enhancement in the performance together
with thermal stability has also been seen while implementing electrodes based
on transition metal sulfides. Carbon composites, unspoiled-conducting polymers
together with their doping variations, have been extensively investigated as
electrode material, specifically because of their high electrical conductivity,
mechanical stubbornness, and simple solution processability that results in
seamless immobilization upon the flexible substrates implemented in textiles, as
shown in Figure 6.8 (Dong et al. 2016).

An important difference has been centered on the growth of carbon material that
is nanostructured as electrodes (Figure 6.8). Strongly unified Van der Waals force
is one general problem encountered when handling the nanocarbon materials, re-
sulting in their restacking and hence limiting processability in solution-state.
Graphene electrodes, which are interdigitated, or laser scribed upon flexible sup-
ports, show high capacitance. Moreover, the occurrence of abundant elemental
doping paves a path for attaining larger energy density (Dong et al. 2016). Large
volumetric capacitance is attained applying self-supporting free standing mXene
films. The complexity of processability in solution state of mXenes offers flexibility
in design methods for fabrication of electrode, including patterned interdigitation
and spray painting.

Equally crucial for enhancing the flexible supercapacitors performance is the
introduction of a solid electrolyte. The novel research in the case of electrolytes in
solid form are thus mainly absorbed on ion gels that reaches up to 4 V, thus creating
a probability of mixing with wireless communication devices and transmitters. For
example, Ahn et al. has reported an ion-gel electrolyte-based flexible supercapacitor
operable at 4 V. A ceramic-based solid electrolyte Li,S P,Ss electrolyte based on
glass ceramic have been reported to implement as a flexible supercapacitor along
with implementing multiwalled carbon nanotube electrodes (Dong et al. 2016).

Remarkable novelties in the electrode and electrolyte designing have transferred
the focus on the importance of various approaches of design to combine the elec-
trolyte and electrode to create a functional interface. The nature of the electro-
chemical interface is mainly dependent on the choice of the electrodes and the
applied designing technique. In such a way, identical electrode materials have
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(Jha, Ball, et al. 2020)). Copyright 2019 American Chemical Society, Copyright 2020
American Chemical Society, Copyright 2017 Wiley, Copyright 2011 RSC, Copyright
2013 Wiley, Copyright 2018 Wiley, Copyright 2013 Nature Publishing Group,
Copyright 2013 RSC, Copyright 2020 American Chemical Society.

revealed to create various electrode—electrolyte interfaces as a result of various
design principles (J. G. Wang, Kang, and Wei 2015). For example, electrodes on the
basis of CNT film have been set up to act as minute relaxation time constants in
lithographically fabricated compact devices (Laszczyk et al. 2015). Nevertheless,
identical CNTs have been reported to be implemented in a washable and wearable
device as an interwoven wire (Jha, Hata, and Subramaniam 2019). Consequently,
the electrochemical interface and the design of fabrication are interdependent.
Henceforth, the pursuit for a perfect interface is inadequate with the absence of
choice of the design principle and electrode material.

Several reports are available on fundamental detailed theoretical understanding
of interface having microporous structures (J. Huang, Sumpter, and Meunier 2008).
Fascinatingly, the designs which are textile-based such as interweaving and knitting
causes transverse and longitudinal charge polarization, causing a unique interfacial
structure (Jha, Hata, and Subramaniam 2019). A call-off between power and energy
density in these devices is solved to some extent by designing interdigitated co-
planar electrodes (Figure 6.9(b)). As the design approaches related to lithography
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FIGURE 6.9 (a) Spider plot drawing a qualitative comparison between the of the merits of
various methods in fabricating supercapacitors for wearable purposes. (b) Quantitative
comparison of the flexible supercapacitor performance implementing different design ap-
proaches (Forouzandeh, Kumaravel, and Pillai 2020).

and spray coating are well established in case of the coplanar devices, additive
manufacturing, typography, and printing require further developments having larger
possibility for scalable implementation (Figure 6.9) (Shao et al. 2018). Various
devices implementing threads and yarns with various functional groups have been
designed by interweaving, knitting, additive manufacturing, and coaxial sheathing
routes (Shao et al. 2018). Coaxial stretchable cable-based supercapacitors have
been attempted by applying elastic substrates and carbon—polymer composite-
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based twisted yarns. A step forward in thrifty fabrication methods has been attained
by employing micro-supercapacitive junctions (sewcaps) with CNT wires
(Jha, Hata, and Subramaniam 2019; Jha, Jain, and Subramaniam 2020). Interesting
designs within fabrication of electrodes include the Japanese paper-art forms in-
cluding kirigami and origami (Dong et al. 2016). A comprehensive summary of
several design principles in flexible supercapacitors has been discussed by Kaner
and co-workers (Dong et al. 2016).

Therefore, this chapter attempted to illustrate the comparison of the various
strategies in accordance with two separate parameters: (a) a qualitative comparision
based on setting, such as packing density of the device, integration simplicity into
platforms that are wearable, mechanical robustness, and scalability, which decides
its technical viability (Figure 6.9(a) and (b)), a comparison which is quantitative
based on the power density and energy density, as illustrated in the Ragone plot
(Figure 6.9(b)). In addition to the scalability, a comprehensive assessment is also
possible to be drawn classifying wearability, precision, density of the device, and
mechanical strength as the other parameters. Furthermore, a quantifiable descriptor
of performance has been illustrated by employing a Ragone plot (Figure 6.9(b)),
which plots the power density and energy density of devices made with various
principles of design. The insights have been represented in Figure 6.9 and have
clearly been selected from relevant literature reports (Dong et al. 2016).



7 Self-Powered
Supercapacitor

7.1 MECHANISM

As a result of the tremendously growing consumption of energy in modern socie-
ties, the growth of viable and green energy sources has emerged as one of the most
significant research fields. Sources of green and sustainable energy, including wind
and solar, are intermittent because the harvesting of energy can be disconnected in
the absence of sun or or wind (Simon and Gogotsi 2008; B. Tian et al. 2007). Other
energy-harvesting technologies, including nanogenerators, can efficiently transform
the vibration energy from the living environment to electrical energy (Z. L. Wang
and Song 2006), but these are not appropriate for continuously driving small
electronics attributed to their limited power output (G. Zhu et al. 2010). Hence, this
makes association of the energy-storage systems with the energy-harvesting devices
a mandate to provide balanced and lasting energy that can be regulated.
Supercapacitors and batteries belong to the advanced electrical energy storage
(Simon and Gogotsi 2008). Supercapacitors are exclusive to batteries in terms of the
power, green benignancy, cyclic stability, and safety (Channu et al. 2011). Portable/
wearable personal electronics are applicable to electronic skin, wearable displays,
and distributed sensors (Yuan et al. 2012). Self-powered networks of sensors are
expected to play major roles in the upcoming years in controlling the world
economy (Z. L. Wang 2010). The “self-powered nanotechnology” was able to
ensure a network of sensors to operate sustainably and independently in the absence
of any battery or by minimally expanding the lifetime of a battery (Xiao et al.
2011). Ultra-small self-powered nano systems exhibiting multi-functionality, as
well as low energy consumption, are possible to develop by implementing nano-
materials and nanofabrication technologies (S. Xu, Hansen, and Wang 2010).

For eliminating energy crisis, researchers have established novel methods for
integrating two devices (energy storage and harvester) through intrinsic or extrinsic
means to attain a self-driven system that will be suitable for different im-
plementations in the regime of microscale to macroscale (H. Wei et al. 2017). An
integration of a nanogenerator, a supercapacitor with a fuel cell and a solar cell
through extrinsic and/or intrinsic way has garnered much attention of various re-
search groups (T. Li et al. 2016). Herein, as compared to the external integration,
the intrinsic integration approach is advantageous as it needs a complicated power
management requiring further manufacturing cost (X. Fu et al. 2018). Thus far,
energy devices integrated intrinsically are efficient for accumulating, transforming,
and saving electrical energy within a sole device; they have proven to be of tre-
mendous interest for fundamental science experimentation and development of
product attributed to their versatile device plan and ideas (Xue et al. 2012). Within

DOI: 10.1201/9781003174554-7 111


https://doi.org/10.1201/9781003174554-7

112 Micro to Quantum Supercapacitor Devices

the several kinds of intrinsically consolidated energy devices developed as yet, a
self-charging power cell (SCPC) implementing the concept of piezoelectric in in-
tegration with a battery has been reported by Prof. Z. L. Wang and co-workers
(Xue et al. 2012); it projects itself to be of key interest. This is ascribed to the
capability of this SCPC device to obtain electrical energy from mechanical motion
by using a polymer separator piezoelectric in nature and store it in the battery-type
electrode via a novel “piezoelectrochemical conversion process” (Xue et al. 2014).
Subsequently, researchers established various actions, including separators con-
sisting of PVDF polymer with enhanced Li-ion transfer channels for SCPCs.
Recently, a solid electrolyte was fabricated by Xue et al. (H. He et al. 2017) having
a porous PVDF separator to enhance the linked-energy shifting process in SCPCs.
Similarly, SCPCs made by application of supercapacitor electrodes are recognized
as self-powering supercapacitor cells or piezoelectric supercapacitors (Pazhamalai
et al. 2018). The cells may have an ability of rapid charging as compared to the
traditional cells due to the larger power density of the supercapacitor electrodes
as compared to the battery-type electrode in the SCPCs. The device plan of SCSPC
involves a piezo-polymer having gel-electrolyte coating sandwiched between su-
percapacitor electrodes (Pazhamalai et al. 2018). To date, electric double-layer
capacitive electrodes, intercalative pseudocapacitance materials (MoSe,), and
pseudocapacitive electrode (MnQ,) have been used in reported SCSPC (Pazhamalai
et al. 2018). However, the self-charging effectiveness associated with the SCSPC is
low, limiting their applications practically; however, an explicit correlation among
the role of the electrolytes and the electrodes on the performance of SCSPC is yet to
be known. More significantly, the process of energy storage and conversion in an
SCSPC, connected directly to the “piezoelectrochemical effect,” is established
only on the basis of theoretical prototypes and is yet to be addressed in scientific
research (Pazhamalai et al. 2018). Therefore, coming up with strategies to realize
the “piezoelectrochemical effect” is expected to provide novel mechanical to
electrical energy storage and conversion process. This will prove beneficial for
the optimization of the important factors for the betterment of energy-conversion
efficiency (Krishnamoorthy et al. 2020).

7.2 STATE-OF-ART DESIGN AND APPLICATIONS

There can be several applications of the self-powered supercapacitor in the field of
wearable smart electronics, flexible electronics, healthcare applications, etc. Similar
to these applications, the state-of-the-art design of self-powered supercapacitor is
discussed in the next sections.

7.2.1 WEARABLE ELECTRONICS

The wearable electronics devices include the wearable bio-medical and bio-
sensor devices. As these electronics need electric power to function, portable
electronic systems form an integral portion of portable devices. Actually, the
energy-storage modes in these electronic devices should exhibit the properties
like flexibility and comfort for the user. Some significant works are discussed,
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FIGURE 7.1 Application of wearable electronics.

which report works on devices designed for power conversion and storage ap-
plications implemented in mobile devices. The main focus is on the fabrication of
piezoelectric generators, solar cells, supercapacitors, and batteries to be im-
plemented in the portable device applications, as shown in Figure 7.1. These
devices are generally implanted with fabric. These are restricted to devices made
up of fiber and ribbon (Sodano et al. 2017).

7.2.2 FiexiBLE ELECTRONICS

Solid-state supercapacitors are mainly associated with flexible applications by
present and future generations. Flexible supercapacitors can be easily associated
with wearable clothing and are suitable as a source of power for various electronics
devices, including mobile phones. The power generated by piezoelectric harvesters
are usually stored in large storage and implemented for charging mobile phones. For
instance, there has been a report about a high-power T-shirt termed as a “sound
charge,” which is able to generate electricity under the pressure of sound waves.
The T-shirt when tested could produce enough electricity to recharge two basic
mobile phones through the whole weekend, as shown in Figure 7.2 (Ali, Albasha,
and Al-Nashash 2011).

Smart Shirt Sensory Architecture

FIGURE 7.2 Application of flexible electronics.



114 Micro to Quantum Supercapacitor Devices

FIGURE 7.3 Continuous glucose monitoring (CGM) sensor, receiver and transmitter.

7.2.3 HEALTHCARE APPLICATIONS

Piezoelectric-charged supercapacitors are implemented in several combined health
systems where the power requirement can shoot up to 1 million microwatts. These
supercapacitors are applied for insulin pumps, pacemaker operations, and various
other healthcare systems. Ongoing glucose-monitoring systems (CGM) are able to
monitor blood sugar levels for the entire day. CGM users push in a small sensory
wire below their skin to implement an automated device. This attachment possesses
a CGM sensor enabling the sensor to measure glucose readings during the day and
night. A reusable, small transmitter follows the sensor and sends real-time readings
to the receiver offline, availing the data to the user. In some applications, a well-
matched smart device incorporated with a CGM application plays the role of a
display device. An efficient receiver or smart device displays the present sugar
levels, as well as the past records of the sugar levels. A well-matched CGM receiver
and smart device can be integrated to send alerts to the user when the glucose limit
is reached (Ali, Albasha, and Al-Nashash 2011).

With the development of technology in the field of wireless network and mi-
croelectromechanical systems, smart sensors fabricated to be set up in remote lo-
cations, including medical sensors and pull-sensing health sensors implanted in the
human body, have lost a CGM (continuous glucose monitor) device. It displays the
“real time” glucose reading and leanings in glucose levels. The glucose level reads
under the skin every 1-5 minutes (10-15 min delay). This shows that low and high
glucose monitors are able to switch on the alarms and notify diabetes management
practices, as shown in Figure 7.3 (Bharathi Sankar Ammaiyappan and Ramalingam
2021).



8 Design and Fabrication
of Planar Supercapacitor
Electrodes

8.1  FUNDAMENTALS OF ELECTROCHEMICAL INTERACTION

Micro supercapacitors can be categorized in various ways, based on the storage
mechanism, the type of electrolyte implemented, and the kind of materials em-
ployed. Depending on the storage mechanism, MSCs can be classified into two
categories. (1) Electric double-layer capacitors, where the capacitance mainly ori-
ginates from the oppositely charged double-layer formed at the interface because of
charge separation. At the time of charging, the electrode surfaces will be charged as
negative and positive when a voltage is applied; consequently, they will attract
positively charged and negatively charged ions. As the electric field is scattered, the
mutual attraction existing in between the charges prevents the two layers from
merging with each other and results in the formation of a stable electric double-
layer. The energy is stored likewise through the formation of oppositely charged
double layers. At the time of discharging, electrons are transported from negative
electrode to positive electrode, discharging through load and producing a current;
with this process, the energy is released (Xiaoyu Zhao et al. 2019). Materials based
on carbon are typical EDLCs origin. Credited to the high surface area, these can
contribute significant EDL storage. (2) Pseudo-supercapacitors, which depend on
quick reversible redox reactions to give rise to capacitance. At the time of charge,
ions will accumulate at the interface under applied potential; this step is followed by
a redox reaction associated with electrode, and synchronously, this process leads to
energy storage. At the time of discharging, the adsorbed ions are released from the
electrode surface, resulting in dissipation of the stored energy through the external
circuit. In general, as ions can get into the electrodes and take part in redox reac-
tions, pseudo-supercapacitors are able to provide capacitance, which is 10-100 fold
higher (Xiaoyu Zhao et al. 2019). Metal oxide and conjugated polymers are the
pseudo materials, which can deliver high faradic reactions.

8.2 DESIGN DEPENDENT ENERGY-STORAGE MECHANISM

As a result of different methods implemented in designing the finger electrodes and
the associated devices, the electrochemical performance the device exhibits can
significantly vary. This result indicates that the method of preparation itself sig-
nificantly influences the device properties. This design-dependent device perfor-
mance may be because of the next motives:
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For a particular type of materials, only little amount of variation in the electrode
fabrication would cause change in the different types of microstructures, which will in
turn affect the properties of the device starting from the ion transport ability of ions
and electrons to the resistance offered by the electrode for charge transfer. Secondly,
the electrochemical performance of the MSCs are influenced by both the broadness of
the electrodes and also the gap between two neighboring electrodes. The preciseness
of the above parameters will be also swung by the various methods of fabrication,
resulting in difference of performance. Hence, here, a few significant fabrication
methods previously reported resulting in patterned electrode finger arrays are outlined.
In addition, various rewards and drawbacks of individually approach is compared and
realized to offer guidance for manufacturing high performance MSCs.

8.2.1 ScREEN PRINTING

This approach implements ink to make specific patterns upon substrate by using a
screen. It has the benefits of fast processing, robustness, and is relatively cheap;
numerous substrates are available for direct stamping. Hence, this approach is very
appropriate for the designing of MSCs, particularly in a large-scale production
(Das et al. 2020). The conventional approach associated with the printing entails
taking prints of the current collectors and active electrode materials separately. For
instance, as shown in Figure 8.1(a), Chih et al. (Chih et al. 2019) demonstrated the
synthesis of the all-screen-printable approach to produce flexible all-solid-state
MSCs. A coat of current collector Ag was screen-printed on the layer of electrode.
The device so fabricated exhibited an outstanding cyclic life corresponding to the
capacitance retention of >99% over 15,000 cycles (Figure 8.1(b)). Furthermore,
Liu et al. (Li Liu et al. 2018) successfully assembled a flexible MSC through in-
itially screen-printing current collector Au and printing Ag@polypyrrole (Ag@
Ppy) ink later, as shown in Figure 8.1(c). After dumping the gel electrolyte, the
fabricated devices showed an admirable electrochemical performance associated
with large energy density corresponding to the value of 4.33 x 10~ mWh cm™ and
large cyclic steadiness, together with great mechanical flexibility. Furthermore,
through screen printing, it is also possible to print MXene materials. For instance,
Yu et al. (Lianghao Yu et al. 2019) synthesized disheveled nanosheets of N,-doped
MXene (MXene-N), implementing the template melamine formaldehyde. Over
the whole approach of optimization viscosity, the ink was adjusted to fabricate
devices based on nanosheets of MXene-N by screen printing. The doping by N
and wrinkled structures improved the redox activity and conductivity, and the
MSC:s fabricated could deliver an areal capacitance corresponding to the value of
70.1 mF cm™ and excellent mechanical strength. In yet other case, obtaining
the pieces of multilayered MXene and unelected cursor in the aqueous inks,
Abdolhosseinzadeh et al. (Abdolhosseinzadeh et al. 2020) designed on paper
MSC, as shown in Figure 8.1(d).

The resulting MSCs show a more areal capacitance (158 mF cm™). Printing
enables large-batch production in a shorter period compared to other production
methods. Furthermore, screen printing allows printing of both electrode materials
and electrolytes in different steps to fabricate all-solid-state MSCs.
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Source: (a, b) Reproduced with permission (Chih et al. 2019) (Copyright © 2019, Royal
Society of Chemistry). (c) Reproduced with permission (Li Liu et al. 2018) (Copyright ©
2017, John Wiley and Sons). (d) Reproduced with permission (Abdolhosseinzadeh et al.
2020) (Copyright © 2020, John Wiley and Sons). (e¢) Reproduced with permission
(T. Cheng et al. 2019) (Copyright © 2019, John Wiley and Sons). (f-h) Reproduced with
permission (J. Li et al. 2017) (Copyright © 2017, American Chemical Society).

8.2.2 INKJET PRINTING

This type printing is an approach that includes ink spraying on the surface of
the substrates to produce different patterns. As compared to the additional
technologies, it enjoys the rewards, including large precision, capacity of mass
production, and feasibility of room-temperature manufacturing. Furthermore,
through this process, it is possible to print directly on the substrate, which makes
this approach very suitable to obtain thin films in energy-storage devices, solar
cells, etc. (M. Singh et al. 2010). In the approach of the ink-jet printing process,
the primary aim is to prepare an ink having a suitable flexibility. The most tra-
ditional way to ink configuration associated with the material is considered,
and then its direct substrate printing to procure the devices. For example,
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Wang et al. attempted a flexible MSC through printing an electrode-implementing
3D metal-ion-doped MnO, sheets. Credited to the metal ion incorporation,
electrochemical properties of the designed device were able to improve sig-
nificantly. Additionally, Pang et al. (Pang et al. 2015) made asymmetric MSCs
having lamellar K,Co3(P,07),:2H,0 nanomaterials and nanosheets of graphene
as anodes and cathodes, respectively, through inkjet printing. The designed MSC
showed a large volumetric capacitance of 6.0 F.cm™. Additionally, along with
conventional ink-jet printing approach, using this method in combination with
other methods, including deposition, also provides a suitable method. For ex-
ample, Cheng et al. (T. Cheng et al. 2019) produced Ag electrodes, which were
interdigitated in arrangement with the substrate based on PET through the process
of inkjet printing. It was followed by procuring porous nanofiber-like electrode
structures by the Ag electrodes coated by MnO, electrochemical deposition, as
shown in Figure 8.1(e). Credited to the advantages coming in place with the
structures, the fabricated MSC could cause high capacitance attaining 46.6 mF
cm™? with 86.8% capacitance retention over 1000 times of cycles of bending to
180°. It is noteworthy that ink-jet printing is applicable for the fabrication
of large-scale MSC arrays in a facile and rapid way. For instance, Li et al.
(J. Li et al. 2017) could effectively combine more than one device through the
method of ink-jet printing, which eliminated the drawback associated with low
voltage, which is generally encountered within a particular device; therefore, this
becomes practical. Exclusively, the researchers designed MSCs based on gra-
phene with the help of a simple full-inkjet printing technique. With the help of
optimization of the thickness of the electrode material and different other para-
meters, the MSCs synthesized produced an areal capacitance of 0.7 mF cm ™.
More significantly, greater than hundred MSCs (Figure 8.1(f)) could be suc-
cessfully linked to result in a power banks, in turn leading to effective combi-
nation of large-scale supercapacitor arrays. The assembled MSCs could be
charged up to 12 V (Figure 8.1(g)), and the electrochemical property could be
retained for more than 8 months (Figure 8.1(h)), confirming excellent integration
and electrochemical properties of the MSCs. In a nutshell, even if the fabrication
efficiency of printing is substandard as compared to the screen printing, the high
resolution projects itself to be an important plus point. Furthermore, inkjet
printing also makes it possible to select from a broad range of substrates and
electrode materials, causing the integration of flexible MSCs with high perfor-
mance. Moreover, large working potential and energy density is attainable
through printing highly integrated MSCs on flexible substrates. This is significant
for the practical applicability of MSCs in systems with large voltage. Inkjet
printing can be further improved by precisely controlling the scope of the elec-
trodes’ size and in between spaces of the electrodes in combination with the
enhanced ink quality, and hence, the production of high performance MSCs.

8.2.3 PHOTOLITHOGRAPHY

This approach uses patterns made out of photoresist, achieving high product de-
termination, and resulting in several complex plane patterns. Thus, it is often
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Springer Nature). (c—e) Reproduced with permission (X. Shi et al. 2019) (Copyright ©
2019, John Wiley and Sons). f Reproduced with permission (K. Brousse et al. 2020)
(Copyright © 2019, John Wiley and Sons).

used to create templates of MSCs’ electrode materials (Z. K. Wu et al. 2014).
For example, as shown in Figure 8.2(a), Sun et al. (L. Sun et al. 2016) initially
synthesized the SWNT/carbon current collectors with the help of the carbonization
process, which converted the photoresist into SWNT coated by an amorphous
substance.

Furthermore, the amalgamation of photolithography, along with reduction
through pyrolysis, may also result in high performance MSCs, and such work has
been reported by Hong et al. (X. Hong et al. 2017), Here the researchers synthesized
quantum dots of tin/carbon (Sn/C QDs), acting as current collectors and also as the
electrode material. Importantly, the Sn QDs possessing high conductivity allowed
the manufactured MSC to offer a larger specific capacitance attaining a value
of 5.79 mF cm™. The material could exhibit capacitance retention of 93.3%
over 5,000 cycles, confirming its requisite cycling stability. Additional examples of



120 Micro to Quantum Supercapacitor Devices

executing more than only lithography to manufacture high-performance devices
are reflected in the work of Tian et al. (X. Tian et al. 2016), as illustrated in
Figure 8.2(b). They implemented photolithography for designing the patterns SiO,
substrate of Ti/Au layer, along with techniques based on physical vapor deposition;
this was followed by the growth of holey graphene with an intermediate layer of
graphene oxide on the layer of current collectors implementing a drop-dry method,
trailed by electro-polymerizing of the topmost polyaniline layer. The ingenious
integration of these design approaches made it possible for the so-designed MSCs to
deliver a large capacitance corresponding to the value of 271.1 F.cm™, large energy
density corresponding to the value of 24.1 mWh cm™ and appreciable cyclic sta-
bility. Overall, lithography is taken as an appropriate candidate for constructing
several kinds of MSCs having precision and fair electrochemical properties.
Attributed to the high resolution and robust operation process, lithography is mainly
implemented in little integrated systems for causing their precision. However, at-
tributed to the restrictions limited to this technology, it is required to be amalga-
mated with other approaches to effectively complete the fabrication process. In
addition, the removal of the template is significant in buffer solution or at large
temperatures, which might cause low efficiency and trouble for scaling up, re-
stricting its development. The worst is that significant cost and the pollution caused
by the photoresist reagents also lead to restricting its real application.

8.2.4 LASER SCRIBING

Scribing uses large-energy laser beams for illuminating the workpiece surface to melt
the local area and gasify it, leading to scribing. As a result of its facile approach, large
precision, and fast procedure, laser scribing is generally implemented in the fabri-
cation of MSCs (J. Ye et al. 2018). For example, Peng et al. (Z. Peng et al. 2015)
stated the design of porous graphene doped by boron in a facile way through laser
induction. This was then transferred from the polyimide sheets and immersed in boric
acid. Following the assembling through implementation of a solid electrolyte, the
solid-state flexible MSC is available to be readily fabricated, and the manufactured
devices exhibit a large areal capacitance corresponding to the value of 16.5 mF cm™
which is three folds as compared to the devices fabricated with the help of electrode
materials, which are non-doped. Similarly, Shi et al. (X. Shi et al. 2019) embarked on
a one-step, scalable, and cost-effective production of LIG micropatterns using laser
scribing (Figure 8.2(c)). Importantly, the process of laser scribing meant for com-
mercial polyimide (PI) membrane is able to attain simultaneously the patterning and
designing of LIG films (Figure 8.2(d) and (e)), which became very appropriate for
large integrated MSCs in the absence of any metal interconnects, extra substrate, and
current collectors. The LIG-MSCs implementing the gel electrolyte of PVA/H;PO,
could exhibit an areal capacitance of 0.62 mF cm™ and long cyclic life in the absence
of any degradation of capacitance over 10,000 cycles. Furthermore, this method also
refrained the high cost and complexity associated with the traditional manufacturing
process and stayed more desirable to the MSCs’ practical applications. Furthermore,
Li et al. (L. Li et al. 2016) designed flexible device possessing outstanding electro-
chemical performance by combining electrodeposition and using the laser-induction
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approach. That type of integration proposes synthesis of larger performance MSCs.
Figure 8.2(f) shows yet another example, where Brousse et al. (K. Brousse et al. 2020)
attempted the designing of flexible MSCs based on RuO; on Pt foil by implementing a
modest approach by laser-writing of a bi-layered film. As a result of the pillar mor-
phology of electrodes, the designed MSC shows a specific capacitance of 27
mF.cm™/540 F.cm™ in the electrolyte comprising of 1 M H,SO,, in combination
with high cyclic life. In another instance, Jiang et al. (K. Jiang et al. 2020) attempted a
facile laser-scribing approach applied on high-area polypyrrole-based film with
benzene-bridge obtained through polymerization, which was interfacial in nature. The
fabricated MSCs when tested in 1-ethyl-3-methylimidazolium tetrafluoroborate at-
tained a power density of 9.6 kW cm™3 and energy density of up to 50.7 mWh cm™.
In brief, dissimilar to photolithography, laser scribing refrains from the application of
the extra templates and complex processes. Furthermore, commercial polymer films
can be transformed into graphene straightaway and further active materials, and this
approach can also lead to the synthesis of active materials, such as metal oxides.
Hence, it has seriously been considered in the designing of energy-storage devices of
micro scale and has gathered a special consideration as an effective fabrication
method to design high-capacitance MSCs. Furthermore, laser scribing imparts con-
siderable tensile properties in the fabricated MSCs, in accordance with the work of
Jiao et al. (Jiao et al. 2019). Therefore, laser scribing has gathered huge attention with
respect to the fabrication of various kind of MSC devices.

8.2.5 MaAsk-AsSISTED FILTERING

This is a method where micro energy devices are fabricated with the help of
vacuum filtration of the electrode material in liquid form in combination with
template assistance. This method is considered to be more brief, facile-operated,
and cost-effective than the other electrode designing methods. Recently, Huang
et al. (X. Huang and Wu 2020) described a very-effective and facile way for
exfoliating MXene with several layers, implementing a mild water-freezing-and-
thawing (FAT) approach, and enormous FAT-MXene flakes (reaching 39%) were
acquired after four cycles of such approach. Following this process, the FAT-
MXene could be applied to fabricate on-chip MSC based in all-MXene by the
means of template-assisted filtering (Figure 8.3(a)). Due to the large amount of
FAT-MXene related in this fabrication approach, the designed MSC showed a
volumetric capacitance of 591 F cm™ and areal capacitance of 23.6 mF cm™ at
the optimal thickness of electrode, as shown in Figure 8.3(b). In addition, it is
simple and useful to fabricate asymmetrical MSCs (AMSCs) by implementing
mask-assisted filtering. For instance, as shown in Figure 8.3(c), Qin et al. (J. Qin
et al. 2019) initially used graphene current collectors accumulated on the mask,
followed by adding the solution containing mesoporous MnO, nanosheets and
the porous VN nanosheets solution onto different sides of the mask. Following a
facile deposition method with mask-assisted approach was gel-electrolyte
coating, leading to the procurement of all-solid state AMSC, together with
porous VN nanosheets as the negative electrode and mesoporous MnO, na-
nosheets as positive electrode. The as-prepared AMSC exhibited a very high
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volumetric energy density of 21.6 mWh.cm™, long-term cycle life in combina-
tion with a voltage window of 2 V (Figure 8.3(d)). Mask-assisted filtering is
an effective way to fabricate MSCs due to its efficiency and convenience to
grow both active materials and current collectors. Furthermore, it refrains from
the requirement of expensive equipment or additional ink preparation, hence
paving an easy pathway to retrieve efficiently performing MSCs. Nevertheless,
the fabrication of masks is a very time-taking task, thereby restricting the de-
velopment and application on a large scale. Furthermore, the substrate of MSCs
retrieved by mask-assisted filtration is limited to filter membrane. Addition
processes for transfer are generally necessary to transfer MSCs to other sub-
strates. This process leads to having a direct impact on restraint of the selection
of substrates and consumption of the preparation time.
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8.3 MATERIALS DEPENDENT DESIGN PARAMETERS

8.3.1 DEsIGN oF WLECTRODE MATERIALS

MSCs generally comprise four parts: electrolyte, electrodes, current collector, and
substrate. Electrodes are basically brought into place to pave the path for ad-
sorption sites for electrons and ions, either by the creation of electric double
layers or through electrochemical reaction. Electrolyte crucially acts as element
for the transportation of supplement ions to function ionic conduction intrinsic to
the circuit. The accumulator (collector) is the portion responsible for linking the
electrodes with the external wires, creating unblocked pathways for electrons
passage to and fro among the external circuit and the electrodes. The substrate
plays the role of a carrier for the entire MSC device. Among these parts, the
electrode is considered as the most important component that can significantly
affect the MSC performance (Xiong et al. 2014). Currently, the popularly im-
plemented electrode materials can be classified into three categories: carbon
materials, conducting polymers, and metal-based materials (S. Zheng et al. 2020).
These not only possess diverse properties but also exhibit distinct charge-storage
mechanisms (Najib and Erdem 2019). Presently, cogent selection and integration
of various kinds of electrode materials that can be employed as functional to
attain better electrochemical properties still remain at its infancy. Thus, this
section discusses and compares the advantages and disadvantages of some im-
portant and typical electrode materials, along with discussing sensible resolutions
to their drawbacks. Through this discussion, important standards for designing
high-performance MSCs are outlined. Electric double-layer MSCs implementing
carbon materials are broadly implemented electrodes for EDLCs credited to their
high surface area, high compatibility, and large porosity with sophisticated
manufacturing approaches of MSCs (Beidaghi and Wang 2012). Based on di-
mensionality, carbon materials are broadly divided into three types: zero-
dimensional (0D) carbon materials such as graphene/carbon dots (W. W. Liu
et al. 2013), active carbon (In et al. 2015), and one-dimensional (1D) carbon
materials including CNTs and carbon nanofibers (Hsia et al. 2014) and two-
dimensional (2D) carbon materials including graphene (A. K. Lu, Li, and Yu
2019). It is easy to estimate the fair rate capability and long cyclic life stability
associated with the carbon electrodes from the point of view of the aforemen-
tioned merits. However, the kind of absorption mechanism that is electrostatic
significantly limits their energy density. For this instance, different dimensional
carbon materials possess their own separate remedies. For 1D and 0D carbon
materials, the traditional strategy is the creation of porous nano/micro-structure to
improve the active sites. For example, Li et al. (Yang Li et al. 2019) applied a
solvent-free MOF-CVD method to form a layer of nanoporous carbon coat on the
interdigitated gold electrodes, as shown in Figure 8.4(a).

Attributed to the high conductivity and large porosity of these MOF-derived
porous carbon layer (Figure 8.4(b)), the fabricated MSCs brings a stack power of
233 W.cm™ at 1000 mV s™'. It is estimated that the different kind of MOFs will
also offer nanoporous carbon electrodes by similar methods. Apart from tuning of
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FIGURE 8.4 (a) Detailed illustration of designing approach associated with the MSCs.
(b) Top-view and cross-sectional SEM images. (c) Top view and (d) cross-sectional SEM
images. (e) Schematic illustration of the process for screen-printed MSCs. (f) Synthesis
illustration of the designing of MXenes in various forms. Side views from SEM images of
(g) expanded MXene and (h) foam of MXene.

Source: (a, b) Reproduced with permission (Copyright © 2019, Elsevier). (c, d)
Reproduced with permission (Copyright © 2020, John Wiley and Sons). (e) Reproduced
with permission (Copyright © 2019, John Wiley and Sons). (f~-h) Reproduced with
permission (Copyright © 2020, Elsevier).

porosity, deploying the composition of nano building blocks is another appreci-
able method of obtaining carbon electrodes with high-capacitance. For instance,
Hsia et al. (Hsia et al. 2014) described the silicon wafer-based MSCs scaffolded
on vertically aligned CNTs. The stability was enhanced by the perpendicularly
arranged nanoarray, which result in significant suppression of the the agglom-
eration of the CNTs during electrode preparation. However, for 2D carbon ma-
terials, including graphene, numerous approaches can be undertaken to enhance
its electrochemical properties. The most significant factor that limits its electro-
chemical properties is the 2D layer restacking during the preparation of the
electrode. Integration of guest materials as spacers has projected itself to be a
very effective way of preventing the stacking of 2D carbon materials. For ex-
ample Wang et al. (Y. Wang et al. 2020) applied graphene with CNTs to design
flexible MSCs. The restacking of the graphene sheets was prevented due to the
presence of the CNTs (Figure 8.4(c) and (d)). Besides the aforementioned two
strategies, atomic doping is another strategy that not only enhances the active
sites but also improves the electrode materials’ conductivity. Wu et al. (Z. S. Wu
et al. 2014) designed a B and N co-doped graphene (BNG) film by a layer-by-
layer assembly method and then tested it as a MSC, which delivered 488 F.cm™
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of volumetric capacitance and good rate capability (2000 mV.s™"). Such aug-
mented electrochemical performance was attributed to the diatomic doping pro-
viding additional pseudo capacitance and also improving the wettability of
graphene electrode.

8.3.2 Pseupo MSCs

Pseudocapacitive materials consist primarily of conducting polymers (Z. S. Wu
et al. 2014) and metal-based (Ru, Co, Mn, and so on) compounds (Xiaofeng
Wang et al. 2014). These materials store charge through reversible and rapid
faradic reactions, causing a larger capacity than the carbon-based materials.
In particular, conducting polymers have garnered huge potential for constructing
MSCs due to their conductivity, eco-friendly status, and low cost. Despite
having such credits, due to the undesirable agglomeration and instability of
the polymer backbone, MSCs made of conducting polymer agonize from cyclic
life and low energy density. It is efficient and sensible to distribute the infusion
and electrolyte diffusion through rational structure design. For instance, Zhu
et al. (M. Zhu et al. 2017) applied an electrochemical approach to promote
the growth on a conductive glass of sac-like polypyrrole nanowires. In such a
system, sac-like structures could facilitate the dissemination of electrolyte,
which in turn caused improvement in the electrochemical performance of the
material. Therefore, the so fabricated MSCs with polypyrrole nanowires ex-
hibited 15.25 mWh.cm™ of energy density at the power density of 0.89 W.cm™.
Even if metal-based materials are broadly used as electrode materials, their poor
conductivity and smaller cyclic stability restricts their use. An effective approach
is to dope them by atoms for improving the electrical conductivity, in turn
leading to improvement in their electrochemical performance. As shown in
Figure 8.4(e), Li et al. (Hongpeng Li et al. 2019) implemented RuO, as spacers
to enhance the gap between the MXene sheets, and then combined it with
silver nanowire (AgNW) to design electrodes for MSCs. The spacing imparted
by the RuO, nanoparticles improved the ion channels, and the so-prepared MSC
exhibited large volumetric capacitances of 8642 F cm™ at 1 mV s' and
304.0 F cm™ at 2000 mV s™'. The long-term cycling stability corresponded to
90% of initial capacitance retention over 10,000 cycles in combination with
outstanding flexibility. Similarly, Chen et al. (X. Chen et al. 2019) integrated
MoS, into MXene and tested the resulting material as electrode material for
symmetrical MSCs. The implementation of MoS, not only limited the agglomeration
of the MXene sheets but also resulted in additional pseudocapacitance. As a result,
the fabricated MSC showed specific capacitance of 173.6 F cm™ and energy density
of 15.5 mWh ¢cm™>. Furthermore, as shown in Figure 8.4(f), Zhu et al. (Y. Zhu et al.
2020) attempted reduction of MXene layers from stacking by expanding the interlayer
gap with foreign materials and generating in-plane pores (Figure 8.4(g) and (h)).
Attributed to these matters, the ion transport efficiency and the electrochemically
active area got largely improved, leading to much enhanced capacitive performance
(Bu et al. 2020).
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8.4 CURRENT STATUS

The perpetual development of the microelectronic is attributed to the progress of
energy-storage devices (W. Li, Meredov, and Shamim 2019). MSC can sug-
gestively satisfy the increasing requirements of flexible and largely integrated
electronics credited to its extremely high charge/discharge rate, small-size,
and lightweight, flexible nature. Till date, these have already been efficiently
applied to progressive wearable devices, different kinds of sensors, and so on
(Chen Zhao et al. 2018). Furthermore, these can significantly enhance the
medicine-related area credited to the diversity of choice of electrode materials.
The continued development in the arena of wearable devices and numerous
little sensors have largely elevated the need for corresponding power supply
modules (Pu, Hu, and Wang 2018). Nevertheless, for the moment, the significant
trouble relies in receiving long-term continuous and stable power supply mod-
ules. The critical working conditions of solar cells (only with illumination) and
small service life of micro-batteries are making it impossible for these devices
to meet this requirement. Linking MSCs with energy harvest strategies (e.g.,
triboelectric nanogenerator) proves to be an attractive solution for meeting the
requirement. For instance, Zhang et al. (S. L. Zhang et al. 2019) have illustrated
the strategy by implementing double-energy harvest devices, e.g., triboelectric
nanogenerator (TENG) and electromagnetic generators (EMG) to collect the
mechanical energy (Figure 8.5(a)), in turn led to the increase of the charging
rate of MSCs.

As shown in Figure 8.5(b), Jiang et al. (Q. Jiang et al. 2018) designed a
compacted self-powered electric module from the MXene and TENG-MSC for
wearing safely on human skin. The device transformed the mechanical energy as
a result of the motion, into electrical energy and supply it to the MSC for storage.
It is highly desirable to design multifunctional materials for the various functional
devices. For instance, Qin et al. (J. Qin et al. 2020) attempted the synthesis of
hierarchically ordered 2D dual-mesoporous Ppy/graphene (DM-PG) nanosheets
as active materials for both NH; sensor and MSC (Figure 8.5(c)). Apart from gas
sensor, Song et al. (Y. Song et al. 2018) also attempted the assemblage of the
MSC and piezoelectric sensors (PRSs) for fabricating a real-time pressure sensor.
It is noteworthy that both the sensor and the MSC worked well after integration.
The PRS exhibited large sensitivity of 0.51 kPa™' and broad detection range,
while MSC showed excellent areal capacitance. In addition, it has been proposed
to be implemented as a 3D touch. Guo et al. (R. Guo et al. 2017) reported a
strategy to integrate nanowire-based UV sensor and MSCs on a piece of paper
with printing Ni circuit. The resulting MSC-UV sensor system exhibited self-
powering and good sensing capabilities. And the MSC could be charged by
connecting it with a solar cell, as shown in Figure 8.5(e). Similarly, Cai et al.
(Cai, Lv, and Watanabe 2016) showed a self-powered system of UV-light de-
tector by combining a MSC designed by laser direct writing on PI films, a
photodetector based on ZnO nano particles also fabricated by one-step direct
laser writing and a solar panel.
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Source: (a) Reproduced with permission (S. L. Zhang et al. 2019) (Copyright © 2019, John
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and Sons). (d) Reproduced with permission'*> (Copyright © 2018, Elsevier). (¢) Reproduced
with permission (R. Guo et al. 2017) (Copyright © 2017, John Wiley and Sons).

8.5 QUANTUM BATTERIES AND SUPERCAPACITORS

Quantum batteries (QB) and supercapacitors (QS) are defined as a large ensemble
of n-dimensional quantum system with non-degenerate energy levels or non-passive
state to reversibly extract or deposit the energy by unitary cyclic operations (Ferraro
et al. 2019). Classically invented charge-storage devices are limited by their slow-
speed operation, mainly attributed to the slow movement of heavy ions in a crystal
lattice as well as in an electrolyte. Alternatively, the charge transfer occurs due to
mechanical moving of ions or the interface phenomena at the surface of electrodes.
Moreover, the operation of supercapacitors is limited to only 2-3 V, and a large
increase in the leakage current further reduces an energy-storage time (Mishra et al.
2019). Therefore, QB/QS systems are essential to have compatibility with the ul-
trahigh speed integrated circuits as elements of memory with the implementation of
the new quantum strategies (Ferraro et al. 2018). Quantum mechanics employs tools
such as exchange and correlations in n-dimensional electron system with long-range
interactions for engineering of energy-storage applications (Santos et al. 2019).
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So far, there are a few models presented for the experimental demonstrations, such
as spin-chains, nanofabricated quantum dots coupled to cavities, and super-
conducting qubits (Kai Xu et al. 2020; Baart et al. 2016) (Heinrich et al. 2021).
There are also reports on the formation of two-dimensional electron double layers in
van der Waals heterostructures comprised of graphene-MoS,, WSe, and hetero-
interfaces of metal oxides (Naik and Rabinal 2020; G. H. Lee et al. 2014).

One of the main challenges of current technology is represented by energy
storage. In this scenario, many devices like capacitors and batteries are involved,
from personal electronics to transport sector. Supercapacitors are improved ver-
sions of conventional capacitors that exploit a molecular-scale interface between
the ions of an electrolyte and the electrode to increase the energy density
while displaying large power densities. Quantum effects, such as exchange and
correlations in low-dimensional electron systems with long-range Coulomb in-
teractions, constitute powerful tools that can be potentially manipulated and en-
gineered for energy-storage applications. For general mesoscopic device,
the electronic contribution C, to the capacitance of a mesoscopic device can
be written as Ce_l = Cg_l + Cq_l, where C, is a classical contribution, i.e., the
conventional geometric capacitance, and C, is a contribution, from “quantum
capacitance” (Bueno 2019). The latter accounts for the variation of the Fermi
energy due to charge accumulation. Usually, quantum contribution has the net
effect to lower the capacitance of the device, thereby reducing the stored energy
density with respect to the classical case. However, situations may arise where a
negative exchange and correlation contribution to the energy dominates over the
positive kinetic energy do exist (Biittiker, Thomas, and Prétre 1993), leading
to C4<0 and C>C,. Such quantum mechanical enhancement of the total capaci-
tance as compared to the classical value has been observed in several systems,
including two-dimensional electron double layers formed in GaAs semiconductor
quantum wells (Biittiker, Thomas, and Prétre 1993), the interface between two
oxides (LaAlO3/SrTiO5) (Tao et al. 2020), 2D monolayers of WSe, (Bera et al.
2019), and graphene-MoS, heterostructure (Lili Yu et al. 2014).

Giuliani and Vignale (Giuliani and Vignale 2005) in their book interpreted the
compressibility of the two-dimensional electron liquid as a capacitance by calcu-
lating charge p per unit area of the gate, i.e., the capacitance per unit area, as shown
in Figure 8.6.

2DEG 3D Gate

FIGURE 8.6 Capacitance measurement between a three di-
mensional gate and a two dimensional electron liquid.

Source: Reprinted with permission from (Giuliani and Vignale
2005), Copyright © 2005, Cambridge University Press.
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The differential capacitance C/A = dp/dV is given by
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It is clear that the capacnance Value greatly depends on the screening length.
Although the separation between the plates is in microscopic scale, the screening
length is in the order of Bohr radius. Thus, the capacitance determination has to be
done through a sensitive measurement only. Any change in the chemical potential will
lead to the change in the field. Recently, quantum-mechanical effects are exploited
to enhance the energy storage in supercapacitors (Ferraro et al. 2019). Ferraro et al.
published a model for the quantum supercapacitor by considering two chains of
double quantum dots, one containing electron and other holes (Figure 8.7) (Ferraro
et al. 2019). This basic model is used as designing a building block for realizing
charge and spin qubits in experimental architectures. Double quantum dots is a qubit.

Screened Coulomb interactions between electron and hole in an embedded
photonic cavity was shown responsible for long-range coupling between all the
qubits. Therefore, this study demonstrated an improvement in the energy transfer
and storage performance through purely quantum mechanical effects.

A patent on quantum supercapacitor by Alexandr Mikhailovich Ilyanok, in 2006
(Ilyanok 2006), used nanostructured materials between the two plates (Figure 8.8).
The sizes of the clusters vary from 7-29 nm. The energy in the supercapacitor is
stored uniformly in the material, thus inducing a resonant coupling of the electrons.
In this system, the maximum stored specific energy was 1.66 Ml/kg. Thus, the
architecture of the cells can be used for both integrated circuits and energy storages
in combination. In this design, the extreme achievable current density in quantum
supercapacitor is:

ef,  4mema’ct

Jo = p e =3.4-10%A/cm? (8.2)
v
y O @y @ O le).
Ve © OO, ©w

FIGURE 8.7 Schematic of the two-chain system proposed by Ferroro et al.

Source: Reprinted with permission from (Ferraro et al. 2019), Copyright © 2019,
American Physical Society.
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FIGURE 8.8 The quantum supercapacitor design dielectric comprising central-symmetric
clusters.

The capacitance of supercapacitors mainly depends on extraordinarily high elec-
trical conductivity and high surface area, and hence, graphene-based materials
outstand with great potential for supercapacitor applications. These act as electrical
double-layer capacitors with a high power density and excellent cycling capability
(Garakani et al. 2021). Extensive studies have been done in graphene for
this application. Graphene is used in several architectures, including zero-
dimensional quantum dots, one-dimensional fibers, two-dimensional films, and
three-dimensional porous structures employed for supercapacitor electrodes.
Graphene quantum dots (GQDs) present unique properties owing to quantum
confinement and edge effects (De et al. 2020). GQDs are expected to provide
enhanced electrochemical double-layer capacitance and emit stronger lumines-
cence. Another variant of GQDs is graphene quantum dot-decorated porous carbon
spheres that have shown an extensive potential for an efficient supercapacitor
(Y. Deng et al. 2020). The GQDs modify the conductivity of the resultant
materials.

Alongside graphene, another technology for making supercapacitors makes
asymmetric electrode supercapacitors. Asymmetric hybrid devices are developed
in which the cathode electrode is a pseudo-capacitive oxide electrode and the
activated carbon electrode as the anode for an electrical double-layer to provide
larger voltage window and higher specific energy. A facile microwave-assisted
hydrothermal synthesis of SnO, quantum dots was demonstrated as an active
material for solid-state asymmetric supercapacitor (Geng et al. 2020). NiCo,S,
quantum dots have shown also similar performance as asymmetric devices
(Wenyong Chen et al. 2020). P-N heterojunction LaMoO3/GQD can act as ne-
gative electrode for asymmetric supercapacitor (Z. Shi et al. 2020). Some
other example has been observed also. Nb,Os quantum dots coated with
biomass carbon can also act for ultra-stable lithium-ion supercapacitors (Lian
et al. 2021). Graphene/reduced graphene oxide as electrodes have also shown
super capacitive behavior.



9 Future Applications

Supercapacitors find use in consumer electronic devices, hybrid electric vehicles,
buses, trains, and industrial applications. These are used in various ways; for
smaller devices, they are used as a charge storage, and larger equipment use them to
facilitate a quick start. In the future, supercapacitors will compliment batteries in
many applications for their low temperature operation performance, cycle life, fast
charge/discharge, and possibility to be used in compact forms. Supercapacitors have
an excellent potential for portable applications, such as power electronics systems,
due to their high capacitance values up to 2700 F, 10 times lower equivalent series
resistance than conventional capacitors and long cycle lives. The next generation
applications of supercapacitors based on current advancements are summarized in
the following sections.

9.1 POWERING SMALL ROBOTS

The supercapacitors can be used in future robots fully or in hybrid mode with
batteries. The characteristic advantages of supercapacitors over batteries, such as
high power density, high cyclic life, and storage of regenerative power from a
moving robot during braking or downhill motion, can be utilized efficiently. The
solar-powered supercapacitors can be used in powering the small robots in outside
applications. Artal et al. developed an autonomous mobile robot named ‘MBot,’
which uses a supercapacitor as its power source (Artal, Bandrés, and Fernandez
2011). Additionally, the growth of carbon-based electrode materials such as gra-
phene, CNT, and activated carbon, encourages the scientist to use high energy
density supercapacitors in robotic applications.

9.2 FLEXIBLE AND WEARABLE ELECTRONICS

The development of hydrogels with high electrical conductivity, transparency,
stretchability, and mechanical strength makes them useful as electrode material for
supercapacitors. The aesthetics of these supercapacitors allow them to be used in
powering the wearable sensors, implants, and electronic systems for humans and
robots. The hydrogels soaked with electrolytes facilitate electrical double-layer
formation at metal-hydrogel and hydrogel-elastomer interface. The voltage appli-
cation triggers the motion of electrons/ions toward or away from the interface
causing polarization at the hydrogel interface. This results in squeezing of the
elastomer actuator in artificial muscle (C. Yang and Suo 2018). Figure 9.1 shows a
fabric-based flexible supercapacitor device with high stability and capacitance re-
tention under bending and wet conditions. The supercapacitors are utilized in self-
powered pressure sensors in artificial skins. Here, the hydrogel layer remains
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FIGURE 9.1 Fabric-based wearable supercapacitor device (a) stability test-based on GCD
curve at 20 mA/cm?, (b) capacitance stability under bending, (c) capacitance retention under
water, and (d) digital image showing supercapacitor fabric device sown over lab coat.

Source: Reprinted with permission from (Yu Yang, Huang, et al. 2017). Copyright ©
2017, John Wiley and Sons.

connected to the capacitive meter, and on application of pressure, the total capa-
citance of the system changes. The development of conductive flexible substrates
has been the focus of researchers.

The conductive and stretchable substrates allow the utilization of supercapacitors
to power the wearable sensors and devices. He et al. have developed CNT-based
high performance stretchable supercapacitor without using any elastic material
(S. He et al. 2016). They have modified the design of the supercapacitor by using
interconnected segments. The advantage of flexible supercapacitors is the ability
to withstand high strain, shape change, and light weight.

9.3 SUPERCAPACITORS IN RENEWABLE ENERGY DEVICES

The future of mankind depends upon the reusability of the available clean and
renewable energy resources, such as solar, wind, and tidal energy. The systems
for energy harvesting from above-mentioned resources require a sustainable energy-
storage system due to lack of continuous supply. The supercapacitors have
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FIGURE 9.2 (a) Schematic representation of solar energy utilization to charge the super-
capacitor device that is integrated with fabric-based dye-sensitized solar cell (F-DSSC).
(b), (c), and (d) demonstration of solar-powered device at outdoor, indoor, and working
conditions.

Source: Reprinted with permission from (K. and Rout 2021), Copyright © 2021, Royal
Society of Chemistry.

advantage over batteries due to high cyclic life and high power density.
The supercapacitors become an ideal choice to be integrated with above-mentioned
renewable energy resources considering the fluctuation in voltage and frequent
charging/discharging requirements (Abbey and Joos 2007). The electric vehicles
(EVs) are now utilizing the hybrid mechanism of energy supply from battery and
supercapacitors. Solar-powered supercapacitors are the main focus of EV manu-
facturers due to ease in installation of rooftop solar panels that can charge the
supercapacitors (K. and Rout 2021). Figure 9.2 shows the schematic of utilization
of solar energy to charge a photo-powered supercapacitor via a dye-sensitized
solar cell (K. and Rout 2021). The utilization of supercapacitors in hybrid systems
reduces weight and the overall size of the power-storage systems. The utilization
of solar light enables wireless charging of the device, which is getting huge
appreciation in wireless medical sensors.

9.4 CHALLENGES OF SUPERCAPACITOR UTILIZATION IN
FUTURE APPLICATIONS

There are several challenges associated with the supercapacitor applications that
scientists need to address. The major issue is with the lower energy density of
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the supercapacitors in comparison with batteries. This restricts their utilization
as single-energy storage devices for a system. The lower operating voltage of
supercapacitors requires multiple devices to be arranged in series to meet
the voltage requirement. The high self-discharge rate also creates problems in
actual applications. The environmental concerns related to ionic or organic
electrolytes in large numbers of series-connected devices poses a real concern.
Bio-compatibility of the device constituents is also a big challenge in using
the supercapacitors for bio-implants and wearable applications. The reliability
and repeatability issues associated with self-powered sensors needs to be assessed
properly. However, using hybrid systems with battery-like electrodes and pseudo-
capacitive electrode materials is solving most of the energy-density issues, but
their compatibility with future applications needs to be studied if full utilization
is desired.
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