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Preface

Thank you for choosing this book, which summarizes the latest research on super-
capacitors. The concept of energy storage is necessary to provide a stable energy
supply, and it will thus continue to develop in the future. Supercapacitors, as one
of the many energy-storage technologies that have been developed so far, show
the higher performance of electrode materials, electrolytes, and separators and
demonstrate high energy density as well. In recent years, there has been noticeable
progress in the development of hybrid capacitors with larger capacity compared
to conventional electric double-layer-type capacitors. Supercapacitors are thus
transforming from auxiliary power sources for lead-acid and lithium-ion batteries
to next-generation power sources. Going forward, it is expected that the develop-
ment of supercapacitors using ions, such as sodium and magnesium, and solid
electrolytes will keep up the pace. I believe that it is important for researchers in this
field to work together and combine technologies to create better products. I hope
that this book will act as a platform for researchers to collaborate with each other,
and I look forward to the success of the readers.

Daisuke Tashima

Department of Electrical Engineering,
Faculty of Engineering,

Fukuoka Institute of Technology (FIT),
Fukuoka, Japan

Aneeya Kumar Samantara

Academy for Scientific and Innovative Research,
CSIR-Institute of Minerals and Materials Technology (IMMT),
Bhubaneswar, India
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Chapter 1

Supercapacitors Fabrication and
Performance Evaluation
Techniques

Imtiaz Ahmed Khan, Litty Thekkekara, Sania Wagqar,
Nauman Choudhry and Sabu John

Abstract

Supercapacitors have surfaced as a promising technology to store electrical
energy and bridge the gap between a conventional capacitor and a battery. This
chapter reviews various fabrication practices deployed in the development of
supercapacitor electrodes and devices. A broader insight is given on the numerous
electrode fabrication techniques that include a detailed introduction, principles,
pros and cons, and their specific applications to provide a holistic view. Key per-
formance parameters of an energy storage device are explained in detail. A further
discussion comprises several electrochemical measurement procedures that are
used for the supercapacitor performance evaluation. The performance characteri-
zation section helps to determine the correct approach that should be utilized for
supercapacitor device performance measurement and assessment.

Keywords: supercapacitors, electrodes, nanomaterials, fabrication methods, energy
storage, performance evaluation, capacitance, and energy density

1. Introduction

The crude energy resources that power our planet are depleting and have a
devastating effect on our habitat. The world has turned into an energy soaking
sponge always deficient and in need of more reserves to fuel the energy shortage.
Toxic fossil emissions are pounding the already battered environment resulting in
global warming [1]. Planet Earth is witnessing a drastic climatic change due to this
phenomenon. Abrupt weather patterns and frequent ecological calamities events
are a few of the core issues arising due to these factors. Humans have realized
renewable energy is the only way forward to preserve their environment for future
survival. This evolution from fossil-based to renewable energy requires a long
transition time and comes with its own various challenges. When renewables such
as wind, sunlight, tidal, geothermal, etc., are used to generate electric energy, it
requires an efficient energy storage source to ensure uninterrupted and reliable
energy supply to the users. Energy storage applications have evolved to cater to
various needs, from electric grid-level storage to powering small wearable on-
person devices. Electric batteries, fuel cells, capacitors and supercapacitors (SCs)
are vital components of energy conversion and storage systems. Electric double-
layered capacitors (EDLCs), ultracapacitors, electrochemical capacitors (ECs),
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pseudo-capacitors, supercapattery are other names that are used for an SC device
depending upon the charge storage mechanism [2-4].

In performance metrics, a supercapacitor falls in between a conventional capac-
itor and a battery. The advantage that supercapacitor exhibits over other conven-
tional batteries are mainly related to a high specific power, significantly high
number of cycle life, charge-discharge efficiency, robust thermal operating window
and effective handling of fluctuating input—output energy conditions [1, 5-7]. These
aspects are summarized in Table 1.

2. Components of a supercapacitor

In fundamental form, components of a supercapacitor consist of two electrodes,
an electrolyte and a separator that is identical to a conventional capacitor.
Supercapacitors (SCs) are electrochemical capacitors (ECs) [9] that store charge in
the electric field of electrochemical double-layer [6, 10, 11]. They are one of the
favorable candidates for energy storage because of their exceptional electrochemical
properties.

Depending upon the charge-storage mechanism of SCs, they can be classified
into three; electric double-layer capacitors (EDLCs), redox electrochemical capaci-
tors (RECs) and hybrid electrochemical capacitors (HECs) [10]. Electrodes of
supercapacitors can be produced using various forms of carbon [12-14], metal
oxides [14, 15] and conductive polymers [16, 17].

EDLCs work on the principle of energy storage by the charge separation at the
electrode/electrolyte interface, and they are majorly focused on the materials based
on carbon; activated carbons and graphene, carbon nanotubes [18]. While RECs are
based on metal oxides, conductive polymers and doped carbon [19]. HECs com-
bines the properties of the materials mentioned above and their working principles.

2.1 Electrode material

Electrodes are the one of the key components and the most important element in
SCs. The electrochemical performance of SCs depends upon the properties of elec-
trode materials used in their development. Plenty of researchers are working on
designing low-cost, high-performance electrode materials with high stability, high
specific surface area and high electronic conductivity [20]. Carbon-based materials
are among the popular electrode materials for SCs, followed by conducting poly-
mers and metal oxides, etc. [21].

Energy storage devices

Performance indicators Battery Supercapacitor Capacitor
Specific power (W/Kg) <1000 500-10,000 >10*
Specific energy (Wh/Kg) 10-100 1-10 <0.1
Charge/discharge efficiency (%) 70-85 85-98 >98
Charging time 1-5 hrs Sec—-min 107%-1073
Discharging time 0.3-3 hrs Sec—-min 1071072
Cycle life ~1000 ~500,000 >500,000
Table 1.

Performance comparison of capacitor, supercapacitor and battery. Adapted from [8].
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2.1.1 Activated carbon

Carbon can be transformed in various forms with a very high specific surface
area because of its highly porous structure. This is one main reason for using carbon
as an electrode material. Activated carbons (ACs) have proved applications in
energy storage [8]. Carbon is abundant in the environment, and its activation can
be done through physical (thermal) and chemical activation. Hot gasses are used to
develop the structure into ACs in physical (thermal) activation. Carbonization is
usually done at very temperature (~500-1100°C). While chemical activation needs
lower temperatures (~400-800°C), its pyrolysis and activation are carried out in
the presence of dehydrating agents.

Depending on the hybridization, carbon has different allotropes; graphitic car-
bon has graphene layers, while non-graphitic carbon lacks the long-range 3-D
network. The structural characters of ACs are close to the structural properties of
pure graphite. ACs can be produced with different porous structures [22]; micro-
pores (nanopores), mesopores and macropores. These pores are important in the
kinetics of adsorption and do not increase the adsorption capacity. Changing the
factors during carbonization and activation can lead to ACs with different porous
structure areas. Conway et al. [5] reported that large pore sizes result in higher
power densities while smaller pore sizes relate to higher energy densities.

2.1.2 Graphene

Graphene is a monolayer of carbon atoms packed into a honeycomb lattice and is
theoretically regarded as the basis for the formation of all other sp* allotropes of
carbon. It has excellent mechanical properties and a large surface area with great
electronic transportability and thermal conductivity [23-25]. Different methods
such as hummer’s method [26], dispersion method [27], microwave method [28]
are being used. The chemical vapor deposition (CVD) method etc., can be used for
the synthesis of graphene. To enhance the capacitance performance of graphene
that is synthesized by the methods mentioned above, researchers switched to dop-
ing graphene [29], conductive polymer composites [30] or oxide materials [31] to
enhance the electrochemical behavior of the materials.

2.1.3 Graphite oxide and graphene oxide

Graphite oxide is a product of graphite oxidized by oxidants such as acids [32],
while graphene oxide (GO) is single or few layers of graphite oxide [33]. It can be
obtained when graphite oxide suspension is sonicated or stirred. Its properties can
be tailored via functionalization of groups on the surface.

2.1.4 Carbon nanotubes

CNTs are another allotrope of carbon. Graphene that can be rolled at a certain
axis to produce SWCNTs [34]. CNTs are chemically and thermally resilient and
have the highest strength to weight ratios [35]. CNTs can be produced by various
techniques, including arc discharge [36], laser ablation [37]. high-pressure carbon
monoxide disproportionation [38] and CVD [39]. CVD is the most common method
used to synthesize CNTs. It can be produced as SWNT, DWNT and MWNT [40].

2.1.5 Metal oxides/hydroxides

Metal oxides are considered a very good material for supercapacitors because of
their very high capacitance and high power, making them very attractive for
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commercial applications [3]. MnO, [41-43], NiO [44-46], RuO, [47-49], Co (OH),
[50] and MoC; [51, 52] have got interest because of their vast application for charge
storage in supercapacitors. To be eligible for the use in supercapacitors, they must
be conductive and can exist in oxidation states without the phase change. While,
during the redox reactions, the protons should freely intercalate in and out of the
material’s lattice.

2.1.6 Conductive polymers (CPs)

Conducting polymers are being explored for redox electrochemical capacitors
[53-55] as they have a reversible and fast oxidation and reduction process during
energy storage [3]. Due to their high capacitance and large surface area, conducting
polymers are being used in supercapacitors. PANI and PEDOT are the most com-
monly used conducting polymers in supercapacitors.

2.1.7 Composites materials

Hybrid supercapacitors that involve a combination of carbon materials with
metal oxides or conducting polymers utilize composite materials [56]. They incor-
porate the characteristics of both, double layer of charge and faradaic mechanisms.
They display higher capacitance to other electrodes that are based on polypyrroles
or CNTs [57, 58].

2.2 Electrolyte

An electrolyte is a chemical compound when dissolved in a solvent and
dissociated in ions. These ions provide ionic conductivity between the positive
and negative electrodes of the device, thus helps in electric charge transportation.
The electrolyte plays a vital role in the supercapacitor performance, life cycle, and
safety of the device. Chiefly the electrolytes used in supercapacitors are classified
into three types, a) aqueous electrolytes, b) organic electrolytes, and c) ionic
liquid. Each class has its distinct features related to voltage window and ionic
resistance [59, 60].

2.3 Separator

A separator could be any physical barrier such as filter paper, polymeric micro-
porous sheet or even a gel polymer electrolyte that is present between the two
positive and negative electrodes to prevent electrical shorting by physical contact of
electrodes. Separators should be an inert element and permeable for the electrolyte
ions [61, 62].

3. Fabrication techniques

With the advancement in electrochemical supercapacitor technology, the need
to design a scalable, sustainable and cost-effective electrode manufacturing method
has developed too. Various techniques are being used for the fabrication of
supercapacitor electrodes; every technique has merits and demerits over each other.
Few commonly used ones are discussed here.
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3.1 Chemical vapor deposition (CVD)

This method has gained the interest of many researchers working in this field. The
main component used in this method is hydrocarbon substance, as a source of carbon.
Iron, cobalt, nickel are some transition metals mainly used as catalysts. Compara-
tively, in the CVD method, it is easy to control the reaction process. It requires a low
growth temperature and is suitable for the production of CNTs and carbon
nanofibers. By optimizing the application of catalysts, this method can also align
carbon nanotubes arrays [63, 64] that are used to prepare carbon nanotubes [65, 66].

3.2 Dip-coating

Dip coating is a commonly used technique to create substances. It has been
reported in the most recent literature of supercapacitors [67-69]. Dip coating is a
process where the substrate is dipped into a solution in the presence of a weighing
roller/pressure to form a film or a coating on the surface of the substrate. The
method is widely used in various industries and in the textile process [70]. It is one
of the key techniques used for dyeing. The technique is highly suitable for
nanomaterials for creating a thin film coating, such as bio-ceramic nanoparticles,
biosensors, and nanocoated implants. The thickness of the coating material affects
the adsorption and absorption of the material. The fabric structure, thickness and
volume of liquid also affect its absorbance. The dip-coating process is usually
followed by air-drying/curing process. The first textile-based supercapacitor was
fabricated using this method [71].

The dip-coating method improves the bond between the fibers and the applied
electrochemically active materials [72], thus enhance its mechanical properties.
CNT/MnO2/PVA fiber electrode was developed by forming a uniform MnO2-PVA
paste [72]. The paste was then used to dip-coat CNT fibers. The developed asym-
metric supercapacitor showed a wide operating potential window of 2.0 V with the
highest energy and power densities of 42.0 Wh kg ' and 19,250 W kg, respec-
tively. Cotton fabric was dip-coated using carbon nanofibers (CNFs) to develop
flexible carbon composite electrodes in [73]. In order to enhance the electrochemi-
cal performance of the electrodes, further layers of manganese oxide (MnO2) and
activated carbon were added. Asymmetric supercapacitors (SCs) were assembled
using the textile electrodes, which at low discharge rates, exhibited capacitance
performance of 134 and 138 F g~ " with Nafion membrane and porous paper,
respectively. The stable performance of hybrid textile-based supercapacitors using a
simple development approach and low-cost materials suggests the future direction
for flexible energy storage applications.

3.3 Electrochemical deposition

This is a technique where the electrons are transferred through anions and
cations under the external electric field. To form a plating layer, a redox reaction
takes place on an electrode [74]. Electrochemical deposition is extensively used to
improve the capacitive properties of fiber electrodes by forming nanostructure
crystals or conductive polymers. With highly capacitive active materials, this
method simplifies the composition between carbon nanotube-based fiber.

3.4 Inkjet printing

Inkjet printing is considered an important breakthrough in manufacturing
energy storage devices, particularly in supercapacitors. Over the other fabrication
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techniques, inkjet printing technology has various advantages such as controlled
material deposition, low cost, and compatibility with a variety of substrates [75]. Le
et al. [76] fabricated graphene electrodes with inkjet printing of graphene oxide,
followed by thermal reduction and found that the electrochemical performance of
inkjet printing is favorably comparable to other methods. Graphene oxide
dispersed in water was used as an ink to develop a graphene-based inkjet printed
supercapacitor [77]. The specific capacitance of up to 192 F/g and the loss of
capacitance less than 5% was observed after the repeated bending cycles of the
device. SWNT inks were used through an inkjet printer on a cloth fabric to
produce thin-film electrodes. These films were then sandwiched between

polymer electrolytes to develop supercapacitors. The performance of the printed
SWNT supercapacitor was remarkably improved in terms of its specific
capacitance of 138 F/g, power density and energy density, with the addition of RuO,
nanowires [78].

3.5 3D printing

The 3D printing technology could produce low-cost 3D printed platforms for
various applications. As electrochemical 3D systems have recently been explored,
there has been a particular focus on the development of supercapacitors [79, 80].
The 3D technique is one effective way to improve the overall energy performance of
stretchable supercapacitors without compromising their mechanical properties
[81], and is also famous to improve the energetic areal performance of micro-
supercapacitors [82]. Zhu et al. [83] reported the fabrication of 3D printed aerogel
for supercapacitor applications using the 3D printing fabrication method. The
developed supercapacitor exhibited exceptional capacitive retention and power
densities. A highly flexible electrochemical double-layer capacitor was developed in
a single continuous manufacturing process using the 3D printing method [84]. All
the components of the supercapacitor were fabricated in a grid pattern. Electro-
chemical performance and flexibility of the 3D printed supercapacitors were inves-
tigated using the mechanical bending tests, which were found excellent with the
retention of 54-58% of its initial capacitance at 50 mV s-1 scan rate. Moreover, they
proved that the 3D printing technique has good reproducibility and can develop
various electronic devices.

3.6 Spray coating

The spray coating technique is generally preferred for large scale production
because there is no restraint in the size of the substrate and polymer utilization. This
technique is a substitute for the conventional spin coating method [85]. An aerosol
is formed, as the printing ink comes out through a nozzle [86]. However, spray
coating application for active materials is faced with issues like high film thickness
and roughness [87]. Thus, researchers are concerned about improving the mor-
phology of an active layer by means of solvents with high boiling points [88].

Li et al. [89] used the spray coating technique to deposit the silver electrode.
They altered the morphology of spray-coated silver electrodes by hydrochloric acid
Solvent Vapor Annealing (SVA). They provided a promising technique to prepare
large-scale PSC for the fabrication of printed electronics. In another study,
Sprayable ink based on activated carbon and single-layer graphene flakes was
reported in [90]. Ink deposition through spray coating enhanced the electrolyte
accessibility to the electrode surface area. The superior rate capability with the
specific energies of 31.5 Wh/kg and 12.5 Wh/kg was displayed at specific powers of
150 W/kg and 30 kW/kg, respectively.
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There are many other techniques deployed by scholars to fabricate
supercapacitor electrodes that include screen printing [91, 92], vacuum filtration
[93, 94], electroless deposition [95], electrospinning [96], blade coating [97],
carbonization [98], sol-gel [99, 100] etc.

4. Performance evaluation
4.1 Governing equations

Chen & Dai [101] explained the electrochemical supercapacitors governing
equations for performance evaluation when charge cumulates at electrode and
electrolyte interface. The capacitance (C) being represented by Eq. (1):

C— ére'()(%) o

Where &, is the electrolyte dielectric constant, £ is the dielectric constant of the
vacuum, d is the effective thickness of the double layer (charge separation dis-
tance), and A is the electrode surface area. The overall capacitance (C.) of the entire
device or cell and the normalized capacitance (Cnor) of an electrode or electrode
materials can be expressed via Egs. (2) and (3):

1 1 1
== + )
C Cpsy  Chao
G
Cnor = P 3)

1

where C,,y and C,.y represent the capacitance of the positive electrode and
negative electrodes’ capacitance, respectively. C; is the capacitance of the device or
electrode materials (individual electrode). P; could be the parameter either related
with the weight (resulting in gravimetric capacitance, F/g), the area (resulting in
aerial capacitance, F/cm?) or the volume (resulting in volumetric capacitance,
F/cm?) of the electrode or electrode materials to achieve the normalized capacitance
values. In the case of a symmetric device, the capacitance of the positive electrode
C(p+) must equal that of the negative one C,.. Thus, the capacitance of the com-
plete cell or device is half of the capacitance of each individual electrode (C;), that
is, Gi = Cpuy = Cno)

Ce=— 4)

The energy density (E) and power density (P) can be calculated using Egs. (5)
and (6):
E=05CV? (5)
V2 E
B 4'RESR N tdischarge

(6)

Where V is the operating voltage, Rggg is the equivalent series resistance of the
device, and t gischarge is the discharge time.



Supercapacitors for the Next Generation

4.2 Cell setup for supercapacitor testing

The supercapacitor testing is carried out through an electrochemical workstation
(EW), which contains electronic hardware units of potentiostat and galvanostat. It
also contains a frequency response analyzing unit as an option to characterize
electrochemical impedance spectroscopy. The user-specified counter electrode (Cg)
potential is precisely controlled against the working electrode (Wg) potential, and
the current response being observed in potentiostatic mode. In contrast, the flow of
current is accurately maintained between working and counter electrodes in
galvanostatic mode.

The cell setup for supercapacitor performance output characterization consists
of three and two-electrode configurations. Two electrode test cell design gives the
real output performance of the supercapacitor device, i.e. the obtained results
include both electrode contributions towards the capacitance value. On the other
hand, the latter is used to derive effective electrode material performance results.
This means the results that are acquired through a three-electrode setup are exclu-
sively due to the working electrode (the electrode understudy) and do not include
any invasion from another electrode.

It is easy to extract output information for individual electrodes while using two-
electrode cell assembly for symmetrical devices, but difficult to obtain such infor-
mation accurately for the asymmetric device since using two-electrode methods is
not feasible. The main reason for not recommending a two-electrode configuration
for asymmetric devices is that accurate contribution to overall capacitance values
arising from two different electrodes cannot be distinguished. A three-electrode cell
should be used in such scenarios if individual electrode performance is studied in an
asymmetric supercapacitor [102]. The three-cell setup consists of a working elec-
trode, a counter electrode, and a reference electrode, while in the two-electrode
setup, there are two electrodes; one is positive, and the other is negative, separated
by electrolyte-soaked porous membrane.

4.3 Electrochemical techniques employed for supercapacitor characterization

The critical performance parameters of a supercapacitor are measured using
three main electrochemical techniques, which include cyclic voltammetry (CV),
Galvanostatic Charge/Discharge (GCD, also known as constant current charge/
discharge) and Electrochemical Impedance Spectroscopy (EIS). Electrochemical
workstation is used for all these techniques to quantify key factors such as voltage,
current, time, equivalent series resistance and capacitance in three or two-electrode
configurations. From the measurement results, the power and energy values of the
tested device can be calculated through mathematical Equations [103].

4.3.1 Cyclic voltammetry (CV)

Cyclic voltammetry is a versatile, dynamic electrochemical method for evaluat-
ing the electrochemical capabilities of a device or material through electrode kinetics
and charge storage mechanism happening at the electrode/electrolyte interface. Both
three and two electrode configurations can be used in a CV experiment to measure
various parameters. Working electrode potential is measured against a reference
electrode which maintains a constant potential. Distinct shape CV graphs are gener-
ated (rectangular/quasi-rectangular) as shown in Figure 1a, with time-dependent
current on the vertical axis and predetermined voltage window on the horizontal
axis, when a fixed rate linear varying voltage is swept between two predetermined
upper and lower electric potential values. The scan is forwarded and reversed
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Figure 1.

Typical profiles of a) CV, b) GCD, and c) EIS of a supercapacitor.

between this voltage bracket, also known as operating potential or voltage window.
This voltage window value depends upon the type of electrolyte used, as the voltage
range should not surpass the stable voltage operating window of the electrolyte.

Exceeding the voltage limit will start the electrolysis process of an electrolyte,
and this reaction will govern the cell chemistry, thus resulting in deteriorated cell
performance [104]. Different scan rates (mV/s) are also employed during CV
analysis; this voltage/potential change speeds during the experimental setup. The
scan rate has a considerable impact on capacitance values and graphs obtained. It is
mainly related to electrode kinetics, as the decrease in specific capacitance is asso-
ciated with limited ion transfer due to increased scan rate [102]. At slower scan
rates, the CV graphs also show better rectangular charts. Eq. (7) can be used to
calculate the capacitance values of a super cache capacitor when the CV technique is
used in two-electrode assemblies [105].

4fridv
T msAV

@

where is the integrated area of the CV curve, V is (2 x the voltage window, from
E1to E2 = (|E2 -E1|) in volts (V), s is the scan rate (V/s), m represents the mass (g)
of active materials on both electrodes [105].

The multiplication factor of 4 should be replaced by 2 in the three-cell setup to
calculate the gravimetric capacitance.

4.3.2 Galvanostatic charge-discharge (GCD)

GCD is another heavily deployed technique to calculate capacitance, power,
energy densities, the equivalent series resistance of the supercapacitor device or

11
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material. It also helps in identifying parameters such as the life cycle and the
stability of the device during that period [103]. In this method, a constant positive
current is applied to the working electrode at the start, so it is charged to its peak
voltage value that is specified in the voltage window, and voltage response is
recorded against charging time. Once fully charged, a constant negative current is
applied to the device, so it is discharged to its lower voltage value, and voltage
response against discharge time are noted [105]. The GCD profile formed for a
supercapacitor is triangular, as shown in Figure 1b. Eq. (8) can be used to calculate
areal capacitance (F/cm?) in a two-electrode assembly [105];

41

A %)

Cp = (8)

where is the current in amperes (A), represents the slope of the discharge curve
from IR drop, and A is the area in cm” of the two electrodes.

4.3.3 Electrochemical impedance spectroscopy (EIS)

This technique provides beneficial information such as impedance, frequency
response on capacitance, electrode/electrolyte interface related phenomena such as
charge transfer, and mass transport. EIS is also known as AC impedance spectros-
copy and dielectric spectroscopy. In this method, a low amplitude ACs, signal
(voltage-potentiostatic or current control-galvanostatic) is superimposed on a
steady-state signal over a variable frequency range, and its effect is studied on the
impedance of the device [102]. The data is usually presented on a Nyquist plot
(Figure 1c) where the real and imaginary impedance of the device is shown.
Calculating capacitance via EIS test using traditional method basically relies on
imaginary complex impedance part Im(Z) and is shown in Eq. (9) [103].

1
T m (2) )

Where f is usually the lowest applied frequency value.

5. Conclusion

Supercapacitors provide promising solution to the future energy storage devices.
Various materials and fabrication options are available for the development of
supercapacitors. Key performance parameters and their assessment criteria have
been reviewed in this chapter.

Extensive research has been conducted in the past decade on supercapacitors
with quite significant progress. Although inspiring results have been achieved in
this field; yet the energy storage devices still require further enhancement in device
fabrication techniques to achieve uniformity, scalability, and consistency in perfor-
mance evaluation to satisfy commercial demands. It is expected that future research
and developments will address these challenges.
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Biomass-Based Carbon Electrodes
in the Design of Supercapacitors:
An Electrochemical Point of View

Antony Bazan-Aguilar, Elvis O. Lopez,
Miguel Ponce-Vargas and Angélica M. Baena-Moncada

Abstract

The urgent demand of sustainable long-lasting batteries has fostered the
improvement of extended-use technologies e.g., Li-ion batteries, as well as the
development of alternative energy storage strategies like supercapacitors. In this
context, new carbon-based materials were developed to attain higher electrochem-
ical performances, even though several of these materials are not obtained by eco-
friendly methods and/or in a considerable amount for practical purposes. However,
up-to-date reports stand out the scopes achieved by biomass-based carbon materials
as energy storage electrodes combining outstanding physicochemical and electro-
chemical properties with low-pollutant and low-cost production. On this basis, this
chapter will expose several aspects of the synthesis of carbon-based electrodes from
biomass, focusing on the influence of their surface properties: porosity, crystallin-
ity, and morphology on their electrochemical performance in supercapacitors.

Keywords: Biomass-based carbon electrodes, Energy storage device, Surface
properties, Electrochemical performance, Supercapacitors

1. Introduction

Nowadays, the search for new eco-friendly energy systems is a priority to mitigate
the global impact associated with fossil fuel energy consumption [1-4]. At the same
time, novel electronic devices need to be developed to produce more efficient energy
storage systems with higher capacity and longer average lifetimes [5]. In this regard,
electrical double layer capacitors (EDLC), pseudocapacitors [6] and flexible solid-state
supercapacitors (FSSC) [7, 8], are able to cover the above-mentioned demands. Par-
ticularly, carbon-based capacitors exhibit significant advantages, such as high-power
density, low weight and flexibility, in contrast to conventional graphite-based systems
[9]. To achieve a better capacitance, electrodes based in porous carbon materials can
be employed, given their interesting morphological features, like high specific surface
area (Sggr), defined-porosity, and hierarchical arrangement [10]. Recently, the use of
biomass as precursor material has allowed the design of carbon-based energy storage
systems with outstanding electrochemical and mechanical properties [11, 12].

The energy storage mechanism in these materials consists in the accumulation of
electrostatic charges on their surface (Figure 1), [13] implying that, density of stored
charges depends on the material morphology (roughness and pores), and the size of the
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Figure 1.
Schematic representation of a loaded EDLC supercapacitor and pore accessibility (inset) with vespect to the
electrolyte. Figure adapted from [13, 14].

involved electrolyte ions [14]. Figure 1 shows the interplay between electrode porosity
and ion-electrolyte size for the electrostatic charge accumulation, in terms of pore
accessibility. In this way, activated carbons mainly exhibit three pore sizes [15]: micro
(< 2nm), meso (2-50 nm) and macro (> 50 nm), being the micropores and mesopores
the ones that most contribute to the increase of the capacitance [16]. Nevertheless, even
though carbon-based materials have high surface areas (1000-2000 m? gfl) , they still
have low specific capacitances due to their limited mesoporosity [14].

The carbons from biomass can be obtained from various natural sources, such as:
garlic skin, bamboo, rice husk, eucalyptus-bark, lignin, cellulose, orange peel, etc.
[6, 17-22], making biomass a sustainable source, also available in large quantities
from industrial waste [18]. Furthermore, the carbons obtained from biomass pre-
sent a diversified class of fibrous and porous structures [22], with capacitances
ranging from 100 to 430 F g ' [16, 23]. However, these values vary according to the
carbon activation method, which is strongly related to the resulting electrode pore-
size. Such processes of carbon activation from biomass can be divided into two
categories: i) physical activation and ii) chemical activation.

1.1 Physical activation processes

In this process the biomass undergoes a pyrolysis treatment at temperatures between
600 and 900°C in inert atmosphere. Then, the material is commonly exposed to an
oxidizing atmosphere of CO,, carried out at temperatures between 600 and 1200°C. Yu
et al. used this method to obtain activated carbon from cattail biomass [24], resulting in
an activated carbon with a surface area of 441 m” g ' and a specific capacitance of
126 F g71 (current density of 0.5 A g71 inKOH 6 mol L ! electrolyte) [18].

1.2 Chemical activation processes

In this process, the carbon precursor (biomass) is treated (soaked) with
chemical activators, such as: KOH, NaOH, H3POy,, ZnCl,, H,SO4, among others.
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Subsequently, the biomass is carbonized at temperatures between 400 and 900°C
[25]. During this activation, redox processes and substitution of large particles take
place, leading to the desired high porosity. In addition, physical activation occurs
due to the interaction of the reaction products such as: H,, H,O, CO and CO,.
Remarkably, these molecules also contribute to the pore formation.

Using KOH as a chemical activator, K° (metallic) is produced which occupies
interstitial positions in the carbon structure, inducing expansion in the material as
well as producing a high microporosity. A proposed mechanism of the activation
process using KOH is shown in the following redox reactions [26]:

6KOH + 2C — 2K + 3H, + 2K,CO; (1)
2K,CO; — 2K,0 + 2CO, )
K,COj; + 2C — 2K + 3CO 3)

CO, + C — 2CO (4)
C + K,0 — 2K + CO (5)

Diverse works have used the chemical activation process from KOH, Barzegar
et al. was one of them and produced mesoporous carbon from coconut shell,
obtaining a specific surface area of 1416 m* g~ ' and a specific capacity of 186 F g~ "
[27]. Zhang et al. used bamboo to obtain mesoporous carbon from KOH as an
activator. Zhang obtained a high specific surface area of 2221 m”* g " and a
specific capacitance of 293 F g ' at 0.5 A g " in KOH 3.0 mol L ™" [18]. Yin et al.
produced activated carbon from coconut fibers with KOH as a chemical activator.
This product exhibits a surface area of 2898 m” g~ ' (pore volume of 1.59 cm’ g,
i.e. 30% of mesoporosity) and specific capacitance of 266 F g " at 0.1 A g~ ' in KOH
6.0 mol L ™" [28]. Another biomass used to produce activated carbon is the garlic
skin activated with KOH, this material presents a surface area of 2818 m”* g 7,
exhibiting excellent electrochemical performance and cycle stability at a current
density of 0.5 A g~ (specific capacitance of 427 F g " or 162 F cm ) and a retention
capacitance of 94% [17].

Remarkably, the use of H;PO, as activator leads to a lower surface area in
comparison to those obtained using KOH or ZnCl,. It implies a controlled porosity
in the mesopore range. The addition of H3PO, activator also enables to obtain
surfaces composed of different functional groups such as quinones and phosphide
groups -C-O-P-, which subsequently decompose into CO at 860°C. In addition,
with this activation type, large capacitance values can be obtained, all due to the
nature of the phosphorus functional groups in the carbon structure [23].

Another source of biomass as coconut was also activated using NaOH. In this
case, Sesuk et al. showed that the carbon material presented a surface area of
2056 m” g ! and specific capacitance of 1992 Fg " at 1.0 A g ' [29].

Orange peels in copper carbonate (CuCO3;) were also used to produce activated
carbon. These materials present a surface area of 912 m” g " and specific
capacitance of 375 F g ' (current density of 1.0 A g~ ') [22].

Among the great variety of surface functional groups able to be incorporated on
the material surface we can mention: OH~, COOH ™, CO, as well as adsorbed
molecules [25]. These functional groups increase their electron affinity in the aque-
ous medium, inducing electrochemical reactions [26, 30], which shows that their
specific capacitance could be improved by addition of a pseudocapacitive compo-
nent due to reversible faradaic redox involved in this type of molecules. In Figure 2,
the optimized structures of 2,7-dimehtyl-9,10-phenanthrenequinone and its
reduced form, adsorbed on a graphene surface obtained by density functional
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Figure 2.
Optimized structures of 2,7-dimehtyl-9,10-phenanthrenequinone (a) and its reduced form (b) adsorbed on a
graphene surface, at the M06-2X/6-311G(d,p) level of theory. Distances in Angstroms.

theory (DFT) calculations at the M06-2X/6-311G(d,p) level of theory, are
presented.

2. Reduced graphene oxide modified carbon Fibers

In the search for a low-cost electrode, with large surface area and optimal charge
retention capacity, it has been found that carbon fiber or cotton exhibits adequate
surface area properties and mechanical and electrochemical stability, in comparison
with other porous carbon-based electrodes [31]. Certainly, different authors have
reported that the micro and macro-porosity are formed during the lignite carboni-
zation on cotton, but the tubular structure of the cellulose fibers is not altered in the
pyrolysis process [32]. In this way, carbon cotton electrodes present a large surface
area related to its micro and macro-porosity [31]. Another advantage linked to the
production of these electrodes is the low cost and ease synthesis, e.g. Sheng-Heng
et al. have reported commercial cotton carbonization at 900°C under Ar atmo-
sphere for 6 h, with area of 805 m? g71 and average micropore size of 1 nm [33]. On
the other hand, H. Wang et al. have obtained activated cotton carbons from cotton
pieces treated with solution of KOH-H,0 or KOH-urea-H,0 at 700°C for 2 h under
N, atmosphere. These activated cotton carbons show 1286 m* g " of surface area
and high electrochemical stability after several charge—discharge cycles as cathode
in Li-S batteries [31].

In previous studies, the influence of reduced graphene oxide (r-GO) on carbon
cloths and its capacity to charge store and stability have been studied. The carbon-
ization of cotton fibers impregnated with graphene oxide at 1000°C for 2 h shows a
reversible charge—discharge behavior of 160 mA h g~ after 100 cycles [34]. In
contrast, the design of carbon fiber material doped with nitrogen reports an out-
standing stability after 200 charge-discharge cycles at 1 A h g~ ' [34-36]. To a better
understanding of modified carbon cotton cloths with r-GO on electrochemical
performance, carbon cotton cloths were synthetized with r-GO 3 mg mL ", and the
effect of inert atmosphere was evaluated. To achieve this, commercial cotton fibers
were impregnated with graphene oxide (GO) during 0, 15, 30 and 45 min, after
dried at 60°C the samples were pyrolyzed at 800°C (3°C min ") for 30 min under
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N, or Ar atmosphere to obtain N/CC and N/CC/rGOs_45, or Ar/CC and Ar/CC/
rGOs 45 electrodes, respectively (Figure 3).

According to the EDS analysis, cotton fibers (COT) report a carbon mass percent
(% m of C) of 49.1%, which increases to 63.9% after the GO impregnation stage for
COT/GOys, presumably due to the presence of GO sheets on the cotton fibers
surface. Similarly, after the heat treatment there is a carbon content increment of
95.6% for Ar/CC. This large increase has been associated with the CO bonds break-
ing during the cellulose fiber polymerization process when it is treated at tempera-
ture higher than 400°C [37], but without an apparent alteration of the fibrillary
structure. The same behavior is observed for carbonized fibers covered by rGO,
with values of 90.7% (N/CC/rGQO,s) and 92.87% (Ar/CC/rGOys) of carbon mass
(% m of C), suggesting that the reduction of oxygenated groups in COT and the GO
is higher under Ar atmosphere (Table 1). This implies that the composition, crys-
tallinity, and porosity of carbonaceous electrodes are dependent on the atmosphere
used during carbonization. Both N,-made and Ar-made electrodes have a similar
fibrillary structure as seen in Figure 4a and c. However, at high magnification, it is
observed that samples N/CC/rGOs 45 and Ar/CC/rGOs_45 present a rough surface
covered by a porous carbon layer, which would indicate that the rGO sheets were
inserted efficiently and independently of the gas used in the heat treatment
(Figure 4b and d). There are marked differences between both systems where
samples treated under N, atmosphere present a more compact rough surface with a
rather scaly appearance (Figure 4b). On the other hand, those heat treated under Ar
atmosphere show layers of rGO with a laminar appearance around the fiber and
regions of homogeneous roughness (Figure 4d).

IR spectroscopy permits to elucidate the type and degree of GO-COT, and rGO-
carbon fibers (CC) interactions. The main vibrational modes corresponding to the

GO-modified COT Furnace
(COT/GO.,) ) L ]

N,orAr(20Lh") AT
.
o= = =]

800 °C (3 °C min™) e =
30 min | L

: |
Carbonized COT/rGO_
N, atm. (N/COT/rGO_,) or
Ar atm. (Ar/COT/rGO_,)

fl
"
"
1l
i

Graphene oxide Cotton
(GO)at3.0gL" fibers (COT)

Figure 3.
Schematic diagram of the synthesis of rGO-modified carbonized cotton fibers.

Sample COT COT/GOys N/CC N/CC/rGOys Ar/CC Ar/CC/rGOys

C mass % 49.1 63.9 93.3 90.7 95.6 92.9

O mass % 50.9 36.1 6.7 9.3 4.4 7.1
Table 1.

Carbon and oxygen mass percent obtained from EDX analysis for COT, COT/GO,;, N/CC, Ar/CC and Ar/
CC/rGO,;5 samples [38].
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Figure 4.
SEM image of rGO-modified carbonized made fibers made under N, atmosphere (a, b) N/CC/rGO s, and Ar
atmosphere, (c, d) Ar/CC/rGO;_s.
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Infraved and Raman spectra of (a, b) cotton fibers (COT) and GO-covered cotton fibers (COT/GOs_,s) and
rGO-modified carbonized cotton fibers made under N, atm. (N/CC and N/CC/rGO;_s) or Ar atm. (Ar/CC
and Ar/CC/rGOj_,s). Raman laser source excitation of 532.5 nm.
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characteristic chemical bonds present in COT are reported before and after the
impregnation (COT and COT/GOs_45) and the carbonization stage (N/CC/rGOs 45
and Ar/CC/rGOs_45), respectively (Figure 5). After the first stage, it is observed
that the chemical groups C=0 (1033.8 cm™ "), CH, (1322.2cm '), C=0
(1639.5cm™ 1), C-H (2893.2 cm 1) and O-H (cellulosic, 3325.3 cm ™ ?) present an
intensity reduction which could be correlated with GO layer. This reduction can
also be associated with the interaction between the functional groups of GO and
cellulose fibers. Since the cellulose OH and C=0 groups register a decreasing in their
intensities, it can be assumed that there exists a direct interaction between these
chemical groups by hydrogen bonds [38]. According to IR spectroscopy, the bands
at 979.8 and 1512.2 cm ™! are related to C-Ciing and C=C bonds, respectively, verify-
ing a certain degree of graphitization. This thermal conversion has been described
by M. M. Tang et al. who found that cellulose in cotton fibers undergoes a break-
down of the glycosidic bonds at temperatures above 250°C, allowing the elimination
of various CO bonds and the breakdown of several C-C bonds along with a sub-
stantial mass loss due to H,O, CO and CO, removal [39]. When the temperature is
greater than 400°C, the remaining fractions of C-H hydrocarbon rings start an
aromatization stage with H, loss and the formation of C=C bonds as part of a carbon
polymeric structure [37]. It is observed that the conversion process to a graphitic
like structure is similar for N/CC/rGOs_45 and Ar/CC/rGOs_45 (Figure 5).

The analysis of Raman spectra from Figure 5b, d and f show that N/CC/rGOs_45
electrodes present a slight improvement in their crystallinity with respect to the
modified cotton fibers, reporting a crystallite size from 19.39 (COT/GO3,) to
20.10 nm (N/CC/rGO3p), that is, an improvement of 4 to 5% (Figure 6). This
behavior is also observed in the variation of the defect density from Ar/CC to
Ar/CC/rG05_45 and from N/CC to N/CC/rG05_45.

For instance, Ar/CC/rGO3 register 21.9 x 10'° defects cm ™ compared to
N/CC/rGO5q, whose value was 21.1x 10'° defects cm 2 (Figure 6). According to
Yo-Rhin Rhim et al. the peaks centered at 1620 cm ™, between 1500 to 1550 cm ™"
and about 1100 cm 7, are associated with ordered x bonds, sp2 amorphous systems,
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Figure 6.

3D graph of defect density (np) as function of I(D)/I1(G) ratio and crystallite size (L,) from Raman
spectroscopy analysis.
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and sp> bonds, respectively. Additionally, the systems under study were treated at
800°C, the restoration of the C=C bonds in the RGO is guaranteed and remains
stable inside of the carbon fiber matrix [32]. Similarly, Ar/CC and Ar/CC/rGOs 45
electrodes show a slight increase in crystallite size, for example, Ar/CC/rGO5,
registered a value of 19.5 nm in contrast to that reported for its precursor COT/
GOs3p, i.e., 19.39 nm (Figure 6). Although this variation is small, the effect of the
carbonization stage is better appreciated when defect density is compared, e.g., Ar/
CC/rGO3q shows 21.8x 10 defects cm > while COT/GO3o was 21.9x 10 defects
cm 2. This result means that the GO sheets supported on the cotton fibers present
an excess of 0.1x 10’ defects cm  compared to Ar/CC/rGO3, sample. It can thus
be suggested that the nature of the inert atmosphere influences the degree of
graphitization of the obtained products. Under N, atmosphere, a higher crystallinity
is observed in N/CC/rGOs with a value equal to 20.3 nm and a defect density of 20.9
x 10" defects cm . In the case of cotton fibers modified with GO treated under Ar
atmosphere, the optimal registered support is Ar/CC/rGO;5 with a crystallite size of
19.6 nm and a defect density of 21.6 x 10™° defects cm 2.

According to IR and Raman analysis, it is confirmed that GO sheets are inti-
mately impregnated on cotton fibers through O-H or C=0 interactions, and this
interaction intensifies after the carbonization stage [38]. This effect is corroborated
as an increase in crystallinity and a decrease in the density of defects (Figure 6).
Therefore, through Raman spectroscopy it is possible to elucidate those carbona-
ceous materials that present a higher degree of crystallinity, lower defect density
and higher density of sp” carbons which providing a high electrical conductivity.
The evidence from these results suggests that samples such as N/CC/rGOs, N/CC/
rGO39, Ar/CC/rGOs and Ar/CC/rGO3q are shown as promising matrices in the
design of supercapacitors.

On the other hand, N, adsorption-desorption experiments were used to investi-
gate the surface characteristics of the synthesized samples. It was possible to deter-
mine the specific surface area (Sggr), the degree and porosity type of the designed
materials. In the case of N/CC presents a Sger of 453.3 m” g~ ', shaped of a micro-
porous area (Sp;cro) of 265.9 m? g~ ! and with a size pore of 1.99 nm (Table 2).
Furthermore, N/CC/rGO5 and N/CC/rGO3q exhibit Sggt values of 1221.3 and
1804.8 m* g, respectively. These values suggest the presence of a highly porous
rGO layer on carbonized cotton fibers prepared under N, atmosphere. Specifically,
a high microporosity of 882.4 and 1350.2 m” g " is reported for the N/CC/rGO;5s and
N/CC/rGO3o, respectively, as a consequence of a large volume of micropores with
diameters close to 1.88 nm (N/CC/rGO;s) and 1.80 nm (N/CC/rGOs3p). Similarly,
there was an increase in the Sgpt from 1073.6 to 1457.5 m? g_l, but with a substan-
tial increase in mesoporosity from 298.6 to 729.8 m* g " for the Ar/CC and Ar/CC/

Samples Sger/ Smicro/ Smeso/  Smicro/Smeso Pore/nm
m?> g’1 m? g’1 m? g’1

N,-made N/CC 453 266 187 14 2.0

electrodes N/CC/rGO;s 1221 882 339 26 19
N/CC/rGO3y 1805 1350 455 2.9 1.8

Ar-made Ar/CC 1074 775 299 26 2.1

electrodes Ar/CC/rGO;s 1458 728 730 1.0 2.0
Ar/CCIGOs 1207 784 423 1.9 2.0

Table 2.

Surface properties registered by N, adsorption—desorption experiment [38].
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N, adsorption—desorption isotherms and pore size distribution of carbonized cotton fibers made under (a, b) N,
atmosphere. (N/CC and N/CC/rGO;_,5) and (c, d) Ar atmosphere. (Ar/CC and Ar/CC/rGO;_,s).

rGOys, respectively (Figure 7c). Additionally, it was observed that the Ar/CC/
rGO;5 presents a balance between micro and mesoporosity with a ratio of 1: 1, in
contrast to Ar/CC (2.6: 1) and Ar/CC/rGO3q (1.9: 1). It can therefore be asserted
that the electrochemical properties could be modified in the same way and corre-
lated with the aforementioned texture properties [10].

Regarding to cyclic voltammetry test, a layer capacitive profile for N/CC
(Figure 8a), Ar/CC, Ar/CC/rGO;s and Ar/CC/rGOsq (Figure 8b) is observed, while
an increment of resistivity for N/CC/rGO;5 and N/CC/rGOs is registered
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Cyclic voltammetry of (a) N/CC, N/CC/rGO, s and (b) Ar/CC, Ar/CC/rGO, s and Ar/CC/rGO;, at
1.0mVs " in H,SO, 1.0 Mol L™*. Charge—discharge test of (c) N/CC, (d) Ar/CC, (e) N/CC/rGO,; and
(f) Ar/CC/rGO,; at 1.5, 3.0, 6.0 and 12.0 mA for 120s.
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(Figure 8a) [10]. This fact represents a reduction of N,-made electrodes specific
capacitance (Cg) from 70.3 (N/CC) to 45.3 F gf1 (N/CC/rGOqs), revealing a grow-
ing capacitive current for Ar-made electrodes at same potential range from 69.6
(Ar/CC) to 197.8 F g*1 (Ar/CC/rGO;s), as maximum. Both tendencies can be
associated to the micro/mesoporosity ratio (Spicro/Smeso) Showed in Table 2, owing
to the high pore free energy that restricts the ionic charge transfer in the electrode-
electrolyte interface [34, 40]. Thus, a high microporosity implies a limited ionic
polarization at non-faradaic conditions, and a low capacitive charge retention [41].
In addition, capacitive current can be increased if the mesoporous surface area is
extended, as it has been seen for Ar-made electrodes.

According to galvanostatic charge—discharge test (GCD) [42, 43], specific
capacitance (Cgcp) of N/CC tends to decrease while the impregnation time
increases (Figure 8c). This fact can be associated to the microporous surface area
(Smicro) increase, as shown in Figure 8c and e. This can also be attributed to the
presence of series-resistance in the pores (IRS) [34, 40]. Particularly, Cgep
decreases from 178 to 162 F g ' at 0.4 A g ' of applied current density for N/CC and
N/CC/rGOys, respectively (Table 3). On the other hand, if the inert atmosphere is
replaced by Ar flux at the same thermal treatment conditions, Ar/CC shows a
capacitive current increment with the impregnation time (Figure 8d and f). For
instance, Ar/CC shows a Cgcp of 129 F gfl, while its rGO-modified electrode,
Ar/CC/rGOgqs, reports a value of 219 F g_1 at 0.4 A g_1 (Table 3).

A detailed analysis of the electrochemical behavior by electrochemical imped-
ance spectroscopy (EIS) experiments and non-linear complex fitting (NLCF) of
their equivalent circuits has been conducted. Nyquist diagrams show an electrolyte
resistance (Rs) of 2 Q approximately, as well as, non-ideal impedance loop for both
N,-made and Ar-made electrodes suggesting a non-ideal charge storage process at
the electrochemical interface [44, 45].

Regarding to N,-made electrodes, charge transport resistance (R;) increases
with the GO impregnation time at high frequencies range (10*-10” Hz)

(Figure 9a). NLCF shows that Ryvalue varies from 5.6 (N/CC) to 100.3 Q (N/CC/
rGO30), as maximum. Moreover, at medium frequencies range (102 -10"' Hz)
N/CC electrode shows an IRS of 6.3 £2, whereas N/CC/rGOys reports values of 33.6
£2 and N/CC/rGOs present an IRS conformed by two circuit elements, R; and R;
whose values are 125.8 2 and 149.3 , respectively. These results suggest that ionic
transport resistance in the inner porous surface is increased from N/CC/rGO;s to
N/CC/rGO3 as their microporosity becomes higher [46-48].

For the Nyquist diagram (Figure 9) the equivalent circuit was calculated,
resulting in ideal capacitive element (C;) of 4.8 x 10~ for N/CC/rGOj3o. This result
can be associated to the presence of the rGO layer on the fiber surface [49].
According to the transmission line model, N/CC/rGOs internal capacitances are
represented by constant phase elements (Q,, Q3), where their behavior is related to

N,-made samples Cgep/F g’1 IR grop/V Ar-made samples Cgep/F g’1 IR grop/V

N/CC 178 0.1 Ar/CC 129 0.5

N/CC/rGOs 157 0.1 Ar/CC/rGOs 185 0.3

N/CC/rGO;s 136 0.3 Ar/CC/rGO;s 219 0.2

N/CC/rGO3q 163 0.8 Ar/CC/rGO3, 202 0.1

N/CC/rGOys 162 0.4 Ar/CC/rGOys 165 0.4
Table 3.

Double layer electrochemical capacitance by galvanostatic charge—discharge test (Cgcp) for N,- and Ar-made
electrodes [38].
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Nyquist diagram of N,-made electrodes (a) N/CC, N/CC/rGO, s and N/CC/rGO;, and Ar-made electrodes
(b) Ar/CC, Ar/CC/rGO, s and Ar/CC/rGO;,. Experimental (empty dots) and theoretical spectra (solid
lines).

a non-ideal capacitor [44, 46]. Interestingly, the internal capacitance shows a min-
imum value of 0.2 27 5?2 (a3, 0,90) for N/CC/rGO5, (Figure 10a) [50]. Further-
more, N/CC/rGOs and N/CC/rGO,45 show a similar correlation with the
impregnation time.

Besides, Ar-made samples report lower charge transport resistance (R;) than
N,-made electrodes. For instance, Ar/CC shows a R; of 5.8 2, while Ar/CC/rGO15
reports a value of 2.1 and Ar/CC/rGOj3q registers a Ry of 2.8 Q. As well, IRS is
represented by a unique circuit element (R;) of 12.8 and 7.3 2 for Ar/CC/rGO;s and
Ar/CC/rGOs, respectively. Remarkably, Ar-made samples report a laminar
mesoporosity, suggesting that ionic diffusion is controlled by the pore characteris-
tics. Hence, a finite diffusion element (M) is used to describe the capacitive behav-
ior at low frequencies (Figure 10b) [46, 47, 50]. In this sense, Ar/CC/rGO;s
presents a constant phase element (Q3) of 0.6 2 s (a3, 0.99), and a Warburg
impedance (W) of 0.3 2715%5. On the other hand, Ar/CC/rGOs, presents a non-

Q,=32710° g &%
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@
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b) Q; = 2.56 107 o1 09° :
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Figure 10.
Equivalent civcuit of (a) N/CC/rGO,,, (b)Ar/CC/rGO;,. The inserted values ave calculated from non-linear
complex fitting of the EIS measurements.
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ideal capacitance of Q5 of 0.7 27 s (a3, 0.99) together to diffusion impedance W
of 0.3 271595 (Figure 10b). In contrast, Ar/CC only shows an ideal capacitive
behavior of 3.0 x 10 ° F (Cy;) and internal one of 0.2 F.

Accordingly, the total capacity (Cgs) from the internal capacitive element (Qf;)
is reported where the non-ideal constant () tends to one. For the estimation of the
electrochemically accessible surface (Sgss), a double layer charge density (Q%;) of
glassy carbon electrode of 3.0 x 10> F cm 2 is considered [51, 52],

Suis(m’g ") = Qg / (mxQY) (6)

Additionally, the electrochemically accessible surface ratio (Rgss) registers the
fraction of interface surfaces available in the total physical surface area (Sggr) [52].

Risa = Sgis/Sser (7)

The difference between Cgis and Cgep values show the total charge related to
the electrochemical double layer, whereas the GCD test also registers the faradaic
charge caused by the surface carbon and oxygen groups [52, 53]. As we can observe
in Table 4, N,-made samples present a decrease of the Rgsa (from 0.6 to 0.2) which
can be related to the increment of the free energy adsorption promoted by their
microporosity. The opposite occurs in Ar-made electrodes where Rgsy increases
(from 0.2 to 0.4) and it can be related to their laminar mesoporous surface which
results in a controlled ionic diffusion. Based on the Rgsa results, Ar/CC/rGO;5 and
Ar/CC/rGOs3 electrodes emerge as promising candidates for the design of
supercapacitors.

The aforementioned results enable us to conclude that the inert atmosphere has
a strong influence on the surface and electrochemical characteristics of the
synthetized carbon-based electrodes. Under N, atmosphere, N/CC and N/CC/
rGOs_45 show a remarkable microporous surface area. Unfortunately, this high
microporosity affects the ionic diffusion, capacitive behavior and resistive charac-
ter. Otherwise, under Ar atmosphere, an increase of the mesoporous surface is
reported, based on a laminar pore distribution, associated with controlled ionic
diffusion in the electrochemical cell, resulting in an increase of the capacitance.

Samples Coen/ Q01 Cris/ Seis/ Sger/ Resa
Fg™ F Fg?' m’g’ m’g’
N,-made N/CC 178 03 85 285 453 0.6
electrodes N/CC/rGOs 157 02 60 198 — —
N/CC/rGOs 136 1.0 112 373 1221 03
N/CCtGOsy 163 02 94 315 1805 02
N/CC/tGOys 162 03 57 191 — —
Ar-made Ar/CC 129 02 64 m 1074 02
electrodes Ar/CC/rGOs 185 0.4 108 359 — —
Ar/CCtGO;s 219 0.6 172 573 1458 0.4
Ar/CC/tGO3 202 07 149 497 1207 04
Ar/CC/tGO,4s 165 03 111 369 — —
Table 4.

Comparative chart between double layer electrochemical performance and superficial chavacteristics for N,-
and Ar-made carbon-based electrodes [38].
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Remarkably, both Ar/CC/rGO;5 and Ar/CC/rGOs, exhibit a promising capacitive
behavior, as well as an optimal electrochemical accessible surface.

In this sense, the design of carbon-based electrodes from biomass-derived
materials represents an outstanding way to obtain several energy-store electro-
chemical systems [54-56]. In addition, a remarkable capacity retention depending
on pore size distribution looks like a constant effect on the constitution of double
layer interface (DLI).

For instance, L. Jiang et al., reported a high performance of cellulose-derived
microporous electrodes of 115 F g ' and > 87% of capacity retention [54]. As well,
Y. Zou et al., described rGO-intercalated carbon cloth fibers electrodes with a
meso/micro-porous distribution and 64.5 mF cm ™2 of specific capacitance [55].
Sheng-Heng C. et al. show that macro/micro-porosity to carbonized cotton fibers
produce carbons with notable surface area [56]. On the other hand, Hui Shao et al.,
have paid special attention to nanoscale pores on carbon materials obtained by
templates and double layer capacitance behavior at inside of this nanoscale pores
[57]. Therefore, this fact is still discussed, owing to non-clear description is
achieved by a cylindrical pore model in overall cases. Other parameters as the kind
of inert atmosphere are considered in this work. Herein, a brief explanation of
porosity-electrochemical performance is described, and inert atmosphere influence
has been exposed as a significant parameter, as well as gas flux and temperature,
certainly [38, 39].
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Chapter 3

Biomass Based Materials in
Electrochemical Supercapacitor
Applications

Sema Aslan and Derya Bal Altuntas

Abstract

Biomass is the general term for organic substances derived from living organisms
(plants and animals). Since, biomass is a renewable, sustainable, innovative, low
cost and carbon-neutral energy source, the applications of nano-micro particles
produced from biomass in electrochemical applications have emerged. A large num-
ber of carbon-based materials, such as featured activated carbon, carbon nanotube,
C-dots, biochar, hybrid carbon-metal/metal oxide ... etc. can be produced from
divergent types of biomass. With the growing energy need in the world, superca-
pacitors have also developed considerably besides the energy generation and storage
methods. The supercapacitor is an energy storage system that can work reversibly to
provide high energy in a short time. In these systems, electrode structure and sur-
face properties are crucial for energy capacity enhancement. In this sense, electrode
modifications with the above-mentioned biomass-based nano-micro structures are
widely used in supercapacitor applications.

Keywords: Biomass, carbon, energy, electrochemistry, supercapacitor

1. Introduction

Biomass is defined as all biomass of non-fossil organic matter of biological
origin, which can be renewed in less than 100 years, includes land and water-grown
plants, animal wastes, food industry, and forestry by-products, and urban wastes
[1]. Energy obtained from biomass sources such as vegetable resources, agricultural
and animal wastes, organic origin city, and industrial wastes is defined as biomass
energy. Since the basis of biomass energy is based on the photosynthesis of plants,
biomass energy can also be expressed as the energy of organic matter where solar
energy is stored as chemical energy [2].

Vegetable or animal biomass energy sources that can be found in the sea and/or
land can be queued as; wood (energy forests, wood residues), oilseed crops (sun-
flower, rapeseed, soy, safflower, cotton, etc. ...), carbo-hydrate plants (potato, wheat,
corn, beet, etc. ...), fiber crops (flax, kenaf, hemp, sorghum, etc. ...), vegetable
residues (branches, stalks, straw, roots, bark, etc. ...), animal wastes, urban and
cleans [1-3]. Biomass resources are of high water and oxygen content, low density,
low calorific value; These features negatively affect the quality of loss [4]. The
negative properties of biomass can be eliminated by physical processes (size reduc-
tion-crushing and grinding, drying, filtration, aggregation) and transformation
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processes (biochemical and thermochemical processes) [5]. Biomass energy stands
out with its various advantages such as the ability to be grown almost everywhere,
good knowledge of production and conversion technologies, suitability for energy
production every time, adequacy of low light intensities, being storable, adequacy of
temperatures between 5 and 35°C, being in socioeconomic developments, not creat-
ing environmental pollution (Very low NOy and SO, emissions), less greenhouse
effect formation compared to other energy sources, cream of CO, balance in the
atmosphere, not causing acid rain [1-6].

2. Nanomaterials

Studies on nanoscale materials have shown very great improvement and
received much attention for decades. Structures are defined as nanoscale materials;
Nanocrystals are divided into different classes such as nanoparticles, nanotubes,
nanowires, nanorods, or nano-thin films. The main reason for the focus on this
subject is that the substances exhibit unusual properties and functionality in a
certain size range, unlike their volumetric structures [7, 8]. On the other hand,
nanoparticles, which are defined as powders with a size of 100 nm or less, form
the basis of nanotechnology due to nanosized materials. These particles show
properties that are generally considered different and superior to other commer-
cial materials. The reasons known today for the attractiveness of the frequently
mentioned nanoparticle properties are; Quantum size effects stand out as the size
dependence of the electronic structure, unique characters of surface atoms and
high surface/volume ratio [9].

Nanoparticle synthesis has paved the way for the preparation of many tech-
nological and pharmacological products such as high-activity catalysts, special
technological materials for optical applications, superconductors, anti-wear
additives, surfactants, drug carriers and special diagnostic tools, due to the extraor-
dinary properties these structures exhibit. In addition, the control of materials
at the nanoscale level allows the realization of miniaturized devices with specific
functions such as nanocarriers, sensors, nanomachines and high density data stor-
age cells [8-10]. The indispensable first step for new developments in nanotechnol-
ogy, which includes the design, manufacture and functional use of nanostructured
materials and devices, is the production of nanoparticles. Nanoparticles, which
form the starting point of nanotechnological materials, can be produced in a wide
chemical range and morphology. Today, nanoparticles with different morphologies
such as core-shell, doped, sandwich, hollow, spherical, rod-like and polyhedral can
be prepared from metal, metal alloy, ceramic and polymer-based or mixtures with
the desired properties [10-12].

2.1 Biomass based carbon nanomaterials

Biomass is a very low cost carbon source and is used in the production of high
value carbon nanomaterials [1-3]. While biochar, activated carbon and mesoporous
graphite come first among these materials, when advanced processes are applied,
graphene, graphene oxide, carbon nanotubes, carbon-based nanostructures and
even hybrid nanostructures containing metalloxide can be successfully produced
(Figure1) [13-18].

In particular, biochar, activated carbon and porous carbon production from
biomass and their various applications were very popular [16-21]. In one of these
studies biochar is synthesized from hair and then activated charcoal without any
chemical treatment [19]. The same group reported the synthesis and characterization
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Figure 1.
General flowchart of the green synthesis of high value added carbon materials from the biomass.

of the activated carbon again from waste human hair mass successfully by using
chemical activation [20]. Although biochar has a developed porous structure, it
shows the limited specific surface area, and activated charcoal has an uncontrolled
pore size distribution and irregular three-dimensional structure, which has greatly
limited their use in specific applications. For this reason, new generation composite
carbon structures originating from biomass were developed, and materials with
superior thermal and electrical conductivity and good chemical and environmental
stability were developed [22-24]. Later, graphene, graphene-like nano-layers were
developed from structures such as activated charcoal obtained from biomass, whose
pore structure progressed in a stable pattern with good electrical conductivity, and
whose pore structure did not differ [16-22]. Also, Wang et al. [25] reported that the
microwave plasma beam method can be utilized to create graphene CNT hybrids.

3. Supercapacitors

The need for energy is increasing day by day and the resources used for energy
production are rapidly being depleted. Although the types of resources used in
energy production vary, the dominant resources are still petroleum-based fos-
sil fuels [26]. The greenhouse gases released while obtaining energy from these
fuels threaten the ecosystem seriously. In this sense, energy storage has gained
importance as well as energy production. The methods used for energy storage
can be listed as ultracapacitors/supercapacitors, superconducting magnetic energy
storage, fuel cells, and batteries [27]. Among these, supercapacitors have an impor-
tant place. Supercapacitors are also known as secondary batteries used as energy
storage and conversion systems. It has attracted great attention in recent years due
to its high power density and long cycle life compared to rechargeable batteries
[28]. Supercapacitors can be classified as electrical double layer capacitors, pseu-
docapacitors and hybrid capacitors. The most important factor in improving the
performance of supercapacitors is the electrode used [27-29]. Many modifications
have been developed to load on the electrode surface and to keep this charge in the
double layer for the desired time, that is, to provide charging and discharging when
needed. Conductive polymers [30], nanofibers [31], graphene and graphene oxide
[32], carbon-based [19] or metal-metal oxide derivative hybrid [33] or nanostruc-
tures of different sizes and many other types of modifications.
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3.1 Biomass based materials in supercapacitors

Carbon based materials occupy a respectable area on the electrode development
in electrochemical energy devices. In general, the source and production methods
of carbon-based materials used in batteries, capacitors, supercapacitors and fuel
cells have gained importance [34]. The ability to obtain carbon-derived composite
or single materials that exhibit superior properties from biomass has made an
important contribution to this field. The materials produced to provide high capaci-
tance, fast response and high cycle number, especially in supercapacitor applica-
tions [34, 35]. Especially the large surface area due to the porous structure of the
carbon-based materials obtained and the ability to be made with an cost-effective
and unlimited precursor provides a great advantage [34-42].

Senthil et al. [36] previously examined changes in supercapacitor performance
by using the tubular porous carbon material (HT-PC) they produced using waste
feather grass flower (FFGF) in electrode modification. They reported a very high
specific capacitance value around 300 F g™ with HT-PC containing electrode.
Additionally, they obtained % 96 capacitance conservation after 50000 cycles
whereas the electrolyte solution is changed from KOH to 1 M Et,NBF,/AN electro-
lyte they observed % 30 capacitance loss over 10000 cycles. This is noted as a very
appreciatable recovery for capacitance conservation. In another flower based study
is reported by Zheng et al. [37]. They used waste-kapok flower as a precursor to
produce hierarchically porous carbon as supercapacitor electrode. Here the authors
took the advantages of the oxygen rich structure of the kapok flower to obtain
micro and meso porous carbon structure. The KOH electrolyte using supercapaci-
tor achieved around 290 F g™ supercapacitance value and showed excellent cyclic
stability.

Activated carbons are one of the most popular carbon materials for commercial
supercapacitors. Jain et al. [38] reported t a cavitation process of the activated
carbon from the mixture of native European deciduous trees, Birch, Fagaceae, and
Carpinus betulus (commonly known as European hornbeam). They reported a
desirable carbon with enhanced porosity and high specific surface area of about 614
m” g~ ', Here they examined the supercapacitance of the synthesized activated car-
bon as an additive to electrode structure in acidic 1.0 M H,SO, electrolyte. Finally,
they showed that the reported method is suitable to achieve a versatile electrode
material for supercapacitors.

The hydrothermal method is also a green synthesis method for biomass based
productions. Nguyen et al. [39] utilized a carbonization method to synthesize
a high-surface-area carbon (HSAC) material from the peanut shells. The HSAC
growth on the Ni foam and obtained material achieved nearly two times higher spe-
cific surface area than the activated carbon which is produced by Jain et al. Besides
they processed the supercapacitor application in KOH and 1 M Li,SOy, electrolyte
and obtained a highly desirable capacitance value around 250 F g™". This is a very
unique example of a completely green synthesis of carbon based materials in terms
of the source and the processed method. Another impactive biomass based super-
capacitance materials are carbon aerogels. They possess highly multifunctional
features including compressibility and elasticity. Differently, Long et al. [40] used
the calcinated mixture of glucose & dicyandiamide nanosheets (C-GD) and cel-
lulose nanofibers (CNFs) to synthesize nitrogen doped carbon aerogels (C-NGD).
C-GD and CNFs lead to a super stable wave-layered structure with an ultimate
compression strain (95%) and dedicated as a potential multifunctional material
toward flexible electronics, and energy conversion/storage devices.

The porosity of the developed carbon material is very crucial for catalytic appli-
cations. To achieve a better regularity in the pore size and distribution divergent
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methods are developed. This is very important to obtain consistent activities from
the contributed material. In one of these studies, Wu et al. [41] reported that by
using melamine foam it is possible to obtain hierarchical porous carbon. They used
the waste liquid of the vitamin-C production as the precursor and obtained highly
porous carbon by using this template. They used KOH activation on the precursor,
and the porous material showed excellent supercapacitance value as 217 F g”' in
1-ethyl-3-methylimidazolium tetrafluorobo- rate (EMIMBF 4) electrolyte. The
cycling stability of the material amendable and the energy and power densities

are evaluated as impactive by the authors (Table 1). A considerable part of this
study is the utilization of the developed material in all-solid state state symmetric
supercapacitors and obtained attainable capacitance value as 180 F g™* capacitance
in gel polymer electrolyte. Because, the multiple applications of the same material
enhances their potential and commercial value. Also Fang et al. [42] developed a
high-performance flexible supercapacitor which is produced from carbon nanorod
and carbon fiber. They used waste straw for the production of carbon nanorods
supported hydrothermal carbons and carbon fibers (CNR/HTC/CFs). They reached
to 270 F g ' in solid state supercapacitor.

It is possible to apply the produced featured biomass derived carbon materials
in both HER and supercapacitors to evaluate their efficiency in energy devices. Cao
etal. [52] used the bean sprout to produce nitrogen doped carbon material. Both
the carbon and the nitrogen source was the biomass itself. In such a process the
control of the pore size and distribution can be controlled by the heat treatment.
Here the self-nitrogen doped porous structure evaluated as a good electrolyte ion
transferring system for the hydrogen evolution reaction (HER) and supercapacitor
applications. They reported very satisfactory HER and specific capacitances and
showed that bean sprout have great energy potential for the industrial scale-up with
low-cost.

A large amount of the biomass based production methods are covering lignocel-
lulosic biomass residues. Some of the pioneering studies are reported by Selvaraj et
al. and Tan et al. Selvaraj et al. [51] produced the activated carbon nanosheets from
Prosopis juliflora wood carbon waste blocks as carbon precursor. They achieved an
ultra-high specific surface area with micro/meso and macro pores and gravimetric
capacitances from 400 to 430 F g™ for the different supercapacitance measurement
conditions. Tan et al. [8] reported excellent specific surface area and specific capaci-
tance values (Table 1) by tuning the initiator biomass material and activation agent.
They processed divergent precursors such as cellulose, hemicellulose, and lignin
with changing percentages of extractives. It can be clearly seen that the specific
surface area enhancement directly brings the increase in specific capacitance value.
Yakaboylu et al. [53] reported that the tuning of the pretreatment parameters is very
important to control the final pore composition in lignocellulose based activated
carbon production. They used the Miscanthus grass biomass as the precursor for
the sheet-like activated carbon synthesis and obtained around 190 F g™' capacitance
value. The pore size and distribution are controlled by the KOH pretreatment and
interconnected micropores are obtained. Thus, the importance of the process con-
trol comes out which affects the pore size and volume, cellulose and oxygen amount
in the structure, and morphological features which are crucial for the electrochemi-
cal adsorption capacity and catalytic performances of produced carbon material.

Sometimes the produced materials can be functionalized by additional groups
or heat treatment is applied to enhance the electrical performance. The addition of
heteroatoms provides interconnected networks between pores. Chaparro-Garnica
et al. [54] synthesized highly porous (SBET >1200 m” g™") activated carbon from
hemp residue by H;PO,-assisted hydrothermal carbonization (HTC). Then they
doped the obtained activated carbon with nitrogen groups and stabilized the

45



Supercapacitors for the Next Generation

UOQTeD PIBY JO SINIONIIS SUI[[eISAID

-oueu parapiostp A[ydry yum UOIIRZIUOGIED
[8¥] HOM N9 -8V€0,34666 s[eL2yew uoq.red onryderd-uoN w pue Suneayaig stsAjo1dg [oIels 0ye30q D-S
U0qIed PIBY JO INIONIIS SUI|[ISAID
-oueu paraprostp A[ydry yam
[8¥] HOM N9 -8VS,841860¢ sreLayew uoqred onryderd-uoN S1C sisA[o14d 10a11q sis[o1fg $q0OUI0D) o)
U0qIed PIBY JO INIONIIS SUI|[ISAID sisAjoxdd
-oueu parapIostp A[y3ry yarm pue a3e3s oruaorod
[8¥] HOX N9 -84T1120C s[eL1oyew uoq.red dniyders-uoN 8/T ‘uoneIpAyaq YOd*H w2)s eueueq 0d
UOQIED PIBY JO SINJONIIS JUI[[EISAID sishjo14d
-oueu parapIostp A[y3ry yaim pue a3e3s oruaorod
[8¥] HOX N9 8vs, Sactely s[eriarew uoqIed durydesd-uoN 195 ‘woneIpAyeq HOX w2)s eueued o
ura)sAs apomnoa[d sIaqujoueu O uonsodap-0d
-1 ymm | 8 UO PaIoydUE A[ULIOJIUNSIDYSOURU uonn[os pue
(] HOMIN9 vire, 846661 HQ'T0D-IN uryrenyn 8'50¥ uonezIUOqIE) — aso[n[[a0 [e1193oeg D-N/09D-IN
ur)s4s apomoad
eI ymum | 8 D MI-quodAuoY uo [euwwzayaoIpAy
[ov] HOMIN T V0TI 849601 Mma13 (urd §'T) saxmmoureu YOLDIN - pue uonezuoqres - [1°Ys N[O D/¥OCODIN
walss apondsd
eIy yum | 3 (wrr Gz Inoqe 1a3ourerp axod) [eurzayoIpAy
[sv] HOX N 9 VO'TIe, 84/0€T D uo payeod (wrl T) ¥ofoD d1qny - pue uoneziuoqre) — [12Ys ASN[ON D/¥0€0D
wlsAs aponds[
-oorp3 yum | 8 uoneanoe
[#¥] YOSTHIN T Vo1, 84/1¢ sa0do1orur YIIm 2IN30NIIS SNOIOJ 907C Ppue uoIeZIUOqIE) HOM [#2d oppwog D-S ‘N
w)sAs apoxds[e
-92I) YIIM H.w uoreAnOR
[ev] YOSTHIN S0 Vv oze, 84/1C a1m3onns ai[-wreoj snotod A[ySry Leet pue uonepIxo-aig HOX yny-8rg 0
(/1)
eare
34 BV (R RET o souejdeden ASojoydiop Joeymg poyiaw sisayuAig UOLIBATIY $921N0s sseworg ardureg

46



Biomass Based Materials in Electrochemical Supercapacitor Applications

//dx.doi.org/10.5772/intechopen.98353

http:

DO

'S[PLAIDUL PSP UOGADI PIALAIP SSPULOLG Y] fo ausos Jo saoupuriofuad soriovdposadns ayg pup sargsados g

T9IqEL
[e1] HOXIN 9 -84 00°%6€T arm3dnys 1| duayders - uonezruoqIen - Arey ety SD
urudy
8y UOTBATIOR ‘aso[n[[aoIuIaYy
[8] HOXIN9 S0, 34501 uoqed snotod [edIydIeIRNL GeTe pue uogeziuoqren HOX eso[RD AD
S)e9ysouEU
8v UOQTeD PaYeATIOR PIINALIISIP ZIS UOneAOR HOM poom
[15] HOM N 9 G0¥e, 31885 a10d 010BUI/0SIUI/OIOTUI [EUOLIEY €67 Ppue uoneZIUOGIE)) pue jeay vaopfynl sidososq o}
a14[0n99[2
1owA[od 28 D UIueyNA
dAH-4aAd 8y uoneanoe J0 uononpoxd a3
[1+] /¥ AGNTING G0 31081 uoqred snoxod [esryorerst| /€8¢ Ppue uonezIuoqIe) HOM woxj pmbry a3seAy o)
D uTureA
uoneAnOe J0 uononpoxd sy
[1v] ¥ AAINIINA (Svror S4/1¢ uoqed snotod [ed1ydIeIS L£8€ pue uorezruoqren HOX woxy pmbiy a3seM o)
8VS0
¥OSTH Jo Aususp Jusrmd e (%8°1L uoneanoe YOI
[0s] pue HOM ¥e 84 ¢/TpPUeHST uey) axour) saxodoxdrua 931e] 80¢¢C pue uoneznydein pue jeay SOALS] XTUS0YJ o}
8y syrem a10d 1ohef-uryy UoIeAIIOR
[6¥] HOXIN 9 00T ¥, 84 0T M UOQTED PIjRALIOR I[-199YS L1S¢ pue uonezruoqren HO S[PYs IUEA 0
(8y)
eare
FE | a14jox1091q asueeden A3ojoydroy aoeyINg poyaur s1sayuig uoneAndy $30.1M0S sseuroig srdureg

47



Supercapacitors for the Next Generation

material with heating. Resulting highly porous activated carbon is applied to a
supercapacitor and it showed comparable performances in aqueous and organic
electrolytes. In another study, Liang et al. [55] reported nitrogen and sulfur co-
doped hierarchical porous carbon (NSPC) with a high gravimetric capacitance
around 350 F g™ They used the NaHCO,/KHCO; activated foxtail grass seeds as
precursor biomass. Also, Cao et al. [52] studied the effect of nitrogen containing
groups of NH,Cl, (NH,4),CO; and urea on the electrochemical performances of
biomass derived hierarchical porous materials. They reported that, NH,Cl is proved
to be the porogen with the minimum collapse of pollen grain and urea can be identi-
fied as the most effective N dopant with the 300 F g™ capacitance value. Du et al.
[56] presented a silica activation process for the carbon produced from the carrot
biomass. In this study nitrogen enriched porous carbon is produced by a simple
activation method. Nitrogen enrichment is preferred to achieve a higher porous
structure. Low-cost Na,SiOs served as initiator and provided catalytic effect on the
nitrogen doping process. In general the resulting material showed around 270 F g™*.
These results showed that the choice of the biomass precursor is very important
that, while carrots are used as the carbon source, the vitamins in carrot biomass can
serve as a nitrogen reserve. Ariharan et al. [57] reported a facile synthesis of self-
phosphorous doped porous carbon material from Honeyvine milkweed (Pod fluff
as a precursor) by a simple carbonization route without using any activation process
under argon gas atmosphere. They achieved nearly 250 F g™ capacitance value and
showed an excellent supercapacitance recovery after 10000 cycles with 95% recov-
ery. They also examined the H, storage capacity of the synthesized porous material
and achieved successful performances. The reported study offers an effective route
for the stable, conductive and highly porous carbon based material synthesis and
their effective utilization in both energy applications.

Waste paper cups were used as a source for the synthesis of a carbon support
that is loaded with Fluorescein molecules [58]. The resulting composite is success-
fully applied to a supercapacitor electrode and showed 214 F g-1 specific capaci-
tance. Here the main point is that waste lignocellulosic materials are also a very
promising tools for electrochemical response enhancement.

Mostly, the regions and their agricultural potentials are determinative for bio-
mass source selection. In China rice based carbon production is very promising and
their wastes are also bear huge biomass potentials. Xie et al. [59] used puffed-rice as
a precursor material for carbon sheet structures. They applied gradual heat treat-
ment to the source material and achieved the best performance from R-800 sample.
They reached nearly 120 F g™! capacitance performance. It is moderate but energy
and power densities are recorded as attainable performances. They also utilized the
material in microwave absorption beyond a supercapacitor material. So it has been
shown that true selection of the biomass precursor can construct a bridge from the
biomass derived materials to sustainable development. Orange peels are also used
as a biomass source for activated carbon production [60]. The produced activated
carbon is indicated as a very highly porous structure and its nanocomposite was
produced by the combination with poly aniline. They both utilized for the super-
capacitor material. Hybrid structure exhibited nearly 4 folds of higher capacitance
value than the natural form. Another citrus based study is reported by Gehrke et al.
[61]. The activated carbons synthesized from Citrus bergamia peels by activation
with phosphoric acid (AC - H;PO,4) and manganese nitrate (AC — Mn;0,). Among
these materials AC — Mn3O, exhibited the best electrochemical performance due
to the active transition metal content with a specific capacitance value of 290 F g™,
Leaf extracts are widely used for the green synthesis of metallic nanoparticles. In
this process the reactive organic groups in the extracts are utilized as reducing and
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stabilizing for metals. Aloe vera parts are also used for this purpose. Similar to this
approach NiO is modified with the biomolecules in the Aloe vera extract to enhance
the surface properties. Apart from the above mentioned carbonaceous material syn-
thesis based studies here the composite structure is obtained by the modification of
the NiO mas a metal oxide with the biomolecules. Resulted material improved the
anodic and cathodic peak potentials of the NiO and provided longer stability and
charge-discharge capacity [62]. He et al. [63] reported an interesting study on the
effect of the mixture usage as raw biomass material. The raw biomass composed of,
rice husk, reed rod, Platanus fruit, fibers, flax fiber, and walnut Shell. The mixture
of these materials is rinsed and grinded than calcinated under nitrogen atmosphere
finally Hierarchical porous hollow carbon nanospheres (HCNSs) were fabricated.
This one step process is also performed by the addition of polytetrafluoroethylene
(PTFE) to raw biomass. Both the hollow carbons served well as a supercapaci-

tor additive since they possess core-shell pores. Also silica content improved the
mesoporosity of the structure very much.

4, Conclusion

The utilization of the carbon based materials in the improvement of the
electrochemical performances of energy production and storage devices has
reached an important stage. In this manner, the source depletion for the synthesis
of these materials leads the researchers to find new and cost-effective solutions.
Today’s studies show that biomass provides a real ocean to overcome this problem
with many advantages. Especially supercapacitors need reliable modifications in
which biomass derived carbon based materials play a crucial role. After extensive
investigations biomass is found to be capable of the synthesis of highly porous
carbon materials with low/no-cost and eternal precursor supplementary. At this
point it has to be underlined that these methods not only provide a way to produce
high-value added materials but also contribute to the recycling of the wastes with
the win-win principle. The reported studies prove the developed biomass derived
materials enhance electrochemical adhesion of the ions which leads to increased
specific capacitance of the electrode, consecutively cycling ability and stabil-
ity of the supercapacitor is enhanced. The crucial points in the biomass derived
production are indicated as the choice of the biomass, synthesis process, pretreat-
ment, and the type of the supercapacitor. Among them precursor material and
pretreatment play a key role because the pore size and distribution vary very much
depending on the precursor content and the pretreatment process. Heteroatom
doping to the biomass derived materials add extremely high conductivity to the
ordinary materials so the composite materials are preferred in many supercapaci-
tor applications. However, because of the biomass derived synthesis is a green
synthesis method the researchers avoid to exaggerated hazardous chemical pre-
treatments, instead they should choose the right precursor biomass material that
has this feature in itself that is reported in this study as well. Overall, biomass is a
very valuable source for the synthesis of the next generation of low-cost and green
electrode materials for supercapacitors, fuel cells, batteries, and all electrochemical
transducers.
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Abstract

Graphene, a one-atomic-thick film of two-dimensional nanostructure, has
piqued the attention of researchers due to its superior electrical conductivity, large
surface area, good chemical stability, and excellent mechanical behaviour. These
extraordinary properties make graphene an appropriate contender for energy stor-
age applications. However, the agglomeration and re-stacking of graphene layers
due to the enormous interlayer van der Waals attractions have severely hampered
the performance of supercapacitors. Several strategies have been introduced to
overcome the limitations and established graphene as an ideal candidate for super-
capacitor. The combination of conducting polymer (CP) or metal oxide (MO) with
graphene as electrode material is expected to boost the performance of supercapaci-
tors. Recent reports on various CP/graphene composites and MO/graphene com-
posites as supercapacitor electrode materials are summarised in this chapter, with a
focus on the two basic supercapacitor mechanisms (EDLCs and pseudocapacitors).

Keywords: Supercapacitor, EDLC, Pseudo-capacitance, Metal oxides,
Conducting polymers

1. Introduction

Energy storage devices are important in today’s world to meet the increasing
demand for reliable and portable power sources [1-3]. Supercapacitors, also known
as ultracapacitors, are electrochemical energy storage devices that are lightweight,
can operate at a wide range of temperatures, have a long life cycle, and are shielded
to make their work easier [4, 5]. With a number of such advantages, the superca-
pacitors emerged in a variety of applications in hybrid or electric vehicles, electron-
ics and aircrafts [4, 5]. Today, supercapacitor manufacturers mostly use coconut
activated carbon as an electrode material due to its high specific surface area, low
price and mass production capability. However, with increased energy demand,
significant research efforts have been made to find ideal electrode materials for
the production of advanced energy storage systems. Energy is stored in superca-
pacitors via two energy storage mechanism, namely electrochemical double layer
capacitance (EDLC) and pseudocapacitance. So, in order to improve supercapacitor
efficiency, both of these mechanisms must be incorporated on a single electrode
material.

Graphene, a one-atom-thick 2D single layer of sp” -bonded carbon atoms with
the hexagonal lattice structure, is considered as the basic building block material
for all carbon materials [6, 7]. Graphene has emerged as an appropriate candidate
for energy storage applications due to its high electrical (10° S/m) and thermal
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conductivity (5000 W/m/K), large surface area (2.63X106m2/kg), high transpar-
ency (absorbance of 2.3%), good chemical stability, and excellent mechanical
behaviour (breaking strength of 42 N/m and Young’s modulus of 1.0 TPa) [8, 9].
Various methods such as chemical vapour deposition (CVD) of hydrocarbons,
epitaxial growth on electrically insulating surfaces such as SiC, micromechanical
exfoliation of graphite (Scotch tape method), oxidation—exfoliation-reduction of
graphite powder may be used to synthesise graphene sheets of various sizes and
defect contents [10]. Among these methods, graphene sheet which is grown by
chemical vapour deposition (CVD) of hydrocarbon [11] has the superior quality
with minimal defects. However, CVD prepared graphene would not be an ideal
contender for EDLC electrode material, as it is too costly to produce and is hardly
scalable. On the other hand, graphene produced by a chemical or thermal exfolia-
tion process [12] of graphite is relatively inexpensive but has more surface defects
which prevent graphene from being used in high-speed electronic, photonic/
optoelectronic devices. But these defects play an important role in supercapacitor
applications. So graphene with defects is used as an acceptable supercapacitor
material. However, due to the large interlayer van der Waals attractions, re-stack-
ing of graphene layers can severely reduce the available electrochemical surfaces,
obstructing ion diffusion and ultimately limiting electrochemical efficiency, and
the lack of fast Faradic pseudocapacitive behaviour have severely hampered super-
capacitor performance. In order to address the issue graphene is often combined
with other materials such as different metal oxides (MP) and conducting polymers
(CP) to further increase its electrochemical performance. Coupling MPs or CPs
to graphene has been shown to be an effective approach to improving the cycling
stability, energy and power density of the supercapacitor device by introducing
pseudocapacitance [13-37]. This chapter summarises recent studies on various
CP/graphene composites and MO/graphene composites as supercapacitor elec-
trode materials, with an emphasis on the two basic supercapacitor mechanisms
(EDLCs and pseudocapacitors).

2. Graphene-metal oxide nanocomposites for supercapacitor
applications

Metal oxide supercapacitors have gotten a lot of attention in recent years
because of their high theoretical basic capacitance, low cost, environmental
friendliness, and natural abundance [38-45]. Metal oxides also allow rapid,
reversible faradic reactions to the electrode-electrolyte interface [46] resulting in
large specific capacitances. However, the power density and cycling stability of the
metal oxide based supercapacitor device are limited by poor electronic and ionic
conductivity of metal oxides. So metal oxides are often combined with graphene
to address these drawbacks, and it is expected that hybrid metal oxide/graphene
nanostructures can increase supercapacitor performance for large-scale energy
storage systems.

2.1 Graphene-manganese oxide nanocomposites

Manganese oxide-graphene composite is the most studied electrode material for
supercapacitor devices among metal oxides [13-15]. The charge storage mechanism
of aMnO2 electrode involves a transition in manganese (Mn) oxidation state from
IIT to IV. The reversible insertion/extraction of electrolyte cations to balance the
charge during reduction/oxidation of Mn**/Mn** gives MnO2 its pseudocapacitive
properties [47, 48].
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He et al. [13] used electrodeposition to build freestanding, lightweight
(0.75 mg/cmz), ultrathin (<200 pm), highly conductive (55 S/cm), and flexible
three-dimensional (3D) graphene networks filled with MnO, as the flexible super-
capacitor electrode material. The composite with 9.8 mg/cm® MnO,mass loading
(92.9% of the total electrode mass) had a capacitance of 1.42 F/cm? in a scan rate of
2mV/s. He et al. further optimised the MnO, content in the composite material for
realistic applications and achieved a maximum specific capacitance of 130 F/g.

Another research [14] rendered graphene/ MnO, composites by chemically
reducing GO/ MnO, with both hydrazine hydrate (H-RGO/MnO,) and sodium
borohydride (S-RGO/ MnO,) as reducing agents. The H-RGO/MnO, showed a
specific capacitance of 327.5 F/g, which is higher than that of the S-RGO/MnO,
(278.6 F/g). Kim et al. proposed that using the hydrazine reduction process to
fabricate MnO, on graphene oxide surfaces is a promising fabrication method for
supercapacitor electrodes.

For producing highly efficient graphene/metal oxide-based hybrid superca-
pacitors, Wang et al. [15] described in situ synthesis of 3D-graphene/MnO2 foam
composite using a combination of chemical vapour deposition and hydrothermal
process. High crystallinity and low contact resistance were observed during in situ
conformal growth of 3D-graphene/MnO, composites. In the supercapacitor, the
3D-graphene/MnO, composite electrode demonstrated high specific capacitance
(333.4 F/g at 0.2 A/g) and excellent cycling stability (92.2% retention at 0.2 A/g
after 2000 cycles).

Thus these methods for fabricating graphene/MnO, composites offers a prom-
ising means of producing energy storage electrode materials for supercapacitor
devices with high efficiency.

2.2 Graphene-iron oxide nanocomposites

Iron oxides drew interest as a potential electrode material due to their natural
abundance, high thermal stability, and low toxicity [42, 43]. However, in terms of
power density and cyclic stability, iron oxide struggles as an electrode material and
must be combined with graphene to overcome the problem.

Reduced graphene oxide- Fe;04 (RGO-Fe;0,) nanocomposite was synthesised
by Ghasemi and co-worker [16] using a simple electrophoretic deposition (EPD)
method followed by an electrochemical reduction procedure. On RGO, Fe;0,
nanoparticles with a diameter of 20-50 nm are uniformly assembled. At a cur-
rent density of 1 A/g, RGO- Fe;0, had a specific capacitance of 154 F/g, which is
greater than RGO (81 F/g) in Na,SO, electrolyte. The electrochemical behaviours
of this study also revealed that adding surfactant to aqueous Na,SO4 solution would
boost the capacitance of RGO- Fe;0, electrodes. RGO- Fe;0, electrode in Na2SO4
electrolyte containing t-octyl phenoxy polyethoxyethanol (Triton X-100) showed
capacitance of 236 F/g at 1 A/g, with 97% of the initial capacitance retained after
500 cycles.

Qu et al. [17] have shown that the increase in electrochemical capacitive perfor-
mance of 2D Fe;0, -graphene nanocomposites was mainly due to the optimization
of electrochemical surfaces by avoiding graphene re-stacking due to the uniform
Fe;0, surface deposition and synergistic effect of Fe;0, and graphene. The hybrid
capacitor shows a capacitance value of 304 F/g. In addition, Fe;O, -graphene nano-
composites have achieved higher power density.

In another work Tang et al. [18] synthesised three-dimensional (3D) iron
oxide/graphene aerogel hybrid using an innovative in situ hydrothermal process
for supercapacitor applications. This material Fe,03/GA hybrid electrode were
used to make a highly flexible all-solid-state symmetric supercapacitor system.
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The device provided a high specific capacity of 440 F/g and was suitable for differ-
ent bending angles. 90% of the capacitance was also preserved after 2200 cycles,
indicating strong cycling stability. These excellent electrochemical performances
suggest that graphene-iron oxide nanocomposites have huge potential in energy
application.

2.3 Graphene-nickel oxide nanocomposites

Nickel oxide (NiO) has been shown to be one of the most promising electrode
materials for supercapacitors [38, 39]. However, the efficacy of NiO has been found
to be reduced due to its low electrical conductivity, resulting in poor performance in
electrochemical devices. Researchers are trying to boost its efficiency by linking it
to graphene.

A simple solvothermal-induced self-assembly method was used by Gui and
co-worker [19] to make three-dimensional nickel oxide/graphene aerogel nanocom-
posites (NiO/GA). With an extremely large working potential window, the NiO/GA
electrodes attained a specific capacitance of 587.3 F/g at 1A/g. The NiO/GA had excel-
lent cycling reliability, with only a minor decrease in capacitance after 1000 cycles.

Zhao et al. [20] demonstrated NiO’s electrochemical properties by growing NiO
mesoporous nanowalls on rGO nanosheets on 3D nickel foams, referring to the
process as binder-free electrode preparation. The NiO-graphene nanocomposite
3D porous foam composite substrate offers an appropriate structure for electron
collection and electrolyte/ion diffusion via the active materials, resulting in a high
specific capacitance of 950 F/g at a current density of 5 A/g with excellent cycling
stability.

In another work Choi et al. [21] demonstrated the synthesis of 3D porous gra-
phene/NiO nanoparticle composites (3D-RGNi) by a facile method. The prepared
3D-RGNi had a large electrochemically active surface region. The as-synthesised
3D-RGNi electrode had a large specific capacitance of 1328 F/g at 1A/g and superb
rate capability, with 87% of the capacitance retained after 2000 cycles. The syn-
ergistic effects of the rGO network and NiO nanoparticles, as well as the highly
porous structure of 3D-RGNi, are attributed with these high capacitance results.

Hence, it is expected that graphene-Nickel oxide nanocomposites might serve as
a favourable materials for energy storage applications.

2.4 Graphene-cobalt oxide nanocomposites

Apart from having a high theoretical capacitance (3560 F/g) and being abundant
in nature, cobalt-oxide based nanomaterials are also said to be environmentally
friendly [49, 50]. The faradaic redox transitions of interfacial oxy-cation species
trigger the pseudo capacitance of hydrous Cobalt oxides [51]. The formation of
cobalt oxide phases with a transition between Co(II), Co(III), and Co(IV) oxidation
states explains the charge—discharge process of cobalt oxide in alkaline electrolyte.

Akhtar et al. [22] presented the preparation of nanostructured cobalt oxide/reduced
graphene oxide (Co;04/rGO) composites for potential materials in supercapacitor
applications using a basic one-step cost-effective hydrothermal technique. The v
nanoparticles in the Co;0,/rGO nanocomposites were layered over the surface of the
rGO sheets. In a three electrode cell system, Co;04/rGO nanocomposite based electrode
had a specific capacitance of 754 F/g and after 1000 continuous cycles, the material
abled to maintained 96% of its initial capability.

Chen et al. [23] used a simple hydrothermal technique to manufacture
cobalt oxide (Co30,) nanowires on three-dimensional (3D) graphene foam. The
free-standing electrode for supercapacitor application was prepared from the
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synthesised 3D graphene/Co;0, composite. It showed a high specific capacitance of
1100 F/g and excellent cycling stability at a current density of 10 A/g.

3. Graphene-conducting polymers for supercapacitor applications

Conducting polymers (CPs) attains lots of attention in academia and industry as
electrode materials for supercapacitor. Polyaniline (PANI), polypyrrole (PPy) and
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) are type
of conducting polymers [34, 52-56] that are extensively studied for supercapacitor
device by offering very fast redox reaction with an electrolyte which can lead to
pseudo-capacitance. However, CPs have a disadvantage of long-term stability due
to the mechanical degradation of CPs. Thus graphene is often used to overcome the
issue with CPs and guide to long term cycling stability, which is vital for superca-
pacitor devices.

3.1 Graphene- polyaniline (PANI) composite

PANI exhibit excellent conductivity and stability and have been widely used in
energy storage devices [52, 53]. During the last few years, graphene/PANI composite
nanocomposites have been used as electrode materials for supercapacitors [24-28].
Wau et al. [24] demonstrated synthesis of polyaniline nanofiber on graphene by in
situ polymerisation of aniline monomer in the presence of graphene oxide under acid
condition. The supercapacitor devices shows a specific capacitance of 480 F/g ata
current density of 0.1 A/g and the material retained 70% of the original capacitance
value after 1000 cycles. Gomes et al. [25] aimed to improve the cyclic stability by pre-
paring hierarchical assembly of graphene/polyaniline nanostructures by microemul-
sion polymerisation, followed by the incorporation of graphene oxide nanosheets by
hierarchical organisation. Hierarchical nanostructures showed a specific capacitance
of 448F/g which is almost double of that of PANI due to the synergistic combina-
tion of graphene and PANI nanostructures. At the same time almost 81% capacity
retention was achieved for the material compared to 38% for PANI after 5000 cyclic
operations. Cheng et al. [26] prepared graphene-PANI composite paper as a flexible
electrode, by combining the advantages of high conductivity, mechanical strength,
and flexibility of graphene paper and large capacitance of the PANI. Based on these
properties, this flexible graphene-PANI electrode material displayed a good tensile
strength of 12.6 MPa and a stable large electrochemical capacitance of 233 F/g and
135 F/cm3 for gravimetric and volumetric capacitances, respectively.

Zhang et al. [27] reported a novel method to prepare flexible graphene/polyaniline
paper (GPp) as supercapacitor electrodes through controlled in-situ polymerisation
followed by roll coating in order to increase the electrochemical properties. This GPp
deliver a high specific capacitance of 838 F/g at a current density of 1 A/g and high
retention of 93.7% at 10 A/g over 5000 cycles. Kinetics analysis of the material shows
that the GPp stores both surface capacitance and diffusion capacitance. The as-
prepared GPp also showed a specific energy density as high as 40 Wh/kg and a power
density of 10 kW/kg. The authors also succeeded to light the light emitting diode
(LED) connected with the fabricated GPp device.

Another method which is commonly used for the preparation of graphene poly-
mer composite is physical mixing in a given solvent. Flexible Graphene/Polyaniline
Nanofiber Composite films were prepared by vacuum filtration of the mixed disper-
sions of both rGO and PANI nanofibers [28]. The film was mechanically stable and
showed a good flexibility. The supercapacitor devices showed large electrochemical
capacitance of 210 F/g at a low discharge rate of 0.3 A/g.
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3.2 Graphene-Polypyrrole (PPy)

PPy is emerged as attracting material for supercapacitor [54, 55] because of its
simple synthesis procedure and it has good thermal and electrical conductivity.
However, the thin PPy film forms aggregated a cauliflower-like structure which is
not favourable for supercapacitor applications. In order to address the issue PPy is
often combined with graphene to improve its electrochemical performance. Zhang
etal. [29] synthesised graphene and polypyrrole composite via in situ polymerisa-
tion of pyrrole monomer in the presence of graphene under acid conditions An even
composite is formed with polypyrrole being uniformly bounded by graphene sheets.
Electrochemical performance of the composite material are higher than pure samples
with the maximum capacitance of 482 F/g and excellent cycling performance (95%
retention after 1000 cycles). Liu et al. [30] demonstrated preparation of hierarchical
graphene/polypyrrole nanocomposites via in-situ polymerisation of self-assembled
pyrrole. The nanomaterial attained outstanding conductivity of ~1980 S/cm and
demonstrated promising potential in supercapacitor, with a specific capacitance value
650 F/g at 0.45 A/g current density. Furthermore, the device showed energy density
of 54.0 W h/kg at 1 mA current, and power density of 778.1 W/kg at 5 mA current. In
another work Akhtar et al. [31] studied the electrochemical performance of gra-
phene/polypyrrole layered type structure. Charge transport was investigated in this
study to determine the relative contributions of graphene and polypyrrole in charge
transport and storage mechanism, with the aim of improving device properties.
Electrochemical supercapacitor fabricated using this layered composite exhibited a
large value (~931 F/g) of specific capacitance.

3.3 Graphene/(PEDOT:PSS) composite

PEDOT: PSS attract as one of the potential electrode materials due to its good
electrical conductivity, transparency, ductility, and stability [34, 56]. Wu et al. [32]
demonstrated ultrathin printable graphene supercapacitors based on solution-
processed electrochemically exfoliated graphene hybrid films on an ultrathin
poly(ethylene terephthalate) substrate. The device exhibited an unprecedented
volumetric capacitance of 348 F/cm3 at an ultrahigh scan rate of 2000 V/s, and
AC line-filtering performance. This method can be possibly used for large-scale
production of printable, thin and lightweight supercapacitor devices.

Fibre-shaped supercapacitors [33] with high mechanical and electronic proper-
ties based on hollow rGO/PEDOT: PSS (HCF) have gained tremendous attention
because of their tiny volume, low weight, high flexibility, and good wearability.
This novel fibre-shaped supercapacitor showed a high specific capacitance of 304.5
mF/cm?2 at 0.08 mA/cm?2 and an energy density of 27.1 mWh/cm?2. In another work
highly flexible, bendable and conductive rGO-PEDOT/PSS films were prepared by
Chen et al. [34] The assembled device could be bent and twisted without harm-
ing the electrochemical performance of the device. A high areal capacitance of
448 mF/cm2 was achieved at a scan rate of 10 mV/s and when the device was fully
charged the device was powerful enough to power a LED for 20 seconds.

3.4 Graphene/other polymers composite

Besides the above-mentioned conducting polymers there are others polymers
that have been combined with graphene for supercapacitor devices. Gupta and
co-workers [35] synthesised Poly (3-hexylthiophene)/graphene composites via both
in-situ and ex-situ growth technique to investigate supercapacitive behaviour. They
observed that in-situ growth of P3HT forms better composites with graphene than
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ex-situ growth. The values of specific capacitance for ex-situ and in-situ samples
were found to be 244 F/g and 323 F/g respectively at a current density of 200 mA/g.
Thus in-situ P3HT/graphene composite showed superior storage capacity in
comparision to ex-situ sample. Electrochemical performance was also studied for
graphene (G)-polyethylenedioxythiophene (PEDOT) nanocomposites as electrode
material [36]. This manuscript presented the capacitance studies on supercapaci-
tor G-PEDOT electrode with respect to stability of material, specific capacitance
and electrical conductivity. Specific capacitance value for G-PEDOT sample was
estimated to be 374 F/g. Wu et al. [37] reported conjugated polyfluorene imid-
azolium ionic liquids (coPIL) intercalated reduced graphene oxide (coPIL-RGO)
for high performance supercapacitor. coPIL-RGO based device showed a specific
capacitance of 222 F/g at a low current density of 0.2 A/g in 6 M KOH and 132 F/g at
a current density of 0.5 A/g in ionic liquid electrolyte 1-butyl-3-methylimidazolium
tetrafluoroborate (BMIMBF4), respectively.

4, Conclusion

Metal oxide and Conducting polymers have gotten a lot of attention in next-
generation supercapacitor electrode research because of their simple synthesis
procedure, low cost and high pseudocapacitance. Simultaneously, pure metal oxide
and conducting polymers have a number of flaws, including low electrical conduc-
tivity, weak cyclic stability, and low energy and power density. Graphene/conducting
polymer composites and graphene/metal oxide composites outperform conducting
polymers and metal oxides in terms of cyclic durability, energy density, and power
density. Simultaneously, in recent years, considerable focus has been placed on
structural architecture, material fabrication, and device performance evaluation.
To accomplish the expected full-scale realistic application, both the efficiency and
reproducible quantity of the electrode materials must be improved in the immedi-
ate future.
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Graphene Functionalization
towards Developing Superior
Supercapacitors Performance
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Abstract

Graphene is known as the miracle material of the 21st century for the wide
band of participating applications and epic properties. Unlike the CVD monolayer
graphene, Reduced graphene oxide (RGO) is a commercial form with mass produc-
tion accessibility via numerous numbers of methods in preparation and reduction
terms. Such RGO form showed exceptional combability in supercapacitors (SCs)
where RGO is participated to promote flexibility, lifetime and performance. The
chapter will illustrate 4 critical milestones of using graphene derivatives for achiev-
ing SC’s superior performance. The first is using oxidized graphene (GO) blind with
polymer for super dielectric spacer. The other three types are dealing with electro-
lytic SCs based on RGO. Polyaniline (PANI) was grown on GO for exceptionally
stable SCs of 100% retention. Silver decoration of RGO was used for all-solid-state
printable device. The solid-state gel electrolyte was developed by adding GO to
promote current rating. Finally, laser reduced graphene is presented as a one-step
and versatile technique for micropatterning processing. The RGO reduction was
demonstrated from a laser GO interaction perspective according to two selected key
parameters; wavelength and pulse duration.

Keywords: Polyaniline/RGO, Solid-state, laser-induced graphene,
super dielectric spacer, flexible supercapacitor

1. Introduction

Supercapacitors (SCs) are a key block elements in our energy storage perspective
that could stand alone or be combined with various types of batteries [1]. Unlike
batteries, SCs possess unique features of high power and millions of cycling [2]. Yet,
SCs energy density could not match the nowadays batteries [3], the development
is focused on extending energy density and engineering flexible devices [2]. The
storage mechanism is conducted to the SCs type as following; electric double-layer
(EDL), pseudocapacitors and hybrid structure [4]. EDL is the simplest form of
storing energy electrostatically due to electrolyte ions, whereas, pseudocapacitors
is based on reversible redox reactions through active material’s surface resulting
in more than 10 times capacitance value than EDL. The hybrid type is combin-
ing faradic redox and non-faradic EDL reactions that showing near battery like
performance.
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Graphene is one of the most discussed electrodes material in energy storage
due to outstanding electrical, mechanical and electrochemical performance [4].
Graphene functionalization in SCs is expected to lead the next SCs’s generation
processing as a result of the following; (i) high surface area of 2630 m*/g correlated
with low theoretical density of 2.28 g/cm’, (ii) high carrier mobility and electrical
conductivity that promote using of graphene as a compact active material/cur-
rent collector, and (iii) Young’s modulus of 1 TPa indicating excellent mechanical
strength enabling perfect impeding in flexible and wearable electronics. The easy-
to-get graphene form known as reduced graphene oxide (RGO) that is obtained
from the reduction of highly oxidized exfoliated graphene oxide (GO). Crude RGO
active material suffers from low specific capacitance and restacking over time
that minimizes accessible surface area [5]. Therefore, many attempts of adding
another material such as conducting polymers, metal oxides and metal NPS were
reported [3, 6].

Despite a large number of graphene-based SCs reports, this chapter is focusing
on selected milestones on using graphene in SCs according to extensive research
work as well as others’ reports. Four main points considered graphene deriva-
tives, the first is using graphene oxide/polymer blind as a super dielectric spacer
for double layer AC supercapacitor. The other technique is using RGO as efficient
nucleation sites for polyaniline (PANI). After that, silver metal NPs decoration/
RGO was used to fabricate flexible all-solid-state SCs of high power. Finally,
laser-induced graphene is a one-step technique to obtain miniaturized 3D RGO
based SCs.

2. Dielectric supercapacitor of pseudo 2D GO

Materials of high dielectric constant are directed for large capacitance circuit
element, which enables minimizing dimensions in integrated circuits and basic
storage elements, etc. [7-10]. Despite well-known ceramic materials such as Barium
titanate-based composites, polymers are low cost and scalable but hold significantly
low dielectric response. Thus, nano-composites doped inside a polymer matrix is a
promising candidate for promoting dielectric characteristics for wearable and flex-
ible electronics [5]. Among enormous compositions types, RGO and GO are blinded
in polymer to expand the dielectric response via two different technique, the first is
by forming multiple micro-capacitors inside the spacer while the other is using the
oxide function group strong polarization [11]. The present section is revealing the
potential of using graphene-based polymer composite potential as a super dielectric
spacer for RF SC applications [12].

2.1 Double plate SC of PVA/GO spacer fabrication process

GO suspension of 1 gram in 0.1 L DI water and 8% PVA were used for prepar-
ing the mixture. The weight ratio blind was as following: 10%, 20% and 50%
of GO to PVA using facile colloidal mixing method at 70°C. The resulted paste
was coated on cleaned Al foils strips 0.08 x 40x50 mm?® to form the compacted
spacer. After mild evaporation, the top Al foil was attached to the three different
ratios GO/PVA. The double-layer capacitor’s spacer thickness was adjected to
475 pm after multiple drying processing using a hot press. The fabricated SCs
electric characterization was conducted using LRC meter and multi-channels
Potentiostat/Galvanostat. Figure 1 illustrates a schematic for the whole study
steps [12].
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Figure 1.

Schematic of the GO/PVA and GO dielectric spacer study.

2.2 The mega dielectric value of double

The three different double plate capacitors of (10%, 20% and 50%) GO/PVA
weight ratio are measured from 20 Hz to 1 MHz, the associated dielectric constants
were estimated by knowing area and thickness of the spacers. The whole values are
located in the range of mega value (10°) as showed in Figure 2(a). The dielectric
decay over frequency is expected due to weak dipoles response. At low oscillating
frequency, the corresponding oxide functionalized groups have the necessary
time for alignment correlated with the applied electric field, which will promote
the dielectric constant value due to strong polarization. Whereas, the increase in
oscillating frequency will eliminate contributed ionic and space charge as well as
cause a systematic drop in the dielectric response [13]. Thus, the GO filling inside
the PVA polymer matrix achieved high dielectric SC caused by Maxwell- Wagner-
Sillar theory [11]. The phase angle in Figure 2(b) is an indication of the leakage
current through GO/PVA spacers. The higher phase angle than —90 degree resulted
from free and bounded charges within the GO/PVA interface. Accordingly, SC’s
quality factor is linked to the measured phase angle. While the 10% gave the
best spacer performance due to low water contents and residuals ions, the 50%
ratio showed the lowest dielectric constant as well as quality factor. Low phase
angle could be attributed to conductive graphitic defects generated during GO
preparation.

The imaginary part (¢”) represents electric field dissipation into heat. The
obtained losses could be attributed to GO lattice defects, conductive defects, water
contents and ions residuals [13-15]. Figure 2(c) present the complex dielectric
susceptibility curve (Cole-Cole), where ¢ is the complex permittivity, € real value
and &” represent the imaginary part. Several GO oxide functional groups, defects,
polymeric chain/GO interface and water molecules will result direct complex time
response confirmed by Cole-Cole complex shapes. The 20% GO/PVA based SC
cyclic voltammetry is presented in Figure 2(d), which matched the previously
measured mega dielectric constant value and performance. Those results indicate
balanced filler loading within the polymer matrix of such 20% GO weight value
[16]. Finally, the following Table 1 reports the high dielectric value of using either
crude GO or as a polymer matrix filler.
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Figure 2.

The three GO/PVA ratio (a) dielectric constants, (b) phase angle, (c) Cole-Cole plot. And (d) the 20% GO/
PVA ratio CV at different scan rates. Reproduced with permission from Ref. [12]. Copyright 2021, Elsevier Ltd.

Spacer Materials DiC value Reff.
This work (GO) 10* —
(GO/PVA composite) 10°

GO/PVA/polyethylene glycol 10° [17]
GO/PVA/Polypyrrole 10° [16]
GO/PVA/poly (4-styrene sulfonic acid) 10° [18]
GO foam 10? [14]
GO pristine (10) [19]

annealing (10%)
GO hybrid sponges 10° to 10° [20]
GO 10* (15]
GO 10° [13]
Table1.

Dielectric constant of GO-based spacers. Reproduced with permission from Ref. [12]. Copyright 2021, Elsevier Ltd.
3. Conductive polymer graphene composite
3.1 Superior stable PANI reinforced RGO SC
An effective technique to not only prevent RGO restacking but also extend
the electrochemical performance is surface composition via polymeric mate-

rial [21]. PANI, polythiophene and polypyrrole are the most studied conductive
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polymers that participated in various application like SC electrodes, sensors, etc.
[22]. Among those, PANI is preferable in SC applications due to low cost, con-
trolled conductivity, easy processing and high electrochemical performance [23].
Unfortunately, poor stability is the main drawback. Hence, covalent grafting of
PANI with a graphitic based material could promote lifetime, porosity and conduc-
tivity [24]. Oxidized graphene function groups are excellent nucleation sites for
efficient covalent bonded PANI polymerization. Another advantage of using RGO/
PANI composite in SC application is enabling the EDL behavior as well as pseudo-
capacitance [25].

This section discusses PANI/RGO synthesis via two steps (i) iz situ polymeriza-
tion of distilled aniline on GO surface via initially adsorbed Fe** and (ii) reduction
of the composite using hydrazine hydrate. The fabricated symmetric SCs was tested
using four different electrolytes namely; sulfuric Acid, phosphoric acid. Potassium
hydroxide and sodium sulfate to study the performance over a wide range of
transported ions [26].

3.2 Preparation of PANI-RGO SC

2.25 g of Fe;SO, was dissolved in 0.05 L DI water and was drop wised to 0.475 L
of GO suspension (10 g/L) while stirred for 2 h. Aniline monomer was double dis-
tilled under vacuum for fresh using, and dissolved in 1 M (0.25 L HCI). The Fe,SO,
was rabidly added to GO suspension followed by adding Ammonium peroxydisul-
fate (APS) (4.5 g in 0.25 L 1 M of HCl and was kept stirring overnight at ambient
conditions. After collecting and drying, the mixture was dissolved in 1 L DI water
followed by sonication for reduction step. Hydrazine hydrate 1:1 to GO weight ratio
was added in a boiling water bath. The electrodes PANI/RGO active material was
conducted to another polymerization step before collected and drying in vacuum
overnight. The paste was prepared by adding 8% PVDF to 92% PANI/RGO then
coated 304 Stainless steel foil coated by sputtered 500 nm Pt current collector
(sheet resistance is 2 /0). Figure 3 illustrates SC fabrication and characterization
steps schematic [26].

Figure 3.

Schematic of the PANI/RGO based SCs fabrication and measurements.
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3.3 Plausible growth mechanism of PANI on RGO

The analysis of PANI polymerization, as well as GO reduction, was confirmed
via standard characterization like XRD, Raman & EDX. However, the microscopic
imaging is defining a more detailed view of folded RGO and PANI structure. SEM
images are presented in Figure 4(a) and (b) that are showing the high load of PANI
completely cover the RGO flakes in thick wood like shape and PANI/RGO flakes,
respectively. TEM images illustrate RGO flake folded within dark region Figure 4(c).
Whereas, higher magnification TEM image present PANI growth on the RGO sur-
face in tiny islands, which could be attributed to Fe** sites and GOs’ function groups.

Dissociated FeSO, ions will be functionalized on the dispersed GO flakes. The
distilled aniline monomer started to adsorbed on the GO surface [26]. By adding
the APS/HCI, Fe (II) will be oxidized to Fe (III) and forming the major oxidation
centers and the seed for PANI chains. The applied 1:1 weight ratio between aniline
and GO will produce a high load of PANI correlated of high polymerization degree
[27]. Fe (II)/APS is promoting effective and rapid polymerization due to direct
bonding of the Fe (II) on pseudo-2D GO surface [27]. Thus, APS will react with
Fe (II) ions not aniline due to low oxidation potential and produce sulfate radical
anions (Eq. (1)) [28]:

Fe*" +5,0,” —»Fe’ +S0,” +SO,~ (1)

Figure 4.
PANI-RGO at differvent magnification scale; (a) & (b) SEM images. (c) ¢ (d) TEM images. Reproduced with
permission from Ref. [26]. Copyright 2021, Elsevier Ltd.
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3.4 Exc

eptionally stable PANI/RGO SC

The PANI/RGO based SCs were tested in various electrolytes to study the
performance of the composite in strong alkaline, strong acid, weak acid and natural
medium. Being a time-domain process, galvanostatic charge/discharge testis a

H3PO, Electrolyte| (@) KOH Electrolyte
10 4 10 4 01A
—0.1A% 1A
———0.5/g —0.5A/g
08 4 ——1.0A1 08 1
S 06 s 0.6 -
® 5
z =
i s
5 04 J
no_ 8 0.4
02 0.2 4
a0 T T T T T T T 0.0 T T T T T
0 100 200 300 400 500 GB0O 700 800 0 500 1000 1500 2000 2500 3000
Time (s) Time (s)
Na, S0, Electrolyte
i 2504 y .| H350, Electrolyte
0.1A/g ——0.1Alg
—05A/g ——0.5A/g
08 - — 1.0A/g 08 - —1.0A/g
<06 - 206
3 3
3 5
& 04 1 E 0.4 o
02 4 0.2
0.0 T T T T T 0.0 T T T T T T T
0 10 200 _ 300 4000 500 €00 200 400 600 800 1000 1200 1400
Time (s) Time (s)
110
100
%] (b)
80
120 120
—_— N32504 : . i ~e- KOH Electrolyte (c)
70+ —a— Hp$04 Electrolyte
 EEEEEE——
= 100
c =
L) 90+ S 1104 110
c 1 2
S 80 5
[] °
m 70 KOH 1 1 L o
8 100 :
= S 100} e o 0w P o 100
= o
T 90 g8
% 80 ] =
O F =t H3P04
70 — : - %0 . : . : 80
1004 - 0 1000 2000 3000 4000 5000
N\ Cycle number
90 \
] \
80+ HAS0 \
70 2 4 i 1 '- = 1 i 1 e
1] 100 200 300 400 500
Cycle number
Figures.

Different electrolytes, (a) Galvanostatic charge/discharge curves cycle stabilities of different electrolytes.
(b) Retention test for 460 cycles at 1A and (c) selected vetention for 5000 cycles at 3A. Reproduced with
permission from Ref. [26]. Copyright 2021, Elsevier Ltd.
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versatile technique of defining specific capacitance, power, energy and lifetime.
Figure 5(a) presents different electrolyte-based SC at different current. The
estimated specific capacitance (0.1A) using H,SO4, H;PO,, Na,SO, and KOH were
288, 126, 84 and 480 F/g, respectively. The capacitance of the composite could be
expanded by using a highly conducting current collector, hot pressing of the active
material, using standard cell configuration and a proper separator.

The remarkable result of the prepared PANI/RGO composite is the superior
stability in various electrolytes as PANI is degradable at high temperature, high
current and charging/discharging process. The first applied retention test at 1A was
for nearly 500 cycles Figure 5(b).

The pure EDL performance in alkaline KOH and natural Na,SO, electrolytes
present zero decay, whereas, sulfuric and phosphoric show ~75% retention due to
aniline doping/degradation during charging. The 5000 cycles (Figure 5(c)) are con-
sidered to be relatively long cycling for a conducting polymer. The highest obtained
capacitive results using H,SO4 and KOH were conducted to a 3A/g of current value
for more aggressive cycling. Remarkably, KOH based SC maintained the 100% value
correlated with the highest achieved capacitance. On the other hand, the sulfuric
doping of PANI leads to an increase in the retention value behind 100% [29].

Table 2 presents the obtained results of PANI/RGO concerning others’ reports
comparatively to clear the role of RGO in enhancing the PANI super capacitive
performance. It’s worth mentioning that, 3-electrode setup multiplies the actual

Composite material/ Specific No. of electrodes Retention Process Ref.
Electrolyte capacitance configuration
(Flg)

This work 565 2 100% Non
6 M KOH 450 (5000) faradic
1M H,SO, 250 ~80% Faradic
1M H;PO, (5000) Non

75% (460) faradic
PANI/GO/CNTs 89 2 80% Non [30]
PVA/H;PO, 729 3 (5000) faradic
1M H,SO, 80% Faradic

(5000)
G/PANI 790 2 80% Faradic [31]
1M H,S0, (5000)
PANI/G/CNT 510 3 91% Faradic [32]
1M H,S0, (5000)
PANI- N doped G/Pd 230 2 96% Faradic [33]
1M H,SO, (3000)
PANI/G 976 2 89.2% Faradic [34]
1M H,SO, (1000)
G/PANI 529 3 85% Faradic [35]
1M H,SO, (1000)
PANI/G 413 3 81% Faradic [36]
1M H,SO, (1000)
PANI/Carbon Qds/G 871 3 72% Faradic [37]
1M H,S0, (10000)
Table 2.

The PANI-graphene (G) based SCs report. Reproduced with permission from Ref. [26]. Copyright 2021,
Elsevier Ltd.
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applied voltage that causes a massive increase in measured capacitance of about
triple times when compared to the 2-electrode [38]. However, the 2-electrode cell
configuration is preferable for practical SCs analysis. The electrochemical stability
could be attributed to Fe(II) surface adsorbed on the GO and assisted APS strong
locating oxidation.

4. Metal/RGO for solid-state and flexible structure
4.1 Printed devices based on doped graphene

Modern applications of wearable and flexible electronics require a convenient
storage device to meet the rapid demands of energy consumption of devices such
as ITO sensors and implantable bio-devices [39]. Long lifetime, high power profile,
easy manufacturing and eco-friendly structure make the SCs is the best up-to-date
candidate for powering such devices [40]. Nevertheless, solid and flexible SCs pos-
sess much lower power and energy densities than liquid-based devices that limit
the practical coupling with systems. Accordingly, intense research work is applied
for promoting the corresponding electrochemical characteristics. The electrodes
active materials are already solid but the liquid electrolytes need sophisticated
packaging that prevents planer designing. Ionic liquid salts, solid and electrolyte
intercalated polymer are different types of the used solid electrolyte. In particular,
gel polymer is dissociated ions from acid or base blinded in a polymer matrix.
Solid-state gel polymer electrolytes present relatively good ionic conductivity, low
cost, high stability, simple principle, reliable, environmentally friendly and safe to
handle [41].

This part is using graphene to fabricated flexible, half printed and solid-state
SC, the Ag decorated the RGO flakes to prevent restacking. The other functionaliza-
tion of graphene oxide was for developing the gel polymer to promote high current
and scan rate performance [42]. Despite the weak acidic nature of phosphoric acid,
it was used as the main ions source inside the GP due to compatibility with RGO and
stability over time other than strong acids like sulfuric.

4.2 SCs fabrication procedures

GO suspension was the start material (g/200 mL). Silver nitrate (1 g/50 mL) was
added with two different volume ratios 4 ml and 16 ml to a 100 mL of GO suspen-
sion, respectively. The two ratios mixture were conducted to Hydrazine hydrate as a
strong reduction agent and will be known as sample 1 (4 ml AgNO;) while sample 2
(16 ml AgNO;). The developed gel polymer was performed by dissolving 10% PVA
at first and adding an equal weight of phosphoric acid. Finally, GO and PANI of
weight 0.03 and 0.01 g were added to the GP, respectively.

A handmade plastic mask was used to make Ag/RGO electrode of dimensions
1x4 cm” (0.1 g) using doctor blade. After drying, the GP was coated followed by the
second electrode. Lastly, the two devices were peeled off and a metal contact was
sputtered on both sides. The schematic in Figure 6. illustrates devices fabrication
procedures and applied electrochemical measurements [42].

4.3 The remarkable obtained printed SCs performance

TEM image in Figure 7. illustrates GO, RGO and Ag-doped RGO, respectively.
The folded GO single layer is a clear sheet and the reduction of RGO make defects
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Figure 6.
Schematic of the Ag/RGO flexible SCs fabrication and measurements.

and multilayer represented by the dark regions. However, the silver nanoparticles
incorporated RGO could be observed in the dark spots, the RGO do not present the
dark defects and multilayered restacked shape due to the intercalated Ag particles.
Thus, the as-prepared active material of Ag/RGO will show higher surface area,
stability and conductivity. Figure 7(d) presents a captured image of the multi-
layers printed symmetric SC on the support plastic film. And Figure 7(e) represents
SC after peeling-off and current collectors metalization. Silver was used for met-
alization to reduce mismatch and reduce sheet resistance. The fabricated SCs were
stretchable and flexible.

The Ag/RGO SCs was tested at a relatively high current value of 2A/g for a solid-
state device by applying galvanostatic cycling. Figure 8 shows the first three cycles
where the time scale of sample 2 is nearly four-fold than sample 1 based SC. Sample
1islocated within the millisecond range, which confirms Ag doping ratio impact
on such solid-state SC capacitive value. Table 3 incorporates the estimated specific
capacitance results of sample 1 and 2 via measured cycling voltammetry which is in
good agreement with galvanostatic cycling results.

The electrochemical impedance spectroscopy is playing a key role in defin-
ing the solid electrolyte performance, the measurement was performed at a wide
range from 0.1 Hz to 2 MHz Figure 8(b). Nyquist plot and equivalent circuit
measurements were obtained using VSP300 EC-Lab., the matched equivalent
circuit is [R1 + C1/(R2 + Q2/(R3 + W3))], Q2 a constant phase element as a time-
constant distribution function. R1 charge transfer resistance within electrodes.

The low resistance region slop behavior is due to phosphoric weak acid natural

[43]. Electrode/electrolyte interface is some sort of a junction represented by a
small signal response equivalent circuit. The resistance originated from the charge
transfer across such interfacial potential barrier besides electrolyte internal ohmic
resistance. At extremely low frequency, the charge transfer resistance is polariza-
tion resistance. Whereas, the high frequency will reduce the resistance till reaching
R1 value. R2 and R3 are the resistance of (silver current collector+ Ag/RGO active
material+ metal/active material Interface contact). They are not equal as the peeling
off cause roughness of one surface over the other that modified contact points and
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Figure 7.

TEM images of GO, RGO and Ag/RGO. Digital images of the flexible SCs. (d) on a plastic substrate.
(e) after peeling and silver coating. (f) Final SC structure. Reproduced with permission from Ref. [42].
Copyright 2021, IEEE.

induced structural defects. During SC charging/discharging, Warburg impedance
(W3) represnts semi-infinite one direction liner diffusion of electrolytic ions.

The C1 is the magnitude of the two electrodes capacitance. The equivalent series
resistance of sample 1 and sample 2 were 2.9 and 0.5317 ohms, respectively. Despite
the obtained relatively small ESR for a solid-state SC, it could be further enhanced
by the following; (i) using a high mobility ions based electrolyte, (ii) using a strong
electrolyte, (iii) full printed structure using metallic ink as plasma deposition
induce defects and (iv) applying layer by layer systematic hot compression and
vaccum drying.
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(a) Charging/discharging test at 2A/g. (b) EIS test. Reproduced with permission from Ref. [42]. Copyright
2021, IEEE.
Scan rates Sample1 Sample 2
10 mv/sec 375F/g 164 F/g
20 mv/sec 20 F/g 96.6 F/g
50 mv/sec 10 F/g 51.3F/g
100 mv/sec 6F/g 31.57F/g
200 mv/sec 4.5F/g 19.24 F/g
Table 3.

Estimated specific capacitance at diffevent scan rates. Reproduced with permission from Ref. [42]. Copyright

2021, IEEE.
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5. Laser-assisted RGO SC fabrication
5.1 3D RGO SC with laser irradiation

Conventional SCs are obeying two main configurations, the first is parallel plates
and in-between a dielectric separator, the other is three parallel plates and in-between
two dielectric separators to form two parallel-connected identical SCs. Those two
designs are using a 3D structure and not convenient for planer, compact and minia-
turized applications [44]. The developed IDE designs into interdigitated pattering
of controlled dimensions will show diverse features over the conventional structure
such as [45]; (i) fabrication on-plane macro/micro/nano in-plan SC, (ii) fast sidelong
ions transportation, (iii) terminate separator usage and (iv) high power/energy
due to confinement of electric field. For creating such fingers patterns SC, lithog-
raphy techniques are used as it’s a matter of certain dimensions etching processing.
Photolithography, screen printing, laser dry etching and lift-off processing are used
to fabricate complicated SCs designs [46]. However, most of SCs active material will

(a)

Laser source

Galvanohead

Figure 9.
(a) LDWT setup for SC patterning process. (b) and (c) microscopic images of ongoing using a nanosecond laser
in micro SCs processing.
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be affected by exposure to chemicals and multi-processing steps which will not match
the easy-to-fabricated principle. Thus, laser processing can apply etching as well as
controlled structure modification via laser material interaction.
GO is perfect a starting material for laser processing. Dispersion could be
functionalized with various nanoparticles and deposited directly on substrates via
liquid-phase processing [47]. The concept of using RGO as a commercial source
of graphene especially in electronics applications is to reduce the oxygen groups to
a highly conductive 2D layered structure. The previously mentioned flexible and
PANI/RGO SC are conducted to chemical reduction techniques. However, there
are various reduction techniques such as; thermal annealing, microwave flash
reduction, laser-assisted processing and high-density UV reduction that affect
the resulted RGO characteristics [48]. One of the effective techniques to reduce
the dielectric GO into 3D network RGO for SC applications is laser direct writing

Laser Description Advantages Drawbacks
CW C0, 10600 nm The most used laser in * Arelatively cheap laser * Cannot apply etch-
industry like cutting system. ing or high preci-
and welding. It can el inert sion patterning.
deliver direct heatin, flvacuiim ot pure et
¢ b il € gas Ar/N, will promotes ¢ Complex multi-
to tbe C_;O ! rln or highly conductive RGO layer SC processing
carboruze polymer with an excellent degree of will not be afford-
to obtain carbon like e .
graphitization. able as there will be
graphene Kapton. . multi heat conduc-
* Mass production .
. tion constants and
technique. . .
melting points.
* Local heating
will induce RGO
defects.
CW It’s one of the first * Easy, cheap and results ¢ No control of
780, 788,790 nm trials in applying fair reduction. power.
one-step GO reduction
atternif; atambient * Cannotapply
p & etching or high

conditions using CD

precision pattering.

lightscribe.

* Continuous beam
induces RGO
defects.

Pulsed nanosecond This laser offers about e Achieve reduction as well * The thermal energy
1064/532/248 nm Megawatt peak power as etching processing of is propagating dur-
which offers a unique complex designs. ing etching within

interaction. Two main
GO reduction process
is working alternatively
in major and minor

Fiber lasers enable mass
production.

Could apply both photo

generating heat
affected zone and
affect the pattern-
ing precision.

possibility depend on (chemical/thermal) GO
the wavelength. reduction.
Pulsed Femtosecond The Ultrafast laser * The generated pattern « The strong cold

800 nm

is famous for cold
nonthermal processing
and pattering blow the
diffraction limits.

craters
will be clean with well-

defined edges.

Ability to create several
nanometers pattern and
spacing SC in just one
step.

processing in not
effective in restor-
ing graphene-like
structure and
related electric
properties.

Table 4.

Different laser type for SCs fabrication process.
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technique (LDWT) that enables fast, low cost, easy-processing and maskless
patterning [46]. Laser processing of SCs is accessible for most of available rigid and
flexible substrates.

5.2 LDWT of RGO based miniaturized SC

Figure 9 presents the LDWT processing main parameters that affect the resulted
SC performance. Many reports discuss the corresponding laser parameters, interac-
tions and resulted RGO characteristics [49, 50]. During laser processing, GO reduc-
tion is governed by photothermal oxide group removal and photochemical bond
breaking. Laser wavelength and pulse duration are the two main key parameters of
SC processing. The laser wavelength controls the major photoreduction process of
being photochemical (< 400 nm) or photothermal (> 400 nm).

photochemical process is directly conducted to photon energy that can break
oxygen functional groups. The photothermal process is focused on near-infrared
region and infrared bands. The deposited thermal energy on GO is maximized
upon increasing the beam density to induce local heating within a certain heat-
affected zone. This sort of heat can break oxygen radicals as well. In addition, long
wavelengths of fast/ultrafast pulse duration could apply photochemical reduction
through nonlinear processes and multiphoton absorption [51]. Table 4 is conclud-
ing the GO reduction process using most common laser sources [52-54].

6. Conclusions

Finally, graphene not only proved effective participation in different types
of SCs but showing superior electrochemical and electromagnetic performance.
PVA/GO composite could work as an efficient super dielectric spacer of mega
value 10° thanks to the intercalated water dipoles and oxide functional groups.
Maxwell- Wagner- Sillar effect expanded the PVA blind dielectric response. By
using Fe(II) as a growth mediated oxidizer for PANI growth on GO surface, 100%
retention at high current after 5000 cycles at 3A/g was obtained. The PANI/RGO
showed EDL performance for H;PO4, Na,SO, and KOH. For a flexible and printed
SC fabrication, silver doped RGO has 29.5 Wh/Kg energy at 2A. The high current
rating was promoted via GO impeding inside the electrolytic solid polymer matrix.
The miniaturization of one-step fabricated SC is using laser-assisted reduction
technique. The CO; is a cost-effective direct heating source that induces thermal
reduction, whereas, a femtosecond laser is using cold processing that reduces the
oxide groups but with a low degree of graphenezation. Nanosecond laser sources
combine thermal and photochemical reduction through the GO film.
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Chapter 6

Two-Dimensional MXene
Based Materials for
Micro-Supercapacitors

Aditya Sharma and Chandra Sekhar Rout

Abstract

With the boom in the development of micro-electronics for wearable and flexible
electronics, there is a growing demand for micro-batteries and micro-supercapacitors
(MSCs). Micro-supercapacitors have garnered a considerable attention for the evolu-
tion of these energy storage micro-systems. The choice of electrode material plays a
pivotal role in the fabrication and development of MSCs. Recently, a new emerging
family of two-dimensional transition metal (M) carbides or nitrides (X) cited as 2D
MXene has emerged as a novel material. Due to its exceptionally high electronic con-
ductivity 10,000 S cm™, high charge storage capacity and easy processing capability
helps to use MXene as the promising candidate for micro-supercapacitors electrodes.
Taking the advantage of such exceptional properties. MXenes have been explored
enormously in stacked as well as in interdigital architecture for on-chip micro-super-
capacitors (MSCs). This book chapter includes a recent advancement of MXene based
MSCs, with a brief overview of synthesis and fabrication techniques.

Keywords: 2D MXene, Micro-supercapacitor, Wearable and flexible electronics,
Energy storage, Micropattern

1. Introduction

There is an increase in demand for flexible and solid-state on chip micro-
electronics for smart wearable micro-devices for energy, environmental, biological,
medical and various other applications which can be either wireless or integrated
with solar or piezoelectric energy harvesters. Great efforts have been made by the
scientists to design and develop smart as well as portable microsystems, primarily
for self-powered and on-chip integrated power systems. To cope with the increasing
demand of micro-electronics, there is an abrupt rise in the demand of micro-energy
storage devices. However, micro-batteries are restricted due to their limited life
and power density. Micro-supercapacitors (MSCs) hold the best alternate to the
micro-batteries, despite the lower energy density. In contrast, MSCs can demon-
strate superior cycle life, faster charge/discharge rates, high power density as well as
overall stable performance which is promising [1]. Presently, MSCs have two types
of architecture, one with the conventional sandwich type and others are in-plane
interdigital pattern type as shown in Figure 1(a, b), [2]. Generally, the interdigi-
tated coplanar design offers better performance due to the short ion diffusion
distance which gives the enormous surface area. Thus, exhibiting an excellent rate
capability, high-power density and ease of integration with micro-devices [1, 4, 5].
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Figure 1.

Architecture of micro-supercapacitors: (a) sandwich type micro-supercapacitor, (b) interdigital patterned
micro-supercapacitor. [2] (c) SEM image of TiAlC, (MAX) phase, (d) SEM image of etched Ti;C, T
(MXene) phase [3].

Two-dimensional (2D) materials like graphene, h-BN, Transition metal
dichalcogenides (TMDCs), black phosphorus (BP), MXenes and 2D metal oxides
and hydroxides etc. are most widely used in energy storage applications due to
their outstanding electronic, mechanical, optical and physio-chemical proper-
ties [6]. Carbon based materials including Carbon [7], carbide derived carbon
[8], onion-like carbon [9], graphene [10], Carbon nano tubes (CNT) [11], laser
scribed graphene [12] displays high electronic conductivity and relatively large
surface area but due to electric double layer formation, they lack high energy
density. Similarly, pseudocapacitive materials such as transition metal oxides like
MnO, [13], MoO; [14], conductive polymers [15] as well as TMDs [16] which suffer
from low electronic conductivity with reasonable power and cycling performance
has been already explored in Micro-supercapacitor devices applications. But,
MXenes have garnered great attention from the scientific community all over the
world since their discovery in 2011, by Naguib and group [17]. A large family of
two-dimensional early carbides, nitrides and carbon nitrides produced by selec-
tive etching of A layer (typically Al and Ga) from the precursor layered ternary
carbides/nitrides (MAX phases). Their general formulais M, , 1X,Tx (n =1, 2, 3),
where M represents a Transition metal, X is carbon and/or nitrogen, T stands for
surface termination groups (-F, -OH, -O etc.) [18]. In particular, the dual nature of
MXenes that is superior ion transport due to inner transition metal carbide layer as
well as property to exhibit fast redox reaction because of large active sites [18, 19].
MXenes combine high electronic conductivity of MAX phases as well as hydrophilic
nature due to the surface terminations such properties make them a considerable
candidate for a host of applications. Ti;C,Tx is one of the most studied member of
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MXene family, exhibiting a high electronic conductivity up to~2.4 x 10* S/cm and
volumetric capacitance 1500 F/cm?® with good rate capability of 10 V/s in acidic
electrolyte [5]. Hence there is plenty of room to design and develop MXene based
Micro-supercapacitor devices [20]. The 2D nature, excellent mechanical stability
and exceptionally tunable physio-chemical properties makes MXenes, the best
candidate for MSC device. This book chapter includes various direct-indirect
techniques to fabricate MXene based MSC device.

2. MXenes: brief review
2.1 Synthesis

There are generally two methods to synthesize MXene i.e., (1) top-down
approach which includes selective etching or exfoliation of metal layer and (2)
bottom-up approach including chemical vapor deposition (CVD), template assisted
growth method. Wet chemical etching i.e., fluoride based acids are most commonly
reported methods to etch “A” element, generally group IIIA and IVA group (Al or
Si) elements from MAX phases (one or several atomic layers) which are replaced
by functional groups, where M is termed as early transition metals, from group IIIB
to IVB, and X is carbide/nitride by using different wt % of fluoride containing acid
such as HF or mixture of LiF-HCl acid [17, 20, 21]. The first ever report to synthesis
MZXene by eliminating the aluminium layer from Ti;AlIC, (MAX) by using hydro-
gen fluoride (HF) in the range of 10 to 50 % concentration of etchant [17]. The
exfoliated 2D Ti;C, T possess excellent 2D sheets like morphology almost similar
to graphene sheets as shown in Figure 1(c,d) [3]. To avoid highly acidic HF acid,
various other methods have been developed to produce in-situ HF salts compara-
tively less hazardous than HF. Recently, a new approach to etch with molten salts
allows to dissolve A-element at high temperature [21]. This method demonstrated
the complete removal of Fluorine ions and found to be much purer MXene than one
etched with only HF. The presence of surface functional groups like -OH, -F and
-0 etc. improves the hydrophilic character of MXenes which further enhances the
stability. The reaction mechanism of firstly synthesized Ti;C,Tx (MXene) by etch-
ing Al layers from Ti;AlC, (MAX phase) with HF is given in Figure 2(a) [22].

Ti, AIC, +3HF = AIF, +3/2H, +Ti,C, 1)
Ti,C, +2H,0=Ti,C, (OH), + H, )
Ti,C, +2HF =Ti,C,F, + H, 3)

Reaction (2) and (3) gives rise to the surface terminations like -O, -OH, -F etc.,
respectively [17, 24]. MXenes have three possible structures with different layers of
stacking as shown in Figure 2(b), [22]. The tentative elements of MXene precursor
in the periodic table predicted till now presented in Figure 2(c) [23].

The timeline of synthesis of MXene in different year is given in Figure 3(a). [25]
Choice of synthesis and processing method including precursors etchant, intercalant,
reaction sonication time etc. strongly influence the properties of resultant MXene.
Mild alkali etchants like NaOH [26] and NaBF, [27] were also proposed to synthesis
Ti;C, by high temperature hydrothermal etching of Al layer from Ti;AlC,. This
method extended to other MXenes such as Nb,C [27]. Similarly, molten ZnCl, were
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Figure 2.

(a) Schematic showing the synthesis of MXene from MAX by HF treatment, (b) synthesis mechanism of
different order of MXenes by MAX phases. [22] and (c) compositions of MXene elements in periodic table
(Reprinted from [23] with permission from, copyright@2020, MDPI).

used for different MAX phases like Ti;AlC,, Ti,ZnN, Ti,AIC and V,AIC to substitute
Zn*" ions [28]. Another report suggested a fluoride free-electrochemical etching at
room temperature synthesis of Ti,C and Ti;C, in dilute HCI [29] and NH,Cl/TMAOH
[30]. Also, a naturally delaminated MXenes with better electronic conductivity can
be produced using minimally intensive layer delamination (MILD) without the use
of further handshaking or sonication of MXenes [25]. More than 20 different types
of MXenes have been synthesized experimentally [18]. Figure 3(b) represents the
different etching methods that are used to synthesis different MXene products [25].

2.2 Properties
2.2.1 Electrical conductivity

MXenes have been extensively investigated by computational methods [31,
32], MXenes can be categorized into three types i.e., metallic, semi-metallic and
semi-conducting [33]. Generally, bare MXenes have very high electronic conductiv-
ity with high density of states (DOS) at the fermi level. Electronic properties of
MXenes are strongly influenced by the surface, morphology and stacking behavior
of MXene sheets. Delaminated MXenes flakes show ultra-high electronic conduc-
tivity of upto 9880 Scm™, which can be further tuned by modifying the surface-
terminations [34]. In addition to this, MXenes strongly depends on synthesis
procedure which can be achieved by varying the synthesis conditions. HF etched
highly defective MXene exhibits electronic conductivity of 1,000 Scm ™. Whereas
it improved to 4600 Scm™ for powder and further enhanced to 6500 Scm™ for
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Figure 3.
(a) Timeline of synthesis of MXenes, (b) different protocols to synthesis different kind of MXenes (Source:
Reprinted from [25] with permission from, copyright@2017, ACS).

delaminated MXene thick films by simply varying the etching and sonication con-
ditions [35]. Although, Theoretical investigations shows the high electronic conduc-
tivity in MXenes. But there is still lack of knowledge and experimental expeditions
to synthesize such exceptional MXene with control over surface chemistry.

2.2.2 Surface morphology

MZXenes are synthesized by MAX precursors where M atoms are close packed
and X atoms at interstitial sites [36]. Generally, MXenes have hexagonal close-
packed structure with different order of M atoms in which M,X follows ABABAB
type order with hexagonal-stacked packing while M;X, and M,X; follows ABCABC
type order with face-centered cubic stacking [22]. A study published by wang et al.,
Surface moieties play a key role in altering the properties of MXenes. The orienta-
tion and interaction between the terminal groups like -OH, -O, -F etc. strongly
enhances interlayer hydrogen bonds which further improves the quality of MXenes.
[37]. Also, the hydrogen bonding in MXene is highly influenced by surface termina-
tions and interlayer spacing. Depending upon the occupancy of a functional group
like -OH, -F and -O etc. the properties can be tuned for the respective application.
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Intercalating the MXenes with ions, further gives a chance to mitigate the restack-
ing behavior of MXene sheets for better performance, leading to display clay-like-
behavior [38]. There is a lot to study and prepare pure MXenes for future energy
applications.

2.2.3 Mechanical properties

MXenes exhibit peculiar physical and chemical properties which directly contrib-
ute to their mechanical behavior such as young’s modulus, stiffness, defect genera-
tion, surface and elastic properties. Defect-rich MXenes with different terminal
groups has strong covalent bonding with transition metal ion. Overall, there are
various parameters which can be tunable to produce high performance MXenes.
There are several theoretical studies on the mechanical, electronic as well as thermal
properties of different types of MXenes [31, 39-43]. Experimentally the young’s
modulus of Ti;C,0, and Ti;CO, was found to be 466 GPA and 983 GPA [44], these
values were almost closer to the value predicted by theoretical simulations of 502
GPA [45]. Theoretical studies claims that M,X exhibit much stronger in contrast to
M;X; and MX;. But there is no experimental evidence to prove. However, in a study
[46], A 5 pm thick paper film of Ti;C,Ty/PVA composite was able to hold~15,000
times its weight, which is evident to its strong wear and tear resistance property.
Based on the surface terminations, there is a chance to modify surface properties of
MZXenes. Further investigations are needed to tune and enhance its nature.

3. Micro-fabrication techniques
3.1 Photolithography

Photolithography is a most promising technique at industrial scale which enables
on-chip fabrication of high-resolution interdigital patterns of microelectrochemical
systems (MEMS), Integrated Circuits (ICs), and complementary metal-oxide-
semiconductors (CMOS) devices on various substrates with the help of computer-
generated photomasks and photoresist designs. Recently, Jiang et al. fabricated all
MXene based microsupercapacitors (MSCs) by spray coating on O, plasma treated
predefined photoresists patterns prepared by direct photolithography on silicon
substrates [47]. The thickness of the MXene coating was varied to get superior elec-
trical conductivity. Device showed an ultra-high scan rate stability upto 300 V/s.
Similarly, Kim and group fabricated a high performance MXene/CNT based hybrid
on-chip MSCs by using Focused-ion beam (FIB) lithography technique [48]. They
were able to fabricate the sub~500 nm gap between the fingers (W) reducing
the active electrode foot print (W,) of the device. Increasing the ratio, W./ W, by
decreasing the gap between the electrode, which further shortens the ohmic losses.
Hence improves the on-chip MXene based areal capacitance upto 317 mFcm ™ at 50
mVs ™. The capacitance retention of 32.8% was achieved even at higher scan rate of
100 Vs, Due to imperfect resolution and ultra-narrow interelectrode gap. There
are potential risks of degradation and a short circuit between the electrodes [49].
But, due to lack of electrode materials and stability issues, photo-lithography is
not been used at its threshold. Xue and co-workers successfully demonstrated the
electrophoretic deposition (EPD) of MXenes on the pre-patterned current collector
in acetone solvent. EPD method is also grabbing attention in the scientific com-
munity [50]. There is a big room to do research. Since, photolithography technique
comes out to be a challenging yet rewarding in terms of industrial fabrication and
scalability for micro-supercapacitor applications.
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3.2 Inkjet printing

Inkjet printing is a very popular technique for fabricating MSCs with excellent
precision of designed pattern on various non conducting substrates. Nowadays, ink-
jet printing is gaining momentum in the scientific community. One can get desired
thickness of printed layer to meet the certain applications. As name suggests inkjet
printing is solely depends upon the prepared liquid ink.

There are three basic parameters which defines the behavior of the liquid inks:

1. Reynolds No. (R.)

R -
n
2. Weber (W,)
W = v'p,
Y

3. Ohnesorge (Oy)

Where p is the density (Kg/m3), 1 is the dynamic viscosity (N.S/m?), y is the
surface tension (N/m), v is the velocity (m/s), a is the nozzle diameter (m) [5].
To generate, stable ink droplets, numerical simulations have demonstrated that
the rheology behavior of the ink should be in the range of 1 < Z < 10 for better
results. Also, to predict the rheological characteristics of a drop of ink, the inverse
Ohnesorge number Z is used i.e., Z = 1/Oy,. [51]. As increase in demand of self-
charged and wearable devices,highly functionalized conductiveTi;C,Tyx (MXene)
has attracted attention to directly prepare a highly stable conductive ink in various
organic solvents. Inkjet printing is the cheapest and most viable technique to fabri-
cate MXene based MSCs. Recently, Zhang et al. fabricated additive-free MXene ink
based MSCs on flexible substrate shown in Figure 4(a), N-Methyl-2-pyrrolidone
(NMP) based MXene ink shows excellent volumetric capacitance of 562 F/cm® by
inkjet printing. Demonstrating stable ink formulation in different organic solvents
displayed in Figure 4(b). The extrusion printed patterns exhibits power density as
high as 11.4 pWem ™. Also, by adjusting the printing pass, the authors were able to
reduce the sheet resistance upto 35 Q/sq. from 445 Q/sq. the areal capacitance and
cycling stability of inkjet and extrusion printed MSC is given in Figure 4(c,d). This
study opens a new technique to fabricate low cost MXene ink-based MSC devices
[52]. MXene aqueous ink with excellent oxidation resistance power were directly
printed on paper substrate. The hybrid MXene suspension capped with sodium
ascorbate (SA) displays the superior stability of upto 20 days. Due to its oxida-
tion resistance nature and large interlayer spacing the conductivity of SA MXene
improves to 119 Scm ™ this shows that there is still big room to develop MXene ink
based printable devices for MSC Application [53].

3.3 Laser scribing

Laser engraving is another emerging cost-effective technique for the fabrication
of MSCs on various customized substrates. Precise resolution with fast scanning
speed makes this technique a superior approach in the field. But with all above
benefits, there are few difficulties faced during the optimization of wavelength,
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Figure 4.

( a’)g Schematic of direct printing of aqueous MXene inks used for extrusion printing and organic MXene inks
used for inkjet printing on various substrates, (b) plot showing the areal capacitance of inkjet and extrusion
printed MSC with various printing passes <N > = 2 and 25, (c) picture of different MXene organic inks, (d)
cycling stability of inkjet and extrusion at curvent densities of 14 and 200pAcm™>. (Source: Reprinted from
[52], permission from, copyright @2019, Nature).

resolution and accurate speed suitable for the fabrication of MSCs on different
substrates. Tang and co-group demonstrated the direct laser writing of Ti;C,Tx
interdigital electrodes by tuning the direction of laser scanning and rate. Interlayer
spacing of restacked MXene was increased due to high photothermal oxidation effect
of direct laser writing which enhanced the ion transport nature of the films [54].
Wang et al., fabricated double sided flexible asymmetric MSCs on thin nickel sheet
by using spray coating technique followed by cutting of interdigital patterns by UV
laser. By increasing the mass of active material, the maximum capacitance improved
to 34 mF cm > approximately double as compared to the previous one. The fabri-
cated double-sided device displayed considerable energy density of 2.62 ptWhem ™
at2 mA cm™? [55]. Further, Kurra and co-members reported a high areal capacitance
based on clay-like MXene MSCs fabricated directly on paper by using a CO, laser.
Clay-like MXene shows superior power density of 46.6 mWcm ™ at energy density of
0.77 tWhem ™, opening a new method to fabricate on-paper MSC devices [56].

3.4 Screen printing

Screen printing technology is one of the popular traditional technique to trans-
fer predesigned ink patterns of active materials on various substrates. Important
features of this technique are its scalability, reproducibility and repeatability. The
screen printing technique is simple with high efficiency unlike other printing tech-
niques, showing the enormous opportunity to explore. This inexpensive method
can be used manually or even by automated machines. Generally, the setup includes
the mesh screen with little gap between the substrate. With the help of squeegee,
the ink is flooded over the screen mesh to print on the substrate [57]. Screen print-
ing gained considerable attention to directly print MXene ink-based electrodes
directly on a target substrate. Screen printing solely depends on rheological proper-
ties of ink which should be highly viscos and show a good shear thinning behavior.
Additionally, the size and resolution of electrodes depends on mesh size. Recently,
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screen printed MSCs were fabricated on paper by using homogeneous ink of MXene
sediments. The perfectly tuned thickness of MSCs reduced the sheet resistance upto
2.2 Q sq " and gives excellent electrical conductivity of upto 450 Scm™. The energy
density reached to 158 mFcm ™ which is highest of its kind [58]. A two-step screen
printing technique is employed to fabricate asymmetric MSC with interdigital
pattern on paper as well as PET substrate. High energy density of 8.8uWhcm™ in
PVA-KOH was observed, far superior than many of other reports [59]. There are
advantages of the technique to get high mechanical stability on different substrates
which definitely enhances the electronic conductivity of the fabricated devices.

3.53D printing

3D printing technology has attracted lot of attention for scalable fabrication of
3D architectures for the development of small and portable electronics. Recently a
new trend has been introduced to fabricate 3D MSCs. This method is less complex
and easy to handle compared to other lithography techniques. MXenes are the
emerging material to be introduced by this technique for the fabrication of gel-type
ink-based 3D MSC device to enhance its areal and volumetric capacitance. Recently,
Orangi et al., fabricated an ultra-stable gel-type MXene ink based MSC given in
Figure 5(a) by modifying its viscoelastic behavior in universal water solvent. The as
fabricated device Figure 5(b) displays a maximum energy density of 51.7uWhem ™.
Further optimizations of active material layer have been done to further enhance
the areal capacitance. Good adhesion & no change of electrochemical performance,
even on applying stress and strain on the device given in Figure 5(c, f). The cyclic
voltametric curves of all MSCFs and the best performing MSCF-10 as shown in
Figure 5(d, e) [60]. Similarly, Free standing Ti;C,Tx (MXene) ink-based 3D MSCs
were fabricated followed by freeze drying for shape retention. To increase the
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Figure 5.

(a) Demonstration of 3D interdigital MSC by 3D printing technique, (b) As printed MSC on glass substrate,
(c) picture showing the strong adhesion of printed pattern on plastic substrate with great flexibility during
repeated bending cycles, (d) CV curves of MSCF-1 at different scan rates from 2mVs™ to 100 mVs™, (e)

CV curves of various MSCFs at scan rate of 5 mVs™, (f) CV curves of MSCF-10 at scan rate of 10 mV5™" at
different bending angles (Source: Reprinted from [60] with permission from, copyright@2020, ACS).
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stability and electrical conductivity, optimizing the mass loading to get the better
viscoelastic behavior are the key parameters to obtain high areal capacitance. The
maximum areal capacitance of 2.1 Fem™ at 1.7 mAcm ™ was achieved by a single
MSC device. This unique technique has a wide base to explore micro-supercapacitor
applications just by playing with the rheological properties of inks [61].

3.6 Other techniques

Unconventional methods have also been employed to fabricate the MXene based
MSCs. A group reported the direct writing of highly concentrated MXene-in-water
inks of upto 30 mg/mL in water on different substrates by using commercial roller
ball pen. Interdigital electrodes were designed to fabricate Micro-supercapacitors.
Areal capacitance of single MXene MSC was 5 mFcm ™ and by joining four MSC
devices in series, the potential window reached upto 2.4 V which is evident for
the development of flexible MSC devices [62]. Zhang et al. used a novel stamping
technique to fabricate interdigital MSC on various substrates by using Ti;CNT,
(MXene) inks. They observed an areal capacitance upto 61 mFcm ™ at 25 pAcm ™
which outperforms many of previous reports. The device also exhibits high cou-
lombic efficiency of 100% even after 10,000 cycles. This novel approach opens
a new exciting method to fabricate MSC in easy and facile way [63]. Hue et al.
demonstrated a facile two-step laser jet vacuum assisted filtration approach to
fabricate all-solid-state MXene based symmetric microsupercapacitors followed
by gold sputtering on regular A4 paper. The device exhibits high energy density
in the range of 5.48-6.1 mWhcm ™ depending upon the deposited thickness of the
electrode. The maximum areal capacitance of 27.29 mFcm ™ was achieved. This

Techniques Method Merits Demerits

Photolithography Direct Wafer-scale Multi-step process, template

manufacturing, assisted, time consuming method
uniform & high- [48].
resolution patterning
[47, 48].

Inkjet and Extrusion Indirect Scalable production, Uncontrollable procedure of

Printing customized design, ink synthesis, Low resolution,
less wastage of nozzle jamming is one of the main
material [52, 62]. disadvantages of this technique

[52].

Laser Scribing Direct Cost effective, Confined to very few types of
fast simple, high materials [6].
controllability [54,
55].

Screen Printing Indirect Highly scalable and Relatively low-resolution power
fast process [59].

3D Printing Indirect Controllable design Limited to few materials, complex
of patterns, versatile processibility [61].
thickness control [61].

Electrophoretic Direct Economically viable, Limited applicability.

Deposition facile procedure [50].

Vacuum-assisted- Indirect Easy process, Low resolution, size and shape

filtration controlled thickness limited.
[671].

Table 1.

Merits and demerits of various fabrication techniques of MSCs.
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simple strategy of laser jet printed mask-assisted technique exhibits the potential
for low cost fabrication method without compromising with device performance
[64]. Li and co-workers proposed a simple scratch method to fabricate Ti;C, T/

EG (MXene/exfoliated graphene) based MSC. A common syringe was employed
with custom made X/Y axis instrument to fabricate the interdigital patterns. The
device was able to display electrochemical stability upto 5000 charge/discharge
cycles with around 90% retention of capacitance. This new approach shows promis-
ing results with almost negligible cost of fabrication at large scale [65]. Similarly,
another group used automated scalpel technique to carve semi-transparent PEDOT/
Ti3C,Ty heterostructures micro-supercapacitors. Device exhibit considerably high
capacitance of 2.4 mFem™ at 10 mVs™' shown by 100 nm device with almost 58%

of capacitance retention at scan rate of 1000 mV/s. Further changes in color were
observed on applying voltage 0.6 to 0 V and — 0.6 to 0 V while discharging which
displays good electrochromic behavior PEDOT/Ti;C,Tx MSCs [66]. Advantages and
disadvantages of various fabrication techniques of MSCs can be seen in Table 1.

4. MXene and its 2D hybrids for micro-supercapacitors
4.1 MXene based materials

In the past few years, MXenes have shown promising results for micro-super-
capacitor applications. Due to their unique morphology, high metallic conductiv-
ity~10,000 Scm ™" and excellent intercalation behavior. Kurra et al. reported all
MXene based low cost and highly scalable coplanar microsupercapacitors on paper
substrates, the clay like MXenes based MSC displays the electrical conductivity of
128 Scm ™ and areal capacitance of 25 mFem™ in PVA-H, SO, gel electrolyte. This
study suggests the thickness of the active material plays a key role in the enhance-
ment of the areal capacitance [56]. Similarly, Jiang and co-workers reported a
wafer scale approach to fabricate an on-chip MXene based MSC device. The typical
procedure includes photolithography of interdigital patterns followed by spray
coating. The optimized Ti;C,Tx — 0.3 pm exhibits more capacitive behavior. The
fabricated device was able to convert constant output positive peak voltage of 0.6 V
int0-0.56 V which is comparable with commercially available capacitor (4mF).
Demonstrating the advancements of MXene based MSCs for better alternative than
bulky electrolytic capacitors in circuits [47]. Peng et al. fabricated interdigital pat-
terned device by spray coating of Ti;C,Ty flakes directly on glass substrates which
shows considerable areal capacitance of 19.6 mFcm ™ at 20 mVs™ with ultra-high
volumetric capacitance of 356.8 Fcm™ at 0.2 mAcm ™ which is better than many
of the carbon materials reported in the literature. But, the significant increase of
areal capacitance 27.3 mFem ™ at 20 mVs ™' can be seen by introducing the platinum
current collectors [68]. Recently, A new strategy has been employed to pattern
semi-transparent film of MXene based hybrid device on glass substrate without
using any mask. An automated scalpel tool was used to produce micropatterns
at various levels of transparency. On the increase of transparency from 38-88%,
areal capacitance from 19 to 283 pFem ™ can be evidently seen to be increased
because of thick layers of MXenes. In contrast, With the increase of coating cycle,
the resistance also increases from 0.8 to 2 kQ. The device demonstrated excellent
capacitive behavior, offers variety of tunable approach by which one can enhance
its physiochemical properties [69]. Li et al., reported the fabrication of a double
sided MSCs (DSMSCs) based on MXene ink with high working potential window
of 72V connected in different series and parallel configurations. With the decrease
of interspace between MXene electrodes, the steep rise of capacitance can be seen.
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Hence, DSMSC with 10 pm interelectrode gap displays the highest volumetric
capacitance of 308 Fem™ at 5 mVs ™" with ultra-high coulombic efficiency of 96.4%
even after 10,000 cycles [70]. Quain and group reported direct writing with pen
using additive-free MXene ink on flexible paper and non-paper substrates. The ink
suspension displays good polydispersity index of 0.549 which consists of both small
and large flakes of MXene at 30 mg mL " This single step fabrication technique is
used to write on various flexible substrates. High potential window upto 2.4 V was
also achieved by connecting four MSCs in series [62]. A facile Freeze-and -Thaw-
assisted method (FAT) was used to produce two-atom thin layers of MXene with
extra ordinary strength and flexibility. FAT-MXene exhibits an Areal capacitance of
23.6 mFem ™ with high volumetric capacitance. 591 Fem-3 at 20 mVs ™ [71]. Zhang
and group-fabricated a flexible asymmetric microsupercapacitors comprising
MXene and MXene-MoO, films as negative and positive electrodes. The fabrica-
tion process includes vacuum filtration of the films followed by laser cutting of the
interdigital patterns as given in the schematic Figure 6(a). The asymmetric device
exhibits large potential window of 1.2 V which is almost double of symmetric
device. The device delivers volumetric capacitance of 63.3 Fem™ and the CV and
GCD curves shown in Figure 6(b, c) with excellent capacitance retention of 88%
after 10,000 cycles Figure 6(d) [72]. Huang et al. reported a facile strategy to
produce free standing-thick MXene sheets by vacuum filtration. The films exhibit
an ultra-high conductivity upto 1.25 x 10° Sm™ for flexible-MSC. Further efforts
has been done to fabricate an interdigital patterned MSC device which displays an
considerable areal capacitance of 340 mFcm ™ with volumetric capacitance of 183
Fcm™ and the corresponding energy density and power density are 12.4 mWhcm ™
and 218 mWem ™ [73]. Another group demonstrated a highly conductive paper
based MXene electrodes possessing a reasonable areal capacitance of 23.4 mFcm ™
at 0.05 mAcm ™. One step process fabrication of electrodes in series as well as paral-
lel to further get the desired capacitance [74].
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Figure 6.

(a) Fabrication procedure of MXene//MXene-MoO,-AMSCs asymmetric MSC, (b) cyclic voltametric curves
at different scan rates from 2 to 20 mVs™, (¢) Galvanostatic chavgedischarge at different current densities
Sfrom 0.1 to 1imAcm™, (d) cyclic stability at current density of 0.5 mAcm™>. Inset shows the charge-discharge
cycles after and before10,000 cycles (source: Reprinted from [72] permission with Elsevier,).
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4.2 MXene and carbon materials

Recently, Kim et al., reported a scalable production of MXene/CNT based MSCs
with a 500 nm gap between the interdigital fingers exhibiting fast ion diffusion
for superior conductivity. High areal capacitance of 317.3 mFcm ™ was achieved
at 50 mVs™" by composite of S-DWCNT/MXene in PVA-H,SO, gel electrolyte. It
is also observed that by decreasing the electrodes gap 10 pm to 500 nm, improves
the ionic transfer rate, leading to increase in areal capacitance and energy density
[48]. A 3D MXene/rGO self-healable aerogel MSC were reported by Yue and
group. The fabrication process is shown in Figure 7(a, b) They employed new
approach to fabricate highly stable device by keeping in focus to real time applica-
tions. Fabricated device was encapsulated into self-healing Polyurethane (PU)
which enabled the device to adhere the external damage. The composite aerogel
exhibited an exceptional recovery of electronic and mechanical properties even
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(a) Fabrication procedure of MXene-rGO composite aerogels, (b) laser cutting of interdigital pattern on
MZXene-rGO composite followed by assembling with self-healing PU, (c) graph showing the areal capacitance
vs. scan rate MXene-rGO composite, (d) cycling stability of MXene-rGO composite aerogel MSC at 2 mAcm™
(inset showing the GCD curves from 14990th to 15000th cycles (source: Reprinted from [75] with permission
from, copyright@2018, ACS).
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after full breakdown and shows the areal capacitance of 34.6 mF cm™at 1 mVs ™,
the areal capacitance and Cycling stability is shown in Figure 7(c, d) [75]. Couly

et al. fabricated a high performing asymmetric flexible micro-supercapacitor based
on MXene as negative and rGO as positive in both sandwich as well as interdigital
configurations by using simple spray-coating of active material on PET substrates.
The working potential window increased to 1 V for asymmetric device even with
no. of bending and folding cycles, the maximum areal capacitance of 2.4 mFcm ™ at
2 mV/s was achieved. This study shows MXene as a promising material for negative
electrode in asymmetric configuration with good stability and robust performance
[76]. There is still wide room for further exploitation of carbon-based materials for
micro-supercapacitor applications. A new emerging trend to produce nanofibers
based on yarn type super capacitors for self-charged and wearable energy storage
devices. MXenes have shown great potential to produce textile-based energy storage
devices due to its robust stability as well as extraordinarily tunable properties. Yu
and group, reported a helical shape MXene/CNT scaffold hybrid structure with
reasonable volumetric capacitance of 19.1 Fem™ at 1.0 Acm™ in 6 M of aqueous
LiCl electrolyte. The MXene/CNT fiber exhibit good Energy density of 2.55 to 1.15
mWhem™ at power density of 0.046 to 1.82 W cm™ in LiCl gel electrolyte. The best
performing device displays the capacitance retention of 19.5 Fem™ (84%) at current
density of 1.0 Acm™ [77]. MXene/rGO hybrid fiber supercapacitors were fabricated
by wet-spinning assembly strategy with extremely high volumetric capacitance

of 586.4 Fem™ at 10 mV/s. The composite fibers display an ultra-high electrical
conductivity of 2.9 x 10* S cm™. They observed that the flexibility of the fiber can
be increased by adjusting the concentration of graphene [78].

In another report by chen and group, MXene-MoS, based free standing MSCs
were fabricated by simple and low-cost vacuum filtration method followed by
carving of interdigital patterns with laser source. By introducing the MoS, into
MZXenes which further enhances the electrochemical performance with almost
60% increase as compared to pristine MXene. i.e., the fabricated device displays
a high specific capacitance of 173.6 F/cm® at the scan rate of 1 mV/s, MSC shows
around 98% of capacitance retention with 89% of coulombic efficiency even
after 6000 cycles along with several bending angle of device upto 150°. The
above study demonstrated huge potential of TMDs which can be introduced
with MXenes to make high performing MSC devices [67]. Li et al. demonstrated
a strategy to mitigate the self-restacking of MXene layers by introducing
RuO; nanoparticles by simple wet chemical phase reaction to improve the ion
exchange rate. Also integrating with conductive Ag nanowires into the MXene
further decrease the surface resistance of electrodes. The optimized MSC device
achieved an ultrahigh volumetric capacitance of 864.2 Fem™ at 1 mV/s with 90%
of capacitance retention even after 10,000 cycles [79]. For the first time, Wang
et al. reported PANI/MXene based film electrodes with an exceptionally high
volumetric capacitance of 1167 Fem ™. The asymmetric device by taking MXene
as a negative electrode exhibit a maximum energy density of 65.6 WhL ™" which
overshadows many of the previous reported MXene based Micro-supercapacitors
[80]. A new kind of stretchable micro-supercapacitors based on MXene/
Bacterial Cellulose (MXene/BC) composite free-standing paper were fabricated
showing an exceptionally high young’s modulus of 15-35 GPa with tensile
strength of upto 200-300 GPa. Here BC acts as a spacer intercalated between
the MXene sheets to prevent the re-stacking of MXene flakes. A conventional
laser cutting tool used to fabricate stretchable micro-supercapacitor device was
prepared which displays the high areal capacitance of 111.5 mF cm™ in paral-
lel device configuration with reasonable energy density of 0.00552 mWhcm™
[81]. Shao et al. synthesized MXene-polymer composite nanofibers as flexible

106



Two-Dimensional MXene Based Materials for Micro-Supercapacitors
DOI: http://dx.doi.org/10.5772/intechopen.97650

yarn electrodes by simple electrospinning the active material on PET sheets.
The symmetric device displays high areal capacitance of upto 18.39 mFcm™

at scan rate of 50 mVs™' which is better than many other carbon based yarn

fiber supercapacitors [82]. Another group of researchers fabricated MXene/
PEDOT-PSS based yarn supercapacitors (YSCs). A 3 cm flexible fiber shows
extraordinarily high length capacitance of 131.7 mF cm™ at 0.2 mAcm™ with
capacitive retention of 95% even after 10,000 cycles. They observed the reason-
able contribution of conductive-polymer PEDOT-PSS in improving the device
performance, suggesting a potential candidate in flexible yarn supercapacitor in
portable electronics [83]. A new strategy has been employed to fabricate dual-core
yarn supercapacitor (YSC), fabrication process shown in Figure 8(a, b) consist

of rGO and MXene hybrid fibers encapsulated with PVA-H,SO,. The average
diameter of YSC is500pm showing the superior linear capacitance 43.6 mFem ™ at
20 mVs ™. The areal capacitance was maintained above 175 mFcm ™ with respect

to increasing length. They observed the charge transfer resistance (Rct) ESR of
YSCs decreases gradually with increase in length such as-30.3 Qcm™ at 3 cm, 3.9
Qcm™ at 10 cm to 1.6 Qcm ™ at 15 cm the graphs are shown in Figure 8(c, d). The
YSC device of 15 cm displayed areal density of 54.5 fWhem™ at a power density of
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Schematic illustrations of fabrication process of (a) 1°SS/S* rGOeMXene YSC single core YSC cross-sectional
SEM image (scale bar -100 pm), (b) (2*( 1*SS/4*'rGOerMXene) ) dual-core YSC cross-sectional SEM image
(scale bar -100 ym), (c) areal capacitance of dual-core YSC inset: CV curves at 20mVs™ in 3 and 15 cm, (d)
comparison of Nyquist plots of dual-core YSCs from 1 MHz to 0.01 Hz in different length inset: Linear ESR
as a function of YSC length (top), zoom in image of Myquist plots (bottom) (source: Reprinted from [84]with
permission from, copyright@2020, ACS).
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1251.5 pWem ™ which directly outperforms the previous reported literatures [84].
The detailed summary of data is presented in the Table 2.

5. Future perspective and outlook

Since the discovery of MXenes in 2011 by Naguib et al. [17] MXenes have
become a best choice for micro-electrodes to develop on-chip and self-charged MSC
for wireless and wearable electronics applications. There is a significant increase in
research on MXene based MSC due to its extraordinarily high electronic conductiv-
ity, good volumetric capacitance and excellent advancement in properties.

But, the development of MXene based MSC are still in early stage with neces-
sity of optimization of electrode material, suitable electrolyte, substrates and
many more. Right now, the focal point of researchers is on the enhancement of
areal capacitance and power density of the fabricated MXene based MSC devices.
However, there is an act of negligence over its property to self-discharged in open-
circuit which needs to be resolved as soon as possible. One solution to this is to
further integrate MSCs device with energy harvester like micro-piezoelectric or
solar power cell component which will improve long term charge-storage property
instead of self-discharging.

Also, the choice of electrolyte plays an important role to enhance the elec-
trochemical performance of MSC device. Generally, polymer gel electrolyte.
Particularly, PVA-H,SO, is widely used ion exchange for MXene based electrodes
for micro-devices. But due to low voltage window there is a call for an alternative
which can help to increase the stability and voltage window. So that, there is an
urgent requirement to study different electrolytes and polymers to achieve better
performing MSC. In contrast to polymer matrix electrolyte, a new emerging class of
quasi-solid electrolyte called as ionogel which is more mechanically and thermally
stable than the regular gel electrolyte. All this demonstrates the possibility of iono-
gel to be a potential candidate for MSCs. To further expand potential window there
is a requirement to make asymmetric devices which can further increase the voltage
range above 3 V for real time applications.

Despite recent developments of Ti;C,Ti; (MXene) based MSCs. There is still
a big room to synthesis new MXene materials and explore their properties for the
better understanding of charge storage mechanism which later can pave the way for
future MSCs devices.
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Abstract

The recent advanced electronic appliances demand special high power devices
with lightweight, flexible, inexpensive, and environment friendly in nature. In
addition, for many industrial and automotive applications, we need energy storage
systems that can store energy in a short time and deliver an intense pulse of energy
for long duration. Till date the Li-ion battery is the only choice for fulfilling all our
energy storage demands. However, the high cost, limited availability and non-
environmental nature of electrodes and electrolyte material of Li-ion battery limits
its applicability. Hence, the world demands an alternative replacement for the
Li-ion battery. In this regard, the supercapacitor is one of the most emerging and
potential energy storage devices. The electrode plays an important role in super-
capacitors. The nickel and cobalt based oxide, hydroxides, and their composites
with conducting polymer are promising and highly appreciated electrode materials
for supercapacitors. This chapter covers the recent advances in supercapacitors
supported by nickel, cobalt and conducting polymer based materials and their
applications predominantly described in the recent literature. Recent advances are
reviewed including new methods of synthesis, nanostructuring, and self-assembly
using surfactant and modifiers. This chapter also covered the applications of
supercapacitors in powering the light weight, flexible and wearable electronics.

Keywords: supercapacitors, mixed ternary metal oxides, nanostructured, NiCo,O,,
energy density, etc.

1. Introduction

Supercapacitor (SCp) is also known as ultracapacitor. SCP is the advanced
electrochemical energy storage device. At present, the lithium ion battery (LiBs),
lead acid battery and SCP are the major available energy storage systems. Over the
other energy storage systems, the SCP is stands out to be a promising energy storage
device with very attractive properties such as high specific capacitance, high power
density, moderate energy density, good cyclic stability, low cost, environmental
friendly nature, etc. SCP has been utilized in various electrical applications viz.
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hybrid vehicles, power backup, military services, and portable electronic devices
like laptops, mobile phones, roll-up displays, electronic papers, etc. [1-3].

The performance of SCP is strongly depends on types electrode materials i.e.
active material used in supercapacitor. Based on the type of active material used and
process energy storage, the SCP can be divided into three main categories, includ-
ing pseudocapacitors (PCs), electric double-layer capacitors (EDLCs) and hybrid
capacitors [4-6]. In PCs metal oxides, metal hydroxides and conducting polymers
are employed as active material. On the other hand, carbon base materials such
carbon nanotubes, graphene and carbon black, etc. are used as active material in
EDLCs employed. Likewise, the used of combination of metal oxide, conducting
polymer and carbon based material as active material results hybrid capacitor. The
PCs delivered high specific capacitance, high energy density than EDLCs, but dem-
onstrates poor power density and cycle stability. Nevertheless, owing to the high
active surface area, the EDLCs delivered high specific capacitance but suffer poor
energy density than PCs [4]. The hybrid capacitors retain the advantage of both PCs
and EDLCs and hence they delivered high specific capacitance, high energy density,
and large cycle life [7, 8]. Moreover, the performance of supercapacitors is equally
rely on different aspect of active material viz. quality, electric conductivity, mate-
rial, size, porosity, synthesis method, etc. More specifically, the synthesis method
can bring many attractive advantages in active material for extraordinary electro-
chemical performance of supercapacitor. Therefore, synthesis of active materials
with high porosity, stable performance and good electrical conductivity has a very
wide research potential.

Recently, to enhance the energy density, cycle life and electrochemical perfor-
mance of the supercapacitors, the use of electrode material with desired structure
with uniform porosity is one of the appealing strategies. From many decades, the
nanostructured single transition metal oxides such as RuO, [9], MnO; [10]  CeO,
[11], Fe,O5 [12], Fe304 [13], Co304,, Mn30y,, etc., and the nanostructured mixed
ternary metal oxide (TMOs) such as ZnFe;0,, NiFe,0, CuFe,;0,, CoFe,04 MnCo,0,4
ZnCo,0,4, NiC0,0,, and etc., and conducting polymers such as, polyaniline (PANi),
polypyrrole (Ppy), polythiophene (Pth), etc. has been extensively used as active
material for all types of supercapacitors. Out of the different materials used as the
electrodes for SCp applications. The TMOs are highly studied and excessively used
as active material in all types of supercapacitors. The mixed TMOs are also called
the spinel metal oxide. The spinel TMOs have the general formula AB,O,. In AB,O,,
the cubic crystal structure of TMOs consists of closely packed O*” anions and an
octahedral and tetrahedral space of the lattice occupied by the transition metal
cations A and B, respectively. Due to this closed packed structure, the mixed TMOs
show the extraordinary characteristics over single metal oxides, such as two order
higher electrical conductivity, superior electrochemical performance and excellent
stability over single metal oxides. Moreover, the recent research reports shows the
TMOs have better structural advantages and higher surface area and porosity [14].
More specifically, the TMOs show low cost, natural abundance, low toxicity and
environmental friendly nature. Hence, TMOs have drowned more research atten-
tion in recent years. In addition, the extraordinary electrochemical performance of
TMOs in solid as well liquid electrolyte makes it a promising and potential candi-
date as electrode material for PCs. The various mixed TMOs viz. ZnFe,0,, NiFe,O,
CuFe,0,, CoFe,0,, MnCo0,0,4 ZnCo,04, NiCo0,04, etc. has been utilized as electrode
material for PCs. Out of the different TMOs the nickel and cobalt based TMOs have
gained more research attention as electrode material in supercapacitors due to their
attracting properties such as low cost, natural abundance, low toxicity and environ-
mental friendly nature. More specifically, these materials show variable structures,
diverse morphologies, high specific surface and uniform porosity and outstanding
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electrical conductivity. The NiCo,0, demonstrated high electrical conductivity due
to the presence of Ni in it. Whereas, Co enhances the electrochemical activity of
oxides, further, the synergistic effect among Ni in Co offers high electrical con-
ductivity with an excellent electrochemical behavior in supercapacitors [12]. The
NiCo,0, demonstrated a high theoretical capacity [15]. The nickel and cobalt based
TMOs show diverse morphologies, this includes various nanostructures ranging
from O to 3 D architectures viz. quantum dots, nanowires, nanosheets, platelets like
nanoparticles, porous network like framework, coral- like porous crystals, ordered
mesoporous particles, urchin-like microstructures and urchin-like nanostructures.
Till date many recent attractive reviews have presented recent development in
mixed TMOs as electrode material for SCs [7, 16-19]. We recommend few of them
for readers who are new to this field of energy research.

In the present chapter we provide the recent advancements in synthesis of
nanostructured nickel and cobalt base mixed TMOs and their composites with
conducting polymer based materials as electrode material for supercapacitors pre-
dominantly described in the recent literature. Moreover, here our special emphasis
will be on new methods of synthesis, nanostructuring, and self-assembly using
surfactant and modifiers. In addition, we provide a summary of structural and
morphological advancements regarding the electrochemical properties of superca-
pacitors. Finally, we link our discussion to the recent applications in powering the
light weight, flexible and wearable electronics real world applications.

2. Synthesis of nickel and cobalt base mixed TMOs

Compared to the micro sized the nanostructured cobalt and nickel based TMOs
show higher specific capacitance and long cycle life. Therefore many recent research
strategies have drowned to synthesized nanosize mixed cobalt and nickel based
TMOs. The various synthesis methods for synthesis of nanostructured cobalt and
nickel based mixed TMOs viz., hydrothermal method sol-gel, thermal evaporation
method, chemical bath deposition, electrodeposition, oil/water interfacial self-
assembly strategy, etc. have been extensively reported in literature. Hydrothermal
method is one of the excessively adopted synthesis methods for hierarchical
nanostructure synthesis. This method is cost effective, simple, and easy to scale-up
at room temperature. This method is mostly used for fine tuning the morphology
and controlling the size of nanostructures. Agglomeration of NiCo,0, results in low
electrical conductivity and decreases the specific capacitance and cycle life of SCp
[20]. Therefore, to enhance the electrical conductivity the use of high surface area
with high porosity conductive substrates are highly recommended. These substrates
enhance the contact between electrode and electrolyte and allowed more electro-
lyte ions penetration in active material. The various conductive substrates such as
textiles, sponges, carbon clothes, carbon fibers, conventional paper, cables, etc. are
used as substrates to fabricate SCs. Such conductive substrates are advantageous
for enhancing the electrochemical performance via providing short diffusion path,
high electrical conductivity, ample electroactive sites [21]. In this regard, Yang et al.
synthesized the nanoneedle arrays of on filter carbon paper substrate via facial
hydrothermal synthesis method. For fabrication the filter carbon paper submerged
into the precursor of NiCo,0, followed by calcination in the Argon atmosphere in
the range of 250-400°C for 2 hours. Using this approach they have reported urchin
like and nanoneedle arrays and further adopted this nanostructure for SCp applica-
tions [20]. The synthesis parameters like reaction temperature reaction temperature
and reaction time controls the structures. Further, the calcination temperature after
synthesis plays crucial role in improving the surface morphology, specific surface
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area, porosity, etc. [22]. Siwatch et al. [22] have reported the formation of NiCo,04
quantum dots via hydrothermal synthesis and studied the effect of synthesis
parameters like reaction temperature and time, and calcination temperature on
the morphology of NiC0,0, quantum dots. Further, the highly porous flower-like
structure of NiCo0,0, quantum dots obtained at the calcination temperature 300°

C is highly useful for SCp applications. Lu et al. reported the synthesis of mesopo-
rous NiCo,0, via reagents assisted hydrothermal method and studied the effect of
reagent cetyltrimethylammonium bromide (CTAB) on morphology and electro-
chemical behavior of NiCo,0, for SCp applications. Moreover, the reagent during
synthesis enhanced the specific surface area and charge transport of NiCo,O,4, As

a result, the cyclic stability, rate performance and specific capacitance of NiCo,04
quantum dots based in asymmetric SCp found to be increased [23]. Binder used
during the fabrication of electrode increase the electrode resistance which further
decreases the electrochemical performance and cycle life of SCp. Therefore recently
binder free fabrication approaches such as direct growth on conductive substrate

is more popular. Furthermore, over the conventional substrates the direct growth
on three dimensional (3D) conductive substrate offers many advantages such

as shorten the diffusion path, healthy synergy between the active material and
electrolyte, provides ample electroactive site, etc. which further help to enhance the
electrochemical performance of SCp. For example, Yang et al. [24] directly grown
NiCo,0; on gelatin-based carbonenickel foam (3D) by facial hydrothermal method
followed by calcination at 350°C for 2 hrs under an Argon atmosphere.

The morphology of NiC0,0, is reported to be nanoflower-like. The fabricated
3D electrode provides fast ions and electrons transfer rate and enhances the
electroactive surface area of the NiCo,O, via forming a complex 3D network. In
addition, the nickel foam as substrate adds the electric conductivity whereas the
gelatin based carbon on the nickel foam provides high surface area for uniform
growth of NiCo204 during synthesis. In our previous study, we have reported the
synthesis of nanostructured NiCo,0, via surfactant assisted hydrothermal method
and studied the effect surfactant and reaction parameters on the morphology of
nanostructured NiCo,0,. From this synthesis, we got two distinct morphologies viz.
platelet-like and nanorod-like using surfactants TEA ethoxylate and polyethylene
glycol (PEG), respectively. We further used this nanostructured NiCo,04 for SCp
applications [18].

In addition to the hydrothermal method, the combustion method is one of the
simple and easy to scalable synthesis methods. Over the hydrothermal method the
combustion method does not requires Teflon-lined stainless steel autoclaves and
centrifuge for product washing, is less time consuming and provides high phase
purities. This regard, Kumar et al. reported the growth of NiCo,04 on conductive
substrate nickel foam using combustion method. For the synthesis, honeycomb-like
NiCo,0; the nitrate and glycine used as oxidizer and fuel, respectively [6].

For enhancing the surface area and porosity and electrochemical activities of
NiCo,0,, the formation of composites of NiCo,04 with carbon based material is one
of the appealing strategies, for example, NiC0,04/CNT, NiC0,0,/MWCNT, NiC0,O,/
graphene, NiCo,O4/reduced graphene oxides (r-GO), etc. demonstrated to be a
potential candidates for SCp applications. Carbon base material viz. CNT, MWCNT,
graphene, r-GO, etc. provide excellent flexibility, high specific surface areas, remark-
able electrical conductivity, good thermal and chemical stability [5, 25-27]. For
example, Li et al. [25]. reported the synthesis of NiC0,04/CNT composites, and
studied the structure formation of NiCo,O4 with and without surfactant for super-
capacitive applications. The nanoflakes and nanocorn like morphology for NiCo,O4
is obtained by using surfactant sodium dodecyl sulfate. Pathak et al. synthesized
NiC0,04 and NiCo,0s@ MWCNT composite using facile hydrothermal method.
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NiCo,0,@ MWCNT demonstrated superior electrochemical performance and
demonstrated a good electrode for SCp applications. In addition, using density func-
tional they reveal the enhanced density of states near the Fermi level and increased
quantum capacitance of the NiCo,0, @SWCNT is one of the important reasons

for high specific capacitance, high power density and energy density [28]. The PCs
use reversible fast faradaic reactions to store electrical charges, which allow them to
achieve higher capacitance by at least one order of magnitude than those obtained
by EDLCs. Materials sustaining such redox reactions on their surfaces include, for
example, conducting polymers and transition metal oxides.

3. Applications of Ni and Co based metal oxides and their composites
3.1 Pseudocapacitor (PCs)

Recently, PCs received considerable attention due to the one order higher
capacitance, higher volumetric capacitance, higher energy density and use of low
cost and easily synthesized active material than EDLCs. [28-30]. For example,
Eskandari et al.. fabricated NiCo,O, and its composite with PANi and MWCNTs
and reduced graphene oxide r-GO and studied their SCp performance in 3 M
KOH. Out of the different composites the NiCo,04/PANi demonstrated superior
performance and exhibited specific capacitance of 1760 Fg™ (900 F/g and 734 F/g
for NiCo,0,/ MWCNTs and NiC0204/r-GO, respectively) at current density of
1 Ag™, respectively. The highest specific capacitance in NiCo,0,/PANi is due to
supplementary conductive pathways provided by PANi and synergistic effect of the
rooted pseudo-reaction. Moreover the composite NiCo,04,/ MWCNTs shows stable
cycle is life and demonstrated to be best retention over all other composites as 89%
over 2000 charge discharge cycles. Composite NiCo,0, /r-GO also exhibited good
cycle performance and shows retention in specific capacitance of 87% over 2000
charge discharge cycles. In addition, the pristine NiCo,04 shows higher retention
than NiCo,04/PANi, i.e. 70% and 73%, respectively. The highest cyclic stability in
NiCo,0,/MWCNTs is due to the high electrical conductivity and high mechanical
strength of MWCNTs. In fact, the good cyclic performance in NiC0,04/r-GO is
the results of higher electrical conductivity, high surface morphology and good
mechanical strength than PANi and pristine NiCo,0,4 [31] Moreover, the representa-
tive Ni and Co based material and their performance in PCs are summarized in
Table 1.

3.2 Hybrid capacitors

Even if the Ni and Co based TMOs are advantageous for SCp applications,
however, in the long cycling process the rapid degradation of NiCo,O, electrode
materials is the major obstacle among the commercialization of NiCo,O, based
SCp. By increasing the electrical conductivity of NiCo,04 this hurdle can be mini-
mized and the higher rate capabilities can be attained. Therefore, from the last two
decades, researchers devoted more efforts to enhance the electrical conductivity of
NiCo,0,, this includes fabrication of hybrid composite with other conducting elec-
trode materials, viz. carbon based material (CNts, SWCNts, MWCNts, activated
carbon, doped and undoped reduced graphene oxides, etc.), conducting polymers,
etc. In addition, recent formation of composite of NiCo,O, with other mixed TMOs
has gain enormous attention. For example, Mary et al. reported the fabrication
of NiC0,0, and ZnCo,04 composites and studied their morphology dependent
electrochemical behavior for hybrid SCp applications. In addition, the hybrid SCp
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fabricated using the NiCo0,0, and ZnCo,0, composite and nitrogen doped activated
carbon. The high surface area and uniform porosity of activated carbon in hybrid
SCp enhances the capacitance via enabling the more electrolyte ions into active
material. Interestingly, NiCo,04 @ ZnCo,04 composite shows high specific capaci-
tance of 236 C g" at a current density of 1 A g™'. Moreover, the aforementioned
hybrid SCp results in high energy density of 101.6 Whkg " and high retention in
capacitance at 78.5% over 12000 charge-discharge cycles. Moreover, the representa-
tive Ni and Co based material and their performance in hybrid SCp are summarized
in Table 2.

3.3 Asymmetric capacitors

The symmetrical SCp limits their specific capacitance due to narrow potential
windows. Moreover, the use of aqueous base liquid electrolyte in symmetrical SCp
decreases the specific capacitance energy density and cycle life. To overcome such
drawback the fabrication of SCp with two different kinds of active material based
electrode is demonstrated to be an effective strategy. The SCp fabricated using two
different electrodes is termed an asymmetric supercapacitor. In asymmetric SCp
positive electrode is fabricated using metal oxide base material, while negative elec-
trode is fabricated by carbon based material. The combination of different active
materials in a single device with higher operating potential result in higher the
specific capacitance and energy density [40]. However, aqueous-based symmetric
supercapacitors suffer from narrow potential windows, due to the limitation of the
water decomposition. Therefore, an effective way is to construct asymmetric super-
capacitor, which consists of two kinds of electrode materials, for instance positive
electrode having pseudocapacitive nature and negative electrode having electric
double layer capacitance with higher operating potential, for obtaining higher
energy density [19, 20]. In the case of positive electrode materials, transition metal
oxide based nanoparticles, conducting polymers based materials have been widely
utilized, which exhibits pseudocapacitance as well as reversible redox Faradaic reac-
tion. As negative electrode materials, carbon based materials like carbon nanotubes
(CNT), graphene oxide (GO), activated carbon, and mesoporous carbon materials
displaying electric double layer capacitance have been used. Among the carbon
allotropes, mesoporous carbons have been extensively used as negative electrode
material due to its high surface area and good electrical conductivity. For more
understanding the recent advancements in NiCo,04 and their composites and their
performance in asymmetric SCp are summarized in Table 3.

4, Conclusions and outlooks

With ever increasing energy demands, day by day the SCp gaining much interest
as an energy storage device. From a many years, the nickel and cobalt based TMOs
and their composites have been studied and successively employed as an active
material in all types of SCp. The nanostructured NiCo,Oy, is low cost, in abundance,
environmentally friendly in nature and has high electrical conductivity. In addi-
tion, due to the enhanced mobility of charge carriers the nanostructured NiCo,0,
demonstrated to be higher electrochemical performance than the single metal
oxides. In this regard, the recent advances in synthesis of pristine NiCo,0, and their
composites with diverse morphologies and their applications for electrochemical
performance in all types of SCp have been summarized in this chapter. Out of the
different synthesized methods used for synthesis nanostructured NiCo,0,, the
hydrothermal method is found to be excessively used. Moreover, the hydrothermal
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method is demonstrated to be more advantageous for the synthesis of diverse
morphologies ranging from 0 D to 3 D, and resulted in high specific surface area
and uniform porosity. The pristine nanostructured NiCo,0O,4 has many limitations
for its commercial supercapacitor applications. Therefore, advanced strategies like
synthesis of hierarchical nanostructures of NiC0,0, and the fabrication of compos-
ite with other mixed TMOs, carbon based material and conducting polymers can
enhance the specific capacitance, energy density and rate capability of Ni and Co
based supercapacitors.
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Chapter 8

Effect of Ditferent Metals Doped
in Nickel Oxide Nanomaterials
on Electrochemical Capacitive
Performance

Amar Laxman Jadhav, Sharad Laxman Jadhav
and Anamika Vitthal Kadam

Abstract

Recently, the various porous nano metal oxides used for the electrochemical
energy storage supercapacitor applications. Some researchers focus on the binary
as well as ternary metal oxides and more metal oxide complex composite materials
used for the supercapacitors. In the review article focused on the effect of differ-
ent metals doped in a nickel oxide nano material on the electrochemical capacitive
performance, discussion on methodologies, charge storage mechanism, latest
research articles and prepared nanostructures. Nowadays nickel oxide is developing
electrode material for storage of charge due to its higher thermal stability, excellent
chemical stability, cost effective materials, higher theoretical values of specific
capacitance, naturally rich and environment friendliness material. The various met-
als doped in NiO and their composite oxides have shown good structural stability,
reversible capacity, long cycling stability and have been also studied nano struc-
tured electrode materials for electrochemical supercapacitor applications.

Keywords: Metal oxide, Nickel Oxide, electrochemical supercapacitor, Nanomaterial

1. Introduction

Nowadays, in this research on the rapid growth of electronic portable energy
storage devices and hybrids electrical vehicles, the call for high power density and
energy density resources has been increased manifold. Supercapacitor also called
ultracapacitor or electrochemical capacitors, exhibits higher power density than the
normal capacitor and higher energy density than the batteries. The electrochemical
capacitor shows faster charge—discharge mechanism behavior and also exhibits long
cycle stability. Therefore, supercapacitor or electrochemical capacitor indicates bridge
between the normal capacitor and fuel cell, batteries. The electrochemical superca-
pacitor has two main types based on the charge storage mechanism (i) Electrochemical
double layer capacitor (EDLc) is based on electrostatically charge storage mechanism
and (ii) pseudocapacitor is electrochemical charge storage mechanism. The carbon-
based materials (Activated carbon materials, graphene oxide) used for the prepara-
tion of EDLc supercapacitor, transition metal oxide also used for the preparation of
active electrode materials for pseudocapacitor and hybrid supercapacitor exhibits
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Figure 1.
Classifications of the electrochemical supercapacitor.

intermediate properties between the EDLc and pseudocapacitor behaviors schematic
diagram shown Figure 1.

The effect of different morphologies on the charge storage at the active electrode
materials for the supercapacitor application. The 1D, 2D, and 3D morphology
increase the active materials surface area due to an increase in the power density and
specific capacitance. It is an important role in electrochemical capacitors. The active
electrode materials should be higher specific capacitance, structural stability, and
good mechanical to provides long cycling lifetimes. The nano porous active electrode
materials prepared by using carbon materials, metal oxides, and conducting polymers
such as graphene oxide [1, 2], activated carbon [3] and derivatives of carbide materials
[4-10], CuO, NiO, RuO2, Cu20, Fe204, CoO, MnO [11-17] and polyaniline (PANI),
polypyrrole (PPy), polythiophene (PTh) [18-22], The transition metal oxide elec-
trode shows excellent properties of electrochemical performance (Specific capaci-
tance, power density, and cycling stability) than the other types of the electrodes.

Generally, research has been carried out on the various transition metal oxide
materials like cobalt oxide [23], iridium oxide [24], nickel oxide (NiO) [25], man-
ganese oxide [26], iron Oxide [15], ruthenium oxide [13], and zinc oxide [27].
Currently, research on nickel oxide with other composite electrode materials just like
a NiO//graphene oxide, Carbon nanotubes (CNT)//NiO, Ru doped nickel oxide, Cu
doped nickel oxide, Cerium doped nickel oxide, and so on [28]. In the fabrications of
high-performance supercapacitor at the laboratory, some interruptions occur due to
nanostructured morphological structures with the large surface area of the electrode
materials. Therefore, the nanostructures of the SEM images are an important param-
eter for supercapacitor applications. The electrochemical specific capacitance, power
density, and cycling stability depend on the morphological structures due to so many
researchers work on the synthesis of various types of nanostructured morphologies.
But the Nickel oxide electrochemical specific capacitance does not get at maximum
(In case of practical its value is 1000F/g) and the theoretical value is 2584F/g. Thus,
gets maximum capacitance value, the growth of the nanostructured morphological
materials with increased conductivity, lower interfacial resistance, and large surface
area of the promising electrode materials is a promising solution.

There are several reports available on the synthesis of nanomaterials and electro-
chemical characterizing with more conductivity. NiO nanomaterials show excellent
physical as well as chemical properties such as mesoporous and hierarchical porous

138



Effect of Different Metals Doped in Nickel Oxide Nanomaterials on Electrochemical Capacitive...
DOI: http://dx.doi.org/10.5772/intechopen.99326

nature, large surface area, and more electronic conductivity. The nanoporous
electrode provides a large surface area that can enhance the electrochemical perfor-
mance because increases the interactions between electrolytes with active electrode
materials occurs faradic reaction at the interfacing sites. Further, an available large
quantity of porosity nature can be more diffusion of the electrolytic electrons

or ions in the electrodes and improve the volume alteration during the charge—
discharge cyclic process due to enhances the cycling life of the active electrode
materials. The oxide materials can be prepared by the various method can occur
different type morphologies such as nanorod, nanoparticles, nanowire, nanoflower,
nanotube, nanosheet, nanoneedles by Hydrothermal, Successive ionic adsorption
and reaction (SILLAR), chemical precipitation, chemical bath deposition (CBD),
sol-gel, solvothermal and electrodeposition methods.

Nickel oxide (NiO) exhibits multiple oxidations states these properties more
suitable for the redox reaction or faradic reactions which gets maximum specific
capacitance. One of the disadvances is the less electronic conductivity of the
electrode. Therefore, large efforts have been dedicated to the manufacture of
nanomaterials electrodes the exceptional advantages of some metal oxide doped
NiO nanomaterials enhance the higher conductivity. Recently, the literature survey
found that the Cu doped NiO nanomaterials, Co-doped nickel oxide, Mn-doped
nickel oxide, Cerium doped nickel oxide were found to be very promising for the
supercapacitor applications. In this review article, metal oxide doped nickel oxides
materials for electrochemical supercapacitor applications have also been discussed
briefly. However, to our best knowledge, there is no review found on the develop-
ment of metal oxides doped NiO nanomaterials electrodes for supercapacitors
applications. The energy storage mechanism in metal oxide doped nickel oxide
electrode materials also discussed in this review article.

2. Principle of energy storage mechanism in electrochemical
supercapacitor

In recent year, the energy storage and energy conversion are a big challenge and
concern to the researchers. The excellent electrochemical performance depends on
the properties of electrode materials. The electrochemical supercapacitor consists
of a three importance parts one is electrode materials and another is an electrolyte,
separator. The electrode materials are a most important part in an electrochemi-
cal capacitor. In the literature survey, the electrochemical electrical double layer
capacitor made by carbon materials as a graphene oxide, activated carbon, carbon
nanotubes and derivatives of a carbon materials, pseudocapacitor made by using a
metal oxide or conducting polymers and hybrid supercapacitor is a made by using
combination of the carbon-based materials and metal oxide. The charge storage
mechanism of Electrical double layer capacitor (EDLc) is based on the electrostati-
cally. The electrolytes and electrode materials interfaces on the surface layer in
EDLc. The charge storage mechanism of the pseudocapacitor based on the electro-
chemically i.e. faradic reactions occur in the electrode and electrolytes interface and
in the advance hybrid’s supercapacitor consist of a both electrostatics and electro-
chemical charge storage mechanism.

The ideal electrical double layer capacitor electrode materials show rectangular
in shape of cyclic charging -discharging cures but if the electrode shows pseudo-
capacitor behaviors then the curves show the nonlinear rectangular shapes, these
nonlinear curves consist of oxidation- reduction peak. This peaks clearly indicates
that the electrode materials and electrolytes interfaces occur faradic reactions dur-
ing the cyclic voltammetry process Figure 2.
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Figure 2.

The charging -discharging cyclic voltammetry curve of electrochemical supercapacitor (a) EDLC curve and
(b) pseudocapacitor curve.

2.1 Charge storage mechanism within NiO nano materials

Generally, the metal oxide electrodes show higher power density than the
carbon materials and higher electrochemical stability than the conducting polymer
material electrodes. The charge store on the surface of the carbon based EDLCs
supercapacitors and in puedocapacitor the charge store in porous nano materials,
it occurs faradic reactions between the electrode materials and electrolytes. The
NiO materials more suitable for supercapacitors applications because they exhibit
several required properties.

* NiO exhibit good electrically conductive materials.

Its shows multi-oxidation states.

Its shows large surface area of the active materials.

* NiO nano materials shows higher theoretical values of Cs.

Its exhibit large cycling stability.

Its shows higher specific capacitance values than the other materials.

NiO have been promising materials for supercapacitor applications due
to the exhibits higher theoretical specific capacitance, but in practical case
these NiO materials does not get or shows highest specific capacitance values.
Sometimes, achieve higher specific capacitance of NiO materials because the NiO
shows higher charge storage at the highly porous nanostructure materials, low
resistance between electrode and electrolytes, highly conductive substrate. In
the practical case NiO based supercapacitors observed in the literature survey,
the specific capacitance values 50 to ~1000F/g. The NiO nano materials shows
pseudocapacitive nature, during the cyclic voltammetry process these nano-
materials exhibits redox reaction mechanism and it’s converted to NiOOH and
reversible state. Sometimes, during the redox cycles, the cathodic current peaks
and anodic current peaks shifted more towards the positive and negative axes as
the scan rate was increased. The shifting of peaks currents which is maybe due to
the highly accessible surface area of the porous NiO nanostructures and the fast
ionic/electronic diffusion rate during redox reaction.
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NiO and its binary as well as ternary composite materials prepared as various
techniques by using some additives and binder free method. Therefore, the pre-
pared NiO based binary as well as ternary composite or metal doped NiO materials
shows lower conductivity and higher interfacing resistance. Due to metal oxides
directly synthesized on conductive electrode substrate have the advantage as it
can not only result in higher capacitance but also minimize the contact resistance.
Various conductive substrates like stainless steel (SS), ITO glass, FTO glass, car-
bon cloth, carbon mesh, Ni foam, and copper strip electrodes have been used to
preparations of the nanostructured metal oxides. It should be mentioned that the
electrode metal oxide/hydroxides material deposited directly on to the current
collector electrodes is the best choice to minimize the resistance and enhances the
electrochemical performance of the electrode materials.

3. Synthesis techniques

Different techniques are used for the synthesis of the nanomaterials. The
synthesized nano materials have been formed various nanostructures and proper
required porous materials. It is well known that the nano structure morphology
of the synthesized electrodes plays an important role in electrochemical redox
reactions. The nanostructured electrodes increase the interactions between the
electrode and electrolytes due to enhances the performance of the electrochemical
performance.

In the chapter, we place advancing a comprehensive summary of the synthesis
techniques, pure NiO and metal doped NiO based nanostructures with electro-
chemical analysis. Following methods briefly discussed one by one.

3.1 Hydrothermal method

Hydrothermal synthesis method is one of the most common used for one-pot
synthesis techniques to prepare a wide range of metal oxides [29, 30]. Hydrothermal
synthesis process is solution based. We know that these hydrothermal methods
provide good crystallinity structures and highly nano porous morphological shape
selectivity to oxides-based materials [31]. Generally, the precursors of metal oxides
are formed by mixture of reaction ingredients being heated at sealed Teflon-lined
stainless-steel autoclave. Solvents under the room temperature to high temperature
range and various pressure ranges are used to formations of the nanostructure
materials. Generally, the temperature is used higher than 1000C and a pressure
will be established mechanically in a closed autoclave system. In hydrothermal
techniques to the reaction temperature other parameter like volume of solvent,
reaction time also have importance impact on the final synthesis morphology of the
materials. By controlling the various parameters such as reaction time, pH value
of percussor solutions, reaction temperature and concentration of the precursor
solution, it can produce various dimensional (0D, 1D, 2D and 3D) morphologies
with large surface area based porous nanostructures. A lot of researcher groups
have made optimize the reaction conditions and prepares superior morphologies
to enhance the electrochemical performance of the nano materials, which will be
discussed in details later section.

3.2 SILAR method

These SILAR methods is a solution-based techniques, it is widely used for the
synthesis of the various type of metal oxide/hydroxide thin films, these techniques
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more commonly used to preparations of the different type nanostructured materi-
als. SILLAR is a simple, cost effective, binder free method and it is appropriate
method for synthesis of large-scale of nanostructure materials [32].

3.3 Chemical bath deposition method

The chemical bath deposition (CBD) techniques were first discovered by
Nagayama in 1988 [33]. This technique mostly used in prepare of the metal oxide
thin films for various applications. The principle of CBD method deals with the
immersion of a substrate in a precursor solution [34, 35]. Then the grown-on
metal oxide/hydroxide precipitates on the substrate surface to produces a thin well
adherent and binder less film. These techniques beneficial due to its low cost, low
temperature, binder less, and various adjustment parameter for preparations of
different nanostructured materials and also more suitable for large-scale deposi-
tion particularly for the preparation of uniform oxide thin films on samples. This
method usually needs a strong chemical oxidant or reducing agent to drive reactions
to take place. Recently, this technique is very popular in today’s for preparations of
different types metal oxides as well as hydroxides like NiO thin film nanostructures.

3.4 Electrodeposition method

The electrodeposition is a one of the most widely used method to formations of
different metal oxides as well as hydroxides nano materials [36]. This electrodeposi-
tion method is based on electrochemical oxidation- reduction (redox) reaction and
the metal oxides/hydroxides are deposited on to the conducting substrate electrode.
In these techniques, the optimal of the anion and adjustment of appropriate pH
of the solution during the deposition is very crucial parameter. Although, this is
a simple method to preparations of metal oxides/hydroxides with uniform grown
morphology on electrode.

3.5 Spray pyrolysis method

Among the chemical techniques mentioned above, spray pyrolysis is most popu-
lar today for the large area thin film formation. Spray solution results directly into
oxide formation. It has number of advantages. (1) Doping is easy as required amount
of dopant can be added by mixing proper amount of solution of the dopant. (2) Like
vapor deposition technique, spray pyrolysis does not require high quality target or
vacuum at any stage hence this is one of the great advantages of this technique in
the industrial applications. (3) Deposition rate and the thickness of the film can be
easily controlled by controlling spray parameters. (4) Deposition in the moderate
temperature range 150°C - 500°C is possible. (5) There is no restriction on the size
and surface morphology of the substrate. (6) It is possible to prepare multilayer or
multi compositional films. Due to these advantages, numbers of conducting and
semiconducting materials were prepared by spray pyrolysis technique [37, 38]. In the
present work, spray pyrolysis set up (Labotronics make) was used to prepare thin
films of cobalt oxide, manganese oxide, manganese doped cobalt oxide, ruthenium
oxide, ruthenium doped cobalt oxide and ruthenium doped manganese: cobalt oxide
(ternary oxide) thin films by both aqueous as well as non-aqueous routes.

3.6 Microwave-assisted method

Although, the hydrothermal method and solvothermal synthesis method are the
most useful methods to preparations of the different types nanostructures materials
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with controllable structure, size and morphology [39, 40], In hydrothermal method
synthesis nanomaterials required more time for the reactions. Therefore, the
microwave-assisted method is being used widely for the synthesis of different types
nanostructure materials in few minutes. Microwave synthesis has become a popular
method. Which substantially reduces the reaction time. The microwave-assisted
method can suppress side reactions and provide rapid kinetics of crystallization
growth. Using the microwave- solvothermal coupled method; one can not only
effectively reduce the reaction time but can also control the morphology. It can
produce narrow particle size distribution with high purity and large surface area of
the active electrode materials. Therefore, microwave-solvothermal technique is an
effective technique to fabricate the different types metal oxide and hydroxides with
desired morphology.

4. Pure NiO electrode for supercapacitor applications

The different method used to preparation of the different type’s nanostructure
nickel oxides/hydroxides. There have been many reports on NiO nanostructures
including porous nano/microspheres [41, 42], nanosheets [43], nanoflowers [44]
and nanofibers [45]. In general, the proper porous nanostructure plays an impor-
tant role in electrochemical charge storage mechanism due excellent electrical
conductivity and the large surface area [46-48]. The overview of pure NiO pre-
pared by using different synthesis methods and their electrochemical performance
is tabulated in Table 1 [49-63]. The following section briefly discusses on various
synthetic routes for the fabrication of pure NiO nanostructures and their superca-
pacitor properties.

4.1 Hydrothermal method

In the hydrothermal synthesis route provides by the 3D nanostructures of mate-
rials with large surface area, these properties more suitable for the supercapacitor
applications. Generally, 3D nanostructured electrodes are prepared on the conduct-
ing substrate foams like nickel foam. Ni foams exhibits highly porous structures and
conductive substrate for synthesis of NiO. In the hydrothermal method’s various
adjustable parameters like reaction temperature, reaction time, concentration of
percussor solutions, pH and so on are used to preparation of the different type’s
nanostructures. This is due to the increases in the conductivity of the electrodes
of the pure NiO. The nanosheets and flower-like morphology of NiO composed
of flabbergasted lotus-root- like nanosheets were also fabricated by hydrothermal
method [44]. The concentrations of reaction reagent in the reaction medium also
have the key role to control the morphology of metal hydroxides and metal oxides.

4.2 SILLAR and chemical bath deposition

This method compared to hydrothermal method, relatively a smaller number of
researchers work on preparations of the pure NiO. The specific capacitance SC of
NiO were observed in aqueous NaOH and KOH electrolytes observed 129.5 F/g and
69.8 F/g respectively [34]. Xia et al. [57] successfully prepared the NiO monolayer
hollow-sphere composed of porous net-like NiO nanoflakes film (SSA 325 m,/g) by
chemical bath deposition using polystyrene sphere template. The SC value for this
porous NiO films was found to be 311 F/g with an excellent capacitance retention
which is due to the porous structure that could alleviate the structure distortion
caused by volume expansion during the cycling process [56].

143



Supercapacitors for the Next Generation

lov] 000T ° 8/v 17 8/9 00T HO®NINT s1opere[doueN AABMOIIIN
saxoydsoueu
[6€] 000T 91 8/v 512 874 685 HOMIN T MO[[OY N[-19MO[] AABMOIIIN
[19] — — 8/d18¢ HOMINT OIN snoiog uomisodaponoayy
[09] 8/dcee HOMINT soxe[joueu uontsodsponoay
[6S] — ¥9C S/AW TI® 3/ 9//1 — iy snozodoueN uonisodaponoayy
(8] — — /AW T e 8/ GE9T — [[2Ys/310D uontsodaponoay
apixoIpAy
wmpjozeprurAyau
-¢- (1AdoxdAxoxpAyrp-
(8] 0005 €9¢ §s0T €0-1e §3991sOUBU MVTIIS
(sl 000¢T 9¢'TTr 81429 HOMIN T saxefjouru AVTIIS
[v€] — — 3pa56CT HO®NINT SIBL] uomsodap yreq [edrway)
sAe1re a1ayyds-mof[oy
[95] — Gze S/virerIg — snoxod 1aAe[ouojy uonisodap yieq [edruIayD)
[s¢] 001 LTt 8y z0o®3A Ty HOM N T SONE[JOUEN TewroyioIpAH
<] 00T s9T S/AW T e 3/ /€€ HOMIN T SoU0D-2Ul] [ewLIayI01pAH
[€<] 0001 — s/AW € 38 5/ 686 HOJMIN T S9[qUIaSSE-S199YSOUeN [eurIayoIpAH
[es] 000T Y701 3/v G1e3/q 06¢ HOX T/[ow T SUWN]0O0UeN [ewIayI0IpAH
saxoydsoueu

[1¢] 0001 66'T6 8/v §01®3/45T19 — mof[oy pa[Pys-3[qno [ewwoyioIpAH
log] 0001 SL0t 8/v 013/ LL€T HOM N T saye[joueN Tewwtoyi0IpAH
l6¥] 001 81'68 S/AW QT 32 3/ 8¢ PAdVTIN T sa1moueN [ewLIaYI0IPAH
(1+] 00S §'8s 8/v $1® 871609 HOM N 9 sopnredoueyn [euweyIoIpAH
(8y,ur) sanbruyoa

ouIYY Ayqiqess Surphn eaxe adeyns oyyroadg soueoeded oygroadg s914A[01393[q Mmara resrSojoydropy SISaYIUAG S[eLId)eu OueN]

144



Effect of Different Metals Doped in Nickel Oxide Nanomaterials on Electrochemical Capacitive...

DOI: http://dx.doi.org/10.5772/intechopen.99326

*s20upul40f4ad 40319vdvosadns (po1uaY20439212 419Y1 pup spoyIows snorava Suisn paavdasd OIN dng

TIIqEL
[€9] 0001 — 8/ 495 HOMINT sazod [ews poyzow Lexds
(9] 0001 — 8/450¢ HOMINZ sdeay poyaw Lexdg
[29] I/ W €7 HOMINT surexd 1a3xe] poyaw Aexdg
aoeJINS AI[-[[eq

[ss) 0091 ST /v 0¥ 8/d ozv suo] aprxoIpAy snoiod [eopyoIesdIH 2ABMOIOT
(8y,ur) sanbruyoa

2dudIyY Ayqqess Surpip eaxe soepms oiyoads asueedes sgypadg sa1hjono9[q mara resrSojoydiopy SISOYIUAG S[erIarew oueN

145



Supercapacitors for the Next Generation

4.3 Electrodeposition method

In 1997 year, the porous NiO nanostructure materials were reported by
Srinivasan et al. [65], where shows a very little capacitance value is 59 F/g. However,
in 2004 year, the capacitance value observed 138 F/g has been reported for 3D NiO
on stainless steel conducting substrate [66]. 1D mesoporous core shell structure
shows the hexagonal lyotropic Ni(OH), synthesized by electrodeposition [67]. The
main drawback of NiO is a lower electrical conductivity, and the achieving higher
conductivity has a great, the NiO/ITO showed increased conductivity and thus
improved the SC (1025 F/g) compared to NiO/Ti (416 F/g) [68].

4.4 Spray pyrolysis method

Among numerous chemical techniques mentioned in schematic (Figure 3) SPM
is the most popular today because of its applicability to produce variety of doped and
undoped metal oxide films [69]. The basic principle involved in SPM is the pyro-
lytic decomposition of salts of a desired compound onto the preheated substrates.
The atomization of the spray solution into a spray of fine droplets also depends on
the geometry of the spraying nozzle and pressure of a carrier gas. Every sprayed
droplet reaching the surface of the hot substrate undergoes pyrolytic (endothermic)
decomposition and forms a single crystallite or clusters of crystallites as a product.
The remaining volatile byproducts and solvents escape out in the form of vapor
phase. The substrates provide thermal energy for the decomposition and subsequent
recombination of the constituent species, followed by sintering and crystalliza-
tion of the clusters of crystallites and thus coherent films are formed. The required
thermal energy is different for the different materials and the solvents used.

Nickel oxide (NiO) films can be prepared using various chemical methods.
Among these, spray method is a mechanically simple, cost-effective, and large
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Figure 3.
Schematic spray pyrolysis deposition method. (Adapted with permission from Ref. [69]. Copyright 2021,
Elsevier.)
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surface deposition method. The various precursors are used for preparation of
NiO thin films electrodes using different in gradient sources like nickel nitrate,
nickel acetate and nickel chloride [70]. Yadav et.al reported specific capacitance
of the pure NiO is 564F/g at 1A/g in 2 M KOH electrolytes with 1000 cyclic stabil-
ity [70]. Kate et.al reported that the NiO thin films were successfully deposited
using spray method, the observed specific capacitance values is 1000F/g at 5 mV/s
scan rate [71].

5. Metals doped in NiO nanomaterials for supercapacitor applications

A great development has been achieved in developing low cost, higher conduc-
tivity, porous materials and more simple methods for the synthesis of various metal
doped oxide electrodes for electrochemical supercapacitor applications. In the
previous point discussed, pure NiO has drawn rigorous research interests due to its
promising properties and some drawback of the electrochemical analysis. However,
pure NiO exhibits lower specific capacitance values (SC) and it is providing lower
electrochemical stability. There are several reasons for the low stability and low
capacitance of pure NiO. Such as conductivity of NiO materials is very poor, does
not proper electrolytes interactions of the nanomaterials and so on. But if we want
to increase the electrochemical stability with capacitance then we have to dope the
proper metals, so that the conductivity of the nanomaterials will increases and also
the capacitance will be increased. In the following Table 2 [28, 72-80] shows metal
oxide doped in NiO and its effect on electrochemical performance. Various method
is used to formations of the metal doped NiO nanostructures like hydrothermal,
spray, sol-gel, chemical bath, facile chemical synthesis and so on.

In the hydrothermal method various adjustable parameters used for the for the
synthesis of different types nanostructured morphologies. Such as temperature
controlled, concentration of the percussor, reaction time and different types

Different Nano materials ~ Morphological  Electrolytes Specific Cycling Reference
Metal Synthesis view capacitance  stability
Doped NiO techniques
Mn-NiO Facile chemical Nanoparticle 6MKOH 369.6F/g [72]
synthesis route
Mn-NiO Hydrothermal Nanostructured 6MKOH 1166f/g 5000 [73]
arrey
Cu-NiO citrate-gel Particle size 559F/g 50 [74]
AI-NiO Hydrothermal Nanosheet 1MKOH 2253F/g 5000 [75]
Co-NiO Spray method Grannular 2MKOH 835F/g 1000 [76]
Co-NiO Laser deposition Flowerlike 1MKOH 720F/g 1000 [77]
Ce-NiO Chemical Porous layer 1M LiOH, 1500F/g 2000 [78]
method NaOH and
KOH
Ce-NiO Sol-gel Nanoflaske 1MKOH 2424F/g 2000 [28]
Ce-NiO Sol-gel Spongy like 110F/g 1000 [79]
Cu-Co- Hydrothermal Nanoflaske 1IMKOH 2696F/g 3000 [80]
Ce-Ni based
nanoflower
Table 2.

Different Metal doped in NiO prepaved using various methods and their structural, electrochemical
supercapacitor performances.
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substrate foams are used for the preparations of the large surface area of the nano-
structured morphologies. In schematic Figure 4 shows effect of all above param-
eters on the nanomaterials and formations of the different nano structures [81]. The
1D or 2D structures like NiO nanorod, Ni(OH), nano-wall and Co;0,4 nanowire/
nanosheet arrays can be attained by using simple hydrothermal of directly putting
the substrates into precursor solutions (contain metal salts and alkali), maintaining
for a certain time at appropriate temperature and following annealing treatment
(Figure 4). The morphological structures and their size strongly depend only on
the reaction conditions, such as reaction temperature, reaction time, and concen-
tration of the precursor solutions and its ratios proportionality of the reactants.
The observed structures of the NiO are the small nano array and Nickel hydroxides
small nano wire like morphological structures.

In sol gel synthesis is a one of the widely used method for the formation of the
large number nano materials. Saraynya et.al shows that the cerium doped nickel
oxide more active and suitable materials for the supercapacitor applications [28].
They are observed highest specific capacitance value is 2444 F/g at 5 mV/s at a 1%
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Figure 4.
Schematic hydrothermal deposition with using various parameter. (Adapted with permission from Ref. [81].
copyright 2021, Elsevier).
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The effect on nanostructure by using various doping percentage in NiO. (Adapted with permission from
Ref. [28]. Copyright 2021, Elsevier).
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Figure 6.
(a and b) The SEM images of pure NiO and (c and d) The SEM images of 1% Ce doped NiO. (Adapted with
permission from Ref. [28]. Copyright 2021, Elsevier).

cerium doped nickel oxide. In a Figure 5 shows the pure NiO is lower value of spe-
cific capacitance because these NiO clearly indicates agglomerated nanostructured
morphologies, but in the cerium doped NiO exhibits highest specific capacitance
due to the morphologies flake like and large active electrode surface area for the
access of the electrons. Here in Figure 6 shows percentage of the metal dopant
increases the structure of the nanomaterials change, it clearly indicates mostly
important parameter for the proper formations of the nanostructured morphology
for charge storage supercapacitor applications. The 1% Cerium doped NiO format-
ted 3D nanoflower like structure with accessible large surface [28].

6. Materials selection and challenges of the supercapacitor

The effect of transition metal oxide doped NiO by spray method shows more
electrochemical performance than the pure NiO. Kate et.al show that the cobalt
doped nickel oxide highest specific capacitance value is 835F/g at 5 mV/sin a
2MKOH electrolytes. Sharanya et.al shows that the the cerium doped nickel oxide is
exhibits pseudocapacitive nature and good candidate materials for the supercapaci-
tor applications, his shows that the highest specific capacitance of the Ce doped NiO
is 2444F/g [28].

6.1 Selection of electrode materials for supercapacitor applications
Electrochemical energy storage devices play an important role in developing
green energy for future to the society. After evaluating the published literature sur-
vey, we noticed that a great research has been carried out on electrochemical super-

capacitor applications. A great challenge on the to investigate the electrochemical
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highly performed electrode materials. The various researches focused on the
preparation of the large surface of the material morphologies and enhancing
conductivity, and electrolytes to obtain high energy and power densities with long
cycle life. Therefore, it is necessary to the selection of electrode materials for the
electrochemical supercapacitor. Therefore, herein we proposed some designing
high-performance electrode materials for supercapacitors, such as specific surface
area, proper selecting electrolytes, conductivity of the electrode’s materials and
design more porous different types nanostructures.

7. Challenges in the supercapacitor applications

Various challenges in the electrochemical supercapacitor such as enhances
specific surface area of the electrode materials, enhances the conductivity of the
electrode materials, maintain proper thickness of the electrodes, proper electrolytes
used in charge storage mechanism, fabrications of the device, suitable separator
used between the electrodes, leakage problem in devices and maintain the equiva-
lent series resistance of the electrode materials. All of the above challenges most
important in the supercapacitor application.

8. Conclusions

In the chapter, we have scientifically drawn the recent progress on a transition
metal doped nickel oxide (NiO) as the energy storage materials for supercapacitor
applications. The effect of the metal doped nickel oxide on the supercapacitor and
developing nanostructures of pure NiO and metal oxide doped NiO based pseudo-
capacitor electrodes have been discussed. If you want to get maximum capacitance,
you need to have a specific surface area, it is crucial parameter to obtain suitable
morphologies of electrode materials. Clearly indicates that the various nanostruc-
tures of the electrodes such as flower, flake, nanobelt, nanowire, nanorod, hollow,
core-shell, granular particles thin films are needed to improve the electrochemical
performances further. The specific surface area and conductivity of the electrodes
are two most important critical parameters that determine the supercapacitor
performance which has to be optimized.

Nickel oxide is a semiconductor material, it shows lower electric conductivity
so it has the same effect on the electron motion and hence the effect on the specific
capacitance of the supercapacitor. To improve electric conductivity, NiO is often
combined with nanostructured conductive transition metal oxides such as cerium,
copper, aluminum, and magnesium to produces Metal doped NiO based electrodes.
In this way, good electrical conductivity and rich electroactive sites for the elec-
trolyte ions are obtained. The metal dope nickel oxide is shows pseudocapacitive
nature. The doping of other metal oxides can also introduce impurity band effects
and can enhance the electrochemical performance.

It is critical for researchers to improve both synthesis conditions and material
qualities in order to fully leverage the potential of NiO-based electrode materials.
High specific capacitance and long-term cycle stability are also concerning that
must be addressed. This is the focus of the authors’ on-going work. Other hand
the synthesis methodologies, there are many issues pertaining to the measurement
techniques and electrode preparation process that require attention. Furthermore,
engineering factors like fabrication of electrodes, choice of electrolytes, mem-
brane separators and packaging are not well established and thus need extensive
investigation.
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Chapter 9
Pseudocapacitors

Thibeorchews Prasankumar, Jemini Jose, Sujin Jose
and Sreeja P. Balakrishnan

Abstract

World energy consumption has grown at a rate of knots. Economic growth,
increasing prosperity and urbanization, the rise in per capita consumption, and the
spread of energy access are the factors likely to considerably increase the total energy
demand. In order to meet both the environmental and economic challenges, society
realizes the necessity for harvesting the renewable resources, their storage, and recov-
ery. To achieve accelerating clean energy innovation, cost reduction, and deployment
of many clean energy technologies, it is important to formulating policies and their
implementation, programmes for the development of new and renewable energy
apart from coordinating and intensifying R&D in the sector. At present, aggravating
energy and environmental issues, such as fossil fuel depletion, pollution problems,
and global warming are ringing alarm bells to humans. Thus, there is an urgent need
for enhanced energy security along with reducing greenhouse gas emissions. In this
direction, renewable energy is one of the environmentally friendly sources of energy
and effectiveness of growing economy of the whole world in general. The develop-
ment of environmentally friendly materials is one of the key issues today.

Keywords: Energy Density, Cycling Stability, Faradaic, Conductivity

1. Introduction

Energy storage devices have received great interest in many emerging modern
electronics such as electronic papers, collapsible displays, and other personal multi-
media devices. They require highly efficient active materials with good electrochemi-
cal properties, high mechanical integrity upon bending, or folding and lightweight
property. Renewable energies will not have an anticipated impact unless we find
an efficient way to store and use the electricity produced by them [1]. There are
various electrochemical energy storage/conversion systems including Capacitors,
Supercapacitors (EDLCs, Pseudo-capacitors, Hybrid capacitors), Batteries (Li-ion
batteries, Na-ion batteries, Mg-ion batteries), and Fuel cells [2]. Energy storage
systems are much required to solve the issues of climate change and storing energy
from renewable resources like solar, wind, and biomass. Therefore, energy storage
devices have become crucial task for the research community to develop a highly
efficient, inexpensive, and eco-friendly energy storage system. Batteries can explore
high energy density and deliver low power density that results in the bursts of power
requires like the automobiles industry [3]. Supercapacitors, on the other hand, com-
plement batteries and are emerging as highly relevant devices for myriad electronic
devices and systems on account of their less charging times (high power density) and
exhibit long cycling stability. Hence, they applicable in numerous applications like
renewable energy storage, grid leveling, and power conditioning [4, 5].
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Nanomaterials are having a very important role in the energy storage systems
due to their high aspect ratio followed by the enhanced surface area. Energy con-
version and storage involve physical and chemical interaction to the surface of the
materials. Hence, the surface energy, surface chemistry, and the specific surface
area are the key points for these systems [6, 7]. The smaller dimensions of nano-
materials may also offer more favorable mass, heat, and charge transfer, as well as
accommodate dimensional changes associated with some chemical reactions and
phase transitions [8, 9].

Nanostructured materials deliver extensive surface to volume ratios, commend-
able transport properties, adjustable physical properties, and confinement effects
resulting from the nanoscale dimensions, and have been enormously analyzed for
the energy storage applications [10-13]. Metal oxides have always been salient mate-
rials that are extensively applicable in different fields, like catalysis, energy storage
and conversion, biomedicine, and sensors [14, 15]. Nanostructured metal oxides
have attracted tremendous interest in recent years because of their unique physical
and chemical properties while the morphological and structural size became down
to the nanoscale level [16]. There are lot of metal oxide nanostructures, ranging
from nanoparticles, nanowires, nanotubes, and nanoporous structures.

Composite electrodes consist of carbon-based electrode with the combination of
metal oxide or conducting polymer in a single electrode. It holds the charge storage
mechanisms due to its extensive physical and chemical properties [17, 18]. Through
Faradaic reaction, pseudocapacitive material increases the capacitance in the com-
posite electrode [7, 19]. Two types of composite materials are available viz., binary
and ternary. Binary composites contain two different electrode materials, whereas
in the case of ternary, it comprises three different electrode materials to form a
single electrode. In this chapter, the details about pseudocapacitors, the materials
involved, and their energy storage performance have been briefly discussed.

2. Supercapacitor

A supercapacitor is a device that stores electrical energy in the electrical double
layer that forms at the interface between an electrolyte solution and an electronic
conductor [20]. Supercapacitors are one of the energy storage devices that have
excessive power density, long cyclic stability, and can be charged and discharged
rapidly. They can store more orders of energy than ordinary capacitors. They are
friendly to the environment, much safer and can withstand in high temperatures.
They have received considerable attention from both academic and industrial
arenas because they meet the needs for a wide range of energy storage applications
requiring short loading cycles with safety and stability such as power backup sys-
tems, portable devices, and electric vehicles. It can be made use of alone or with the
combination of fuel cells and batteries. The major advantages of supercapacitors are
in hybrid electric vehicles, wearable and flexible electronic gadgets, backup power
systems, voltage stabilizer, and power sources for laptops.

Supercapacitors have the same principles as ordinary capacitors (Figure 1).
However, they must have the electrodes with higher surface areas ‘A’ and much
thinner dielectrics that decrease the distance ‘D’ between the electrodes [21]. A
supercapacitor consists of two electrodes, an electrolyte, and a separator that elec-
trically isolates the two electrodes. These are the essential components that decide
the enhanced performance and should be taken into consideration when designing
a supercapacitor device. The most important component in a supercapacitor is the
electrode material. In general, the supercapacitor electrodes are fabricated from
nanoscale materials that have a high surface area and high porosity. The charges are
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Figure 1.
Schematic of a supercapacitor.

stored and separated at the interface between the conductive solid particles (such as
carbon particles or metal oxide particles) and the electrolyte [22]. Figure 1 explains
the schematic of the supercapacitor device [23].

For a two-electrode supercapacitor cell, the two working electrodes are placed
across a separator, and the voltage variation in between the electrodes is observed
and managed. Each electrode/electrolyte interface represents a capacitor and a
resistance. Therefore, the total specific capacitance (C), which is the capacitance
per unit mass for the cell, is calculated from the following equation in which C1 and
C2 are the specific capacitances of the two electrodes, respectively [24].

11,1 »
C C1 C2

The supercapacitors consist of anode, cathode, separator, and electrolyte. The
anode denotes the negative terminal of a supercapacitor cell associated with the
oxidative chemical reactions that expose the electrons into the external circuit.
The cathode indicates the positive electrode of a cell associated with reductive
chemical reactions that observe the electrons from the external circuit. An electrolyte
is a material that provides pure ionic conductivity between the positive and nega-
tive electrodes of a cell. A separator is a physical barrier between the positive and
negative electrodes that is used to prevent the electrical shorting during the elec-
trochemical reactions. The separator can be a gelled electrolyte or a microporous
plastic film, or other porous inert material filled with electrolyte. Separators must
be permeable to the ions and inert in the battery environment. The schematic of the
pseudocapacitors is explained in Figure 2 [25].
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Figure 2.
Schematic of pseudocapacitors.

The Specific capacitance of the supercapacitor cell can be calculated from the
charge-discharge measurements using the formula:

C=(Lt)/(AV.m) @)

where C is the specific capacitance of the electrode material, I is the constant
discharge current, t is the discharge time, m is the mass loading of the active mate-
rial and AV is the potential window during discharge. Energy density is the amount
of energy stored by a supercapacitor.

_ 1 2
E =-CAV 3)

where ‘E;’ is the energy density, ‘C’ is the specific capacitance of the material and
‘AV’ is the potential window (Volt).

Power density is the amount of power that a supercapacitor can deliver when
connected to an external load.

P=— 4)
where ‘Py’ is the power density, ‘E;’ is the energy density and ‘t’ is the discharge time.

3. Energy storage mechanism in supercapacitors

The performance of the supercapacitor is subjected to the energy storage,
the insertion and exertion of ions between the surface of the electrodes, and the
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electrolyte. Based on the energy storage mechanism as well as the active materials
used, supercapacitors are classified into three categories: electrochemical double-
layer capacitors, pseudocapacitors, and hybrid supercapacitors as shown in Figure 3.

Pseudocapacitors store energy through faradaic reaction. They store charge
electrostatically in which the transfer of charge between electrode and electrolyte
[25]. When a voltage is subjected to a pseudocapacitor, both reduction, and oxida-
tion take place on the electrode material. It involves the passage of charge across
the double layer, resulting in faradic current passing through the supercapacitor
electrode material. The faradic process employed in pseudocapacitors enhances the
electrochemical reactions that result to achieve greater specific capacitance and
energy densities compared to EDLCs.

4. Material for pseudocapacitors
4.1 Transition metal oxides (TMO)

Transition-metal oxides, a type of pseudocapacitive material, exhibit fast and
reversible redox reactions at the surface of the electrode materials. It exhibits high
specific capacitance and low resistance that makes an easy way to construct super-
capacitors with high energy and power.

The commonly used metal oxides are RuO,, MnO,, C0,0;, NiO, SnO,, Fe;0,
IrO,, V;,0s, and MoO as supercapacitor electrodes. Among the various metal oxide
electrode materials for supercapacitor applications, RuO, is considered as the most
promising electrode material because its high specific capacitance (720 F g™') and
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high electrical conductivity [26]. However, the high cost, as well as the non-avail-
ability of Ru on the earth has limited its application in practical usage. By consider-
ing these issues, the identification of the low cost pseudocapacitance materials is
essential and where the research community is looking into. TMOs exhibit various
oxidation states at different potentials and possess crystalline structures that

allow high conductivity which enables charges to propagate within their lattice. As
faradaic materials, in the same phases, TMOs exhibit two or more oxidation states.
When charging and discharging take place, TMOS are able to change their oxidation
states, and protons can insert into and extract from the oxide lattice during reduc-
tion and oxidation surface reactions.

4.2 Conducting polymers

Conducting polymers (CPs) are the second group of candidate materials for redox
pseudocapacitors due to their fast and reversible oxidation/reduction processes, good
electrical conductivity, and relatively low cost. The most commonly used conduct-
ing polymers include Polyaniline (PANI), Polypyrrole (PPy), Poly (3,4-ethyelene
dioxythiophene) (PEDOT), Polythiophene (PTh), and Poly (p-phenylene vinylene)
(PPV). They are typically synthesized either through chemical or electrochemical
oxidation of the monomer and rendered conductive through a conjugated bond
system along the polymer backbone [27, 28]. Conducting polymers exposed the
enhanced conductivity, capacitance, and reduced equivalent series resistance when
compared with carbon-based electrode materials. The ions are observed/drifted
from the electrolyte to the polymers and released to the electrolyte while oxidation
and reduction take place correspondingly. Because of no phase transition occurs, the
conductive polymers exhibit highly reversible reactions that lead to the enhanced
cycling stability. They are positively or negatively charged by the redox reactions that
induce the enhanced conductivity.

4.3 Composites of conducting polymers with metal oxides/hydroxides

The electrode materials of metal hydroxides/oxides have better energy densities
than carbon materials and higher cyclic stability than conductive polymers [29].
Besides, the higher capacitances of metal hydroxides/oxides are due to the electro-
chemical process which occurs on the surface and bulk of the electrode materials
[30]. The composites of metal hydroxides/oxides with conducting polymer perform
remarkable cyclic stability and high specific capacitance that reduce the agglomera-
tion and the restacking of metal hydroxide/oxide permitting uniform dispersion of
metal hydroxides/oxides and the conducting polymer matrix [31-33]. Moreover,
the association between the electrode and current collector increases the electroac-
tive area in metal oxide/hydroxide-conducting polymer composites. The low cost
and high theoretical capacitance of MnO, (1100 F g™") make it as a good alterna-
tive for expensive metal oxides and its composites with CPs have become one of
the centre of attraction of many researchers. Sharma et al., synthesized nucleated
MnO, nanoparticles over polypyrrole chains by electrochemical co-deposition in
polished graphite surfaces. The embedded PPy chains of MnO, offer high surface
area due to the special arrangement of MnO, nanoparticles and PPy in the compos-
ite. The nanocomposite showed better Faradaic redox reactions which in turn lead
to significant supercapacitor performance with good conductivity and stability.
The specific capacitance obtained was 620 F g™ which is higher than its individual
components MnO, (225 F g™') and PPy (250 F g™') [34]. Zhang et al. intercalated
PANI-MnO, nanocomposite by exchange reaction with PANI and MnO, intercalated
n-octadecyltrimethylammonium precursors using N-methyl-2-pyrrolidone as the
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solvent. The nanocomposite exhibited the highest specific capacitance of 330 F g™*
with 94% of capacitance retention even after 1000 cycles. The composite exhibited
outstanding performance than MnO, and PANI [35]. Liu et al., introduced the syn-
thesis of nanocomposite MnO,/PEDOT by electro co-deposition of EDOT mono-
mer (80 mM) and manganese acetate (10 mM) in a porous alumina template. The
coaxial nanowires of the composite exhibited high specific capacitance (210 F g™")
and high current density due to the fast ionic diffusion into the core MnO, of the
coaxial nanowires [36]. Gan et al., synthesized MnO,/PPy composite by in situ
chemical synthesis method which improves the porosity and enhances specific
surface area with fast intercalation/deintercalation of the electrolyte. The fabricated
supercapacitor device showed the specific capacitance of 312 F g™ at 10 mV s™* with
93.2% cyclic stability over 1000 charge/discharge cycles [37]. Debelo et al., pre-
pared single-phase electrodeposition on stainless steel using the aqueous solution of
manganese nitrate and pyrrole. The Mn(OH),/PPy porous nanosheets exhibited the
specific capacitance of 430 and 220 F g™* for anodic and cathodic films [38]. Some
of the MnO, and PPy composites are shown in Figure 4 [37, 38].

Along with the CPs with MnO,, nickel hydroxide (Ni(OH),) and nickel oxide
(NiO) form composites with CPs as supercapacitor electrode material owing to
the easy synthetic procedure, low cost, and redox reactions, and high theoretical
specific capacitance (2584 F g™ for NiO and 2081 F g™* for Ni(OH),) [39]. Sun et
al., used binder free approach for the synthesis of NiO-PANI on nickel foam for
the fabrication of supercapacitor. The composite showed 2565 F g* specific
capacitance at 1 A g™ and showed excellent cyclic stability with 100% retention
of specific capacitance after 5000 cycles [40]. Yang et al., encapsulated porous
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Figure 4.
MnO2 with PPy composites for supercapacitor (a and b).
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NiO/Ni(OH), with PEDOT on Cu-Ni alloy wires by facile and low cost electro-
chemical route. The protective layer of PEDOT on the surface of PNS enhances the
electronic conductivity and stability. This hybrid electrode achieved a high spe-
cific capacitance of 404.1 mF cm™ at a current density of 4 mA cm™ with 82.2%
capacitance retention even after 1000 cycles. The supercapacitor device delivered
the power density of 0.33 mW cm™ and the energy density of 0.011 mWh cm™
with an output voltage of 1.5V [41].

Vanadium oxide (V,0s), cobalt monoxide (CoO), and hematite (a-Fe,O;) have
also been explored as supercapacitor electrode materials with CPs. The layered
structure, different oxidation state, and redox reactions at the electrode surface
make it as a good energy material [29]. Liu et al., synthesized V,05-PANI com-
posite by electro co-deposition method with a specific capacitance of 443 F g™*
at the potential window 1.6 V. The composite film exhibited a power density of
720 W kg™' and an energy density of 69.2 Wh kg™ with excellent stability [42]. The
same group electro-codeposited V,0s-PPy using an aqueous solution of vanadyl
sulphate (VOSO,) and pyrrole. The nanocomposite showed specific capacitance
412 F g at 4.5 mA cm™* owing to the synergistic effect of V,05 and PPy.

It exhibited the operating voltage window of 2 V with an energy density of
82 Wh kg™ [32]. Aamir et al., fabricated an electro-codeposition technique for the
synthesis of V,05-PANI composite on Ni foam which is a porous and conductive
framework for pseudocapacitors. The synthesized composite showed the specific
capacitance of 1115 F g™ due to the small charge transfer resistance [43]. « -Fe,0;
has also been investigated as the electrode material for supercapacitors because of
its abundance, low cost, and good theoretical capacitance. The inclusion of a-Fe,0;
on CPs makes a-Fe,0; as a promising material for supercapacitance properties with
good cyclic stability. Lu et al., investigated the areal capacity of a-Fe,O;@PANI core
shell synthesized by simple electrodeposition method. The electrochemical perfor-
mance of the nanowires arrays offers enhancement of structure stability, fast move-
ment, and transfer of ions, and large surface area. The designed material serves
as the anode and PANI on carbon cloth as cathode and obtained good volumetric
capacitance (2.02 mF cm™). The fabricated asymmetric supercapacitor also experi-
enced a high power density (120.51 mW cm™) and energy density (0.35 mW cm™)
with excellent cyclic stability [44].

In order to address the capacitance and stability issues, CoO was also incorpo-
rated with CPs for pseudocapacitor. Liu et al., developed CoO@PPy nanowire on
nickel foam to enhance the pseudocapacitor due to the synergistic effect of CoO and
PPy. The well aligned asymmetric supercapacitor showed a high specific capaci-
tance (2223 F g™') with capacitance retention of 99.8% after 2000 cycles [45]. Yang
etal., fabricated a hybrid electrode with Co;O4 nanosheet on PPy by solvothermal
route and electrodeposition. The combination of Co;04 and PPy benefits the fast
transfer of ions at the electrode-electrolyte interface exhibited high areal capaci-
tance (2.11 F cm™) at the current density of 2 mA cm™ with superior cyclic stability
(after 5000 cycles) of 85.5% capacitance retention [46]. The high conductivity and
electrochemical activity of nickel cobaltite (NiC0,0,) make outstanding specific
capacitance (1400 F g™°) in comparison with pure NiO and Co;04 [47, 48].

4.4 Composites of metal sulfides with conducting polymers

Metal sulfides are cheap and abundant in nature undergo different valence states
and redox reactions due to the presence of metal ions [49]. The metal sulfides of
Mo, Cu, Ni, and Co with CPs have become the centre of attraction due to the high
specific capacitance and outstanding reversible redox reactions [50]. Peng et al.,
developed CuS with PPy by solvothermal route in the absence of surfactant and
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exhibited the specific capacitance of 427 F g™ with outstanding cyclic stability due
to the intertwined structural properties of CuS@PPy [51]. Wei et al., synthesized
flexible electrode with PPy/NiS/bacterial cellulose and obtained excellent superca-
pacitor properties with 713 F g™ specific capacitance at 0.8 mA cm™ [52]. MoS, is
considered as one of the excellent metal sulfides with high electrochemical capaci-
tive properties and variable oxidation state of Mo (+2 to +6) which is a promising
material for pseudocapacitance behavior. Ren et al., used in situ oxidative polym-
erization method for the controllable synthesis of MoS,/PANI hybrid material
where PANI nanowires are aligned on the external and internal surface of MoS, The
porosity and excellent conductivity of the hybrid material provide fast ion diffusion
between the electrode and the electrolyte. The capacity to withstand the volume
change during cycling and the large surface area, make it as a smart material for

the excellent specific capacitance of 552 F g at 0.5 A g™ and rate capability of 82%
from 0.5to0 30 A g”* [53]. Yang et al., synthesized carbon shell coated PANI grown
on 1T monolayers of MoS, (MoS,/PANI@C). The composite exhibited outstanding
specific capacitance of 678 F g! in 1 mV s™" with excellent capacitance retention of
80% even after 10,000 cycles due to synergistic effect of PANI,1 T MoS,, as well as
the thin carbon shell [54].

5. Conclusion

The development of novel materials for energy applications has been identified as
one of the priority areas of all the other countries. In order to meet both the envi-
ronmental and economic challenges, the globe realizes the necessity for harvesting
renewable resources, their storage, and recovery. We believe that this generation
holds the key to transforming the future of sufficient energy for usage, which could
be possible by making improvements in energy storage devices. By considering these
issues, the energy storage mechanism of supercapacitors and the details about the
advanced materials of pseudocapacitors with some recent literature works are briefly
discussed in this chapter for the researchers to develop novel pseudocapacitors.
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Chapter 10

Most Modern Supercapacitor
Designs Advanced Electrolyte
and Interface

Yachao Zhu and Olivier Fontaine

Abstract

Electrolyte plays a key and significant role in supercapacitors. The interaction of
an electrode and a chosen electrolyte has a significant effect on the parameters., i.e.,
ionic conductivity, stable potential range, and charge transfer coefficient, therefore
determining the corresponding performance. The captivating interface between
electrode and electrolyte is also pushing the intensive research. In this chapter, we
focus on two kinds of electrolytes, including water-in-salt electrolytes and redox-
ionic liquid. Water-in-salt electrolyte is drawing continuous attention thanks to the
formed hydrophobic layer on the positive electrode and solid electrolyte interphase
(SEI) on the negative side, preventing water splitting. On the other side, redox-ionic
liquid, taking advantage of the broad and stable working window, on the interface,
the redox shuttle passes and targets the suitable electrode bulk, leading to redox
reactions to highlight capacitance and energy.

Keywords: electrolyte, water-in-salt, redox-ionic liquid, interface, supercapacitor

1. Introduction

Apart from the electrodes [1-4], the essential electrolyte is also one of the most
critical components to building the advanced supercapacitor, which involves electro-
chemical stable voltage window, capacitance, power density, lifetime, stability, and
safety [5-7]. According to the calculation of energy, energy density is proportional
to the square of the cell voltage, suggesting that it is more influential in enlarging the
voltage window, which is decided mainly by the nature of applied electrolytes [8, 9].
As a critical parameter, to match the applied electrode material, the selected electro-
lyte has a significant impact on the interface between electrode and electrolyte, ionic
conductivity, and charge transfer, therefore determining the performance of super-
capacitor [10]. As shown in Figure 1, the publications number of electrolyte research
largely increases over the past decades, signifying its promising research potential.
Usually, the electrolyte is composed of salt and solvent. In the light of the classification
tree of electrolytes, generally, the electrolyte includes the liquid electrolyte, solid-state
or quasi-solid-state electrolyte, and redox-active electrolyte. Liquid electrolyte con-
tains aqueous, non-aqueous, and water-in-salt electrolytes. Redox-active electrolytes
include aqueous, ionic liquid, and some gel polymer electrolytes (Figure 2).

There into, the highlighted merits of wide working voltage window, adsorbing
solid-electrolyte interphase, or enhanced redox moiety earn considerable attention

177 IntechOpen



Supercapacitors for the Next Generation

271727852777

7}
=
2
S 1796
o
3
=3
G
g ﬁ
£
=

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Years

Figure 1.

The statistics of publications of electrodes and electrolytes. Search formulation: (“supercapacitor™ or

“electrochemical capacitor™ or “ultracapacitor™” or “double-layer capacitor™ or “pseudocapacitor™”); searched
from web of science; search time: 15, Feb 2021.
Electrolyte
—
[ [ I
S Solid-state or :
Liquid Redox-active
electrolyte q“tﬁt:;ﬂf;:ate electrolyte
e
[ I I
Water-in-salt Aqueous Non-aqueous | 1 | |
electrolyte electrolyte electrolyte Dry. polymer BYusOuS

— Acid — elce};?:;};;a —— Gel polymer —  lonic liquid
—  Alkaline — lonic liquid — Inorganic '— Gel polymer
— Neutral — Mixture

Figure 2.
The classification tree of electrolytes for supercapacitor.

on water-in-salt electrolyte [11] and redox-ionic liquid electrolyte [12]. Despite
safe, green, and low-cost, aqueous electrolyte already reaches the ceiling of limited
voltage (1.23 V), which impedes the practical applications in high-energy super-
capacitor [13-15]. Based on the definition of energy, the working voltage window
plays a vital role in boosting the energy. In this regard, except replacing with non-
aqueous electrolyte, water-in-salt electrolyte, breaking through the thermodynamic
stability limits of water, is prevailing in energy storage [16-20]. As followed main
standpoint, for the positive electrode, anions are forced to aggregate at the inter-
face, thus shaping a dense hydrophobic layer to insulate the water from the elec-
trode and further pushing more positive potential. For the negative side, it is agreed
that a solid electrolyte interphase (SEI) forms to suppress the hydrogen evolution
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reaction (HER), thereby bringing downward more negative potential. It is found
that the SEI can block the electronic conduction, but the ions can still pass [21-23].
However, the formation mechanism is still controversial, especially considering

the period and the way of decomposing TFSI anions to form SEI, together with
water decomposition. Besides, to promote energy, another strategy is to stimulate
capacitance. Except scheming new intricate electrode materials, a redox-ionic
liquid electrolyte [12, 24-27] leads to an explosion of research in practical applica-
tions, such as supercapacitor. Initially, the inert ionic liquid has many good merits,
including a wide working voltage window, low vapor pressure, non-flammability,
and good thermal stability [28-31]. Building the primary ionic liquid with active
redox species can result in an enhanced electric double-layer capacitor, on/near the
interface, occurring ions adsorption/desorption, and fast reversible redox reactions
[32]. Taking advantage of the wide working window and redox moiety contribu-
tions can motivate higher energy for supercapacitor. But it is worth noting that the
mechanism is still open in the case of a supercapacitor containing redox shuttles on/
near the interface, mainly varying different redox components.

2. Water-in-salt electrolyte

Depended on the malleable potential window, the water-in-salt electrolyte has
been extensively reported in numerous papers thanks to SEIs great stability. It is
significant to figure out the basic fundamental of SEI formation for further practi-
cal applications.

2.1 The concentration effect of water-in-salt electrolyte

Water-in-salt electrolyte, once reported, has been widely researched in lithium-
ion batteries and supercapacitor. As shown in Figure 3, salt-in-water, exhibits a
conventional solvation sheath structure, including a primary solvation sheath and
loose-bound secondary solvation sheath. The anion and cation are isolated by water.
Compared with the salt-in-water part, the essence of water-in-salt is that the high-
soluble-capability salt with extra high concentration (more than 20 m) is dissolved in
water, and the insufficient water is not able to neutralize the electrostatic field of Li*,
thus resulting in anion-containing-cation solvation sheath, where it occurs the cor-
responding interactions between cation and anion. Initially, a series of concentrated
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Figure 3.
The difference between salt-in-water and water-in-salt electrolytes.
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lithium bis(trifluoromethyl)sulfonimide (LiTTSI) electrolytes were first reported by
Suo et al. [33] For various concentrations of LiTSFI, cyclic voltammetry (CV) pro-
gram was used to evaluate the electrochemical stability window, which is depicted in
Figure 4. On the positive electrode, increasing the concentrations, it displayincreas-
ing the concentrations show that the oxygen evolution process is gradually suppressed
until having an onset potential of 4.9 V at 21 m (Figure 4B). On the positive part, for
hydrogen evolution, a passivation process is found as increasing the concentration,
which visualizes the plateaus, further pushing the onset potential more downward,
namely, from 2.63 V to 1.90 V (Figure 4A). Extending the potential operating
window is remarkable, compelling to figure out the story on the electrode surface.

2.2 The principles of water-in-salt electrolyte

The story on the electrode surface is captivating to find out in water-in-salt
electrolytes. Numerous studies have been conducted to shed light on the mecha-
nism underlying the broadening of the operating voltage window, employing a
variety of characterization techniques. First, on the positive surface, although it
is almost certain that TFSI anions combine to form a dense hydrophobic layer that
separates the water from the electrode, the ions remain mobilizable. The debate
mainly focuses on the negative side, where the formation mechanism of solid elec-
trolyte interphase (SEI) is still controversial. The SEI existence efficiently obstructs
the water approaching the electrode’s surface, but lithium ions still pass quickly,
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Figure 4.

The electrochemical stability window of LiTFSI-H,O electrolytes with various molality on nonactive
electrodes. (A) and (B) Magnified view of the vegions of outlined on negative and positive sides, (C) overall
electrochemical stability window. This figure has been adapted from Ref. [33] with permission from Science.
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thus suppressing the hydrogen evolution reaction (HER). One of the authentic
explanations is from Dubouis et al. [34], as shown in Figure 5: initially water is
reduced starting from the onset potential, and OH" is released along with H,. Then
OH" bonds with Li* to have LiOH, which is deposited on the surface. After that, a
nucleophilic attack occurs between LiOH or OH™ and TFSI anions (electrophilic
sulfur, precisely), generating F~ and some organic compounds, which bond with
Li* again to form a fluorinated layer, i.e., SEI. Significantly, the authors demon-
strated that the decomposition procedure of water and TFSI is proceeding simul-
taneously. Bouchal et al. [35] disclosed a precipitation/dissolution model, meaning
that the SEI is not stable following continuous dissolution due to local oversatura-
tion at the interface. The calculated model disclosed that the dissolution stems
from the driving force, which results from adverse flows between water (from

the solution to the electrode) and ions (from the electrode to the solution). This
model is versatile to interpret the SEI formation and then the dynamic decomposi-
tion/regeneration of SEI layer in a high-concentration electrolyte. Furthermore,
they demonstrated that over reducing free water process, the TFSI is chemically
decomposed, while chemical and electrochemical degradations of TFSI occur over
reducing bound water.

Water-in-salt definition sets the stage for extending the operating voltage
window in aqueous electrolytes, which means that a series of advanced electrode
materials in water can still work with an organic-electrolyte-like voltage arrange,
therefore targeting the high energy density but still keeping safe, green, and low-
cost properties. However, some challenge is still there. The critical issue is that it is
not passivated enough to protect the whole electrode surface from water at the first
cycle, as shown in Figure 6 [36]. It is found that the passivation is a gradual process,
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The diagram of SEI formation. This figure has been veprinted from Ref. [34] with permission from Royal
Society of Chemistry.
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which means that it requires many cycles (around 15 cycles) to establish the entire
SEI on the surface. Moreover, the SEI is not the stable and self-healing layer, mean-
ing that it can be decomposed during cycling and regenerated over a resting period.
Thus, future work should be focused on figuring out these issues.

3. Redox-ionic liquid electrolyte

Electrochemical capacitors include the electric double-layer capacitor (EDLC)
and pseudocapacitor. EDLC discovers a fast ions aggregation/separation on the
interface, resulting in high power but low energy because of the accessible area
limit. Pseudocapacitors can share the reversible and fast redox reaction on/near
the interface, leading to enhanced energy and moderate power. It motivates us that
constructing a new electrolyte, which includes the ionic liquid and redox species,
can offer a wide working voltage window and redox element, thereby improving the
energy without compromising the power.

3.1 The neat ionic liquid

As the third group of solvents, ionic liquid, compared with water or organic
solvents, prevails to achieve a larger voltage window. Moreover, lonic liquids have a
low melting point of less than 100°C due to their low volatility and nature as molten
salts [37]. As an enhanced electrolyte, its property can still be stretched, such as
high thermal stability, high ionic conductivity, and extensive liquid temperature
range. Depended on the above merits, ionic liquid has been intensively researched
in energy-storage applications, for example, battery and supercapacitor [38-46].

3.2 The enhanced redox ionic liquid

Although ionic liquid displays sizable merits as an electrolyte, the capacitance/
capacity is still far from the expectation. Recently, a promoted electrolyte, by bring-
ing in redox species, is earning intensive attention because it can obtain additional
faradaic reactions to boost the capacitance [47-52]. Then, the extra capacitance
from redox-active additives can lead to higher energy density. However, it is noted
that the redox-active moiety could result in robust self-discharge, and the redox
shuttles may cause the degradation of performance, for instance, low coulombic
efficiency [53]. It is inspiring that the above challenges can be relieved by redox
ionic liquid, which was first introduced by Rochefort et al. [24] in a supercapacitor,
where the redox-active moiety was covalently combined with one of ions in ionic
liquid. Based on EMIm NTf, base, Ferrocene was merged with imidazolium cation
or bis(trifluoromethanesulfonyl)imide anion to synthesize EMIm FcNTf and FcEIm
NTf,. As depicted in Figure 7, the two-electrode cell with EMIm NTf, displayed
arectangular shape, implying a classic double-layer capacitive behavior, namely,
occurring ions absorption/desorption on the interface. However, with ferrocene
species, the redox peaks could be observed in both EMIm FcNTf and FcEIm NTf,
electrolytes, which boosted the specific capacitance. Additionally, the Fc-enhanced
anion exhibited a strong suppression of self-discharge, resulting in an increase in
energy density and stability.

Thanks to the first successful modifying ionic liquid with redox moieties,
numerous works have been reported for redox ionic liquid. However, the majority
of research has concentrated on integrating a single redox species with a cation or
anion, which limits the redox contribution to capacitance. In our team, Fontaine
et al. [54] constructed a biredox ionic liquid, as displayed in Figure 8, where a
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Figure 8.

Structure of BMImTFSI and biredox AQ-PFS™ MIm'-TEMPO". (a) Charge stovage mechanism based on
ionic liquid (b) and biredox ionic liquid (c). This figure has been reprinted from Ref. [54] with permission
from Nature.

perfluorosulfonate anion linked with anthraquinone and a methyl imidazolium cat-
ion connected with TEMPO. Over the charge-storage process, in pure BMImTFSI,
the corresponding ions separated on the interface and access to the available porous
carbon surface following the classic double-layer capacitive concept without involv-
ing any Faradaic reaction. However, with the bulky size and high viscosity property,
the electro-adsorbed or trapped redox AQ-PFS™ and MI"-TEMPO" were difficult to
through the electrode passage, which could suppress the self-discharge. Thus, the
trapped biredox species enhanced the capacitance of a few redox reactions, while
the large significant capacitance maintained a stable vale over 2000 cycles without
obvious degradation. This work, as displayed, sets the stage for constructing a high-
energy supercapacitor.
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The Biredox ionic liquids are the new paradigm in a supercapacitor, meaning
that numerous works are missing to understand the “biredox” mechanism. The
central component of understanding the biredox paradigm is a better understand-
ing of electron transfer at the interface, which our team recently proposed [55]. The
electrons have to transfer from the electrode to the molecule, then leading to the
charge storage in the applied electrolyte. Marcus’s theory meticulously describes
the transfer process, but the theory must proceed on an ideal flat electrode, where
homogeneous and heterogeneous electron transfer occurs. The reality is that it is
more complicated with a non-flat electrode, especially, a porous material, as shown
in Figure 9. According to Marcus’s theory, kinetics involves two parameters: the
reorganization energy represents the required energy to reorganize the solvent as
it approaches the molecule, and the coupling parameter represents the interaction
between the molecule and the electrode. Depended on the parameters, it is practical
to use Marcus’s theory to describe the given case in the pore, where the electrode’s
porosity is close to the size of the molecule. But, without a good model and experi-
mental basis, it is difficult to depict the effects on electron transfer from the elec-
trode to the molecule. In a word, the related theory is still blank to show the electron
transfer movement in the confined pores.

The trick to incorporating redox-active species into ionic liquid is to increase the
energy density without sacrificing other properties, such as power density. Except
focusing on the electrode materials or upgrading the techniques, the wondrous
works about redox and biredox ionic liquid have been successfully reported to boost
the energy density with contributions from additional redox moieties, meantime
suppressing the in-house self-discharge. By storing charges in parts of electrolytes,
this promoted energy density offers a new route to build the enhanced supercapaci-
tor, but the energy is still unsatisfactory as lithium-ion battery. The classic double-
layer capacitor’ limitation remains that capacitance is limited by the available
specific surface area. The redox/biredox species can only migrate to the electrode’s
accessible surface area, not to the electrode’s bulk volume. This means that the num-
ber of redox/biredox moieties within the pores is limited, reducing the contribution
of redox reactions. The current works are concentrating on double-layer electrode
materials, primarily porous carbon. A possible solution is to expand the electrode
materials, such as pseudocapacitive electrodes that are still capable of rapid charg-
ing. But the specific surface area has marginal effects on the capacitance perfor-
mance. Then the redox/biredox parts may access to the entire volume of electrodes.
However, new issues may exist. The theoretical work should be more explored,
especially the charging mechanism on the interface regarding to redox species. The
confinement effect with the redox/biredox molecules in the pores may give us new
ways to advance our ionic liquid system. The charge storage mechanism on the inter-
face with redox/biredox ionic liquid electrolyte is still open in the supercapacitor.
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Figure 9.
Electron transfer on the flat electrode (A) and in microporous media (B). This figure has been veprinted from
Ref. [55] with permission from ELSEVIER.
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4, Conclusion

In this chapter, two advanced electrolytes are profoundly discussed. First, in
aqueous system, to boost the energy density, water-in-salt electrolyte is focused
to improve the operating working voltage window thanks to the crafted-capably
interphase. For traditional aqueous electrolytes, the limited voltage arrange largely
hinders the development of advanced supercapacitor device. In the water-in-salt
electrolyte, the water can be blocked by the formed interphase, but the ions still are
free to pass through. By breaking through the limit of potential, it is not a problem
to achieve high energy in aqueous electrolytes, compared with that in organic elec-
trolytes. However, as discussed above, the formed interphase needs many cycles to
passivate on the whole electrode surface, and it is not stable enough to keep the long
cycling charge-discharge procedure. Moreover, the formation mechanism of solid
electrolyte interphase is still not clear. The debate is still focusing on the detailed
way to shape the interphase, suggesting that the more theoretical work are required
to construct the whole map. For redox-active ionic liquid electrolyte, it is compel-
ling to enhance the capacitance by introducing the extra redox reaction to store
more electrons in the electrolyte instead traditional electrode, and meantime the
large voltage window is kept. Furthermore, based on designing the redox-enhanced
species, the biredox electrolyte can be also obtained to boost the capacitance via
using two couples of redox molecules. With matching with the proper size of poros-
ity, a confinement effect occurs, further having a positive impact on improving the
capacitance, and then energy density. The defect is that the more suitable model
and theoretical research are required to paint the whole picture about the electron
transfer from the electrode to the molecule. More significantly, the basic issue is
still the available surface area for electric double-layer electrode materials, which
is almost reaching the ceiling of its natural property. The redox molecule can still
access to the available surface rather than bulk of the volume. Now, it is interesting
to use the pseudocapacitive electrode materials to combine with the redox ionic
liquid. But it is important that the pseudocapacitive material has to match with
the applied redox ionic liquid to exert the bulk volume of electrode instead of the
limited surface.
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Wearable Supercapacitors,
Performance, and Future Trends

Litty V. Thekkekara and Imtiaz Ahmed Khan

Abstract

The progress in portable technologies demands compactable energy harvesting
and storage. In recent years, carbon-based lightweight and wearable supercapaci-
tors are the new energy storage trends in the market. Moreover, the non-volatile
nature, long durability, eco-friendliness, and electrostatic interaction mechanism
of supercapacitors make it a better choice than traditional batteries. This chapter
will focus on the progress of the wearable supercapacitor developments, the pre-
ferred material, design choices for energy storage, and their performance. We will
be discussing the integrability of these supercapacitors with the next generation
wearable technologies like sensors for health monitoring, biosensing and e-textiles.
Besides, we will investigate the limitations and challenges involves in realizing those
supercapacitor integrated technologies.

Keywords: carbon, energy storages, E-textiles, health monitoring, biosensing

1. Introduction

Wearable technologies can be defined as intelligent devices that can be worn or
attached to the skin’s surface where they can detect, analyze and transfer the data to
relevant systems [1]. The best example of E-textiles in the current market is sensors
integrated apparels incorporating technologies like antennas, energy harvesters,
and sensors [2]. These can enable the development of next-generation self-reliant
wearable applications for wireless communications [3, 4], health sensing and
monitoring [5-7], and light-emitting devices [8-10], which can find applications in
smart cities, remote areas, telecommunications, and biomedical industries [11].

In the current commercial market, we can find more than 1000 types of wear-
ables. Some of them include products from famous brands like Apple smartwatches
which includes healthcare monitoring, fitness trackers from Garmin, integrated
sensors in apparels from Nike and Adidas [12]. In the modern days, the research is
focused on developing textiles itself as a sensor to monitor the body functions [13].
The expected market size of wearables is around $57,653 million by 2022 [14].

In general, energy harvesters like piezo generators, which utilizes the energy
delivered from the mechanical motions within the body functions, or solar cells
which harvest energy from the Sun are utilized as a medium of energy harvesters,
and traditional batteries are used as energy storage in wearable devices [15-18].
Further, wireless charging is a promising concept for the powering of wearables
[19]. However, current wearable technologies are limited for continuous monitoring
due to the power failures from the integrated coin-cells or pouch cell lithium-ion
batteries [20]. Besides, batteries are volatile and suffer from heating issues [21].
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Flexible supercapacitors are an alternative energy storage to be considered for
wearable technologies due to the features like fast charging nature, long durability,
integrability with the technologies, and eco-friendliness [22-24]. In the chapter,
we will discuss how supercapacitors can be used as energy storage for supporting
wearable technologies and the challenges involved in it.

2. Performance

Supercapacitors are generally divided into two types: symmetric and asymmetric
based on their working mechanism. Symmetric supercapacitors can store electri-
cal energy through ion adsorption—desorption (electrical double layer capacitive,
EDLC) mechanism. In contrast, asymmetric supercapacitors work through the
Faradaic reaction (pseudocapacitive) between the electrode and electrolyte [25].
Besides, there are two types of configuration for the supercapacitors: (1) those have
a vertical structure comprising a separator sandwiched between two electrodes are
known as sandwich supercapacitors and (2) a micro supercapacitor (MSC) is based
on an interdigitated structures in the same plane as the current collectors, separated
from each other by an insulating gap (typically in the range of 10-100 s of microm-
eters) [26]. Finally, an electrolyte is coated on top and between the electrodes and
ensures ion transport along the basal plane of the electrodes [27].

In MSC, the insulating gap between the electrodes and electrode width decides
the migrating distance of electrolyte ions, which generates the equivalent series
resistance (ESR) [28]. With the reduction of the ESR, the performance of the MSCs
can be improved, and the calculation can be. The electrode thickness is another fac-
tor deciding the storage capacity of the MSCs [29]. The ESR energy storage capacity
of the supercapacitors is defined through the energy density (Eg4en), and the rate of
the charge transfer process, power density (Pgen) is analyzed using measurements
like cyclic voltammetry (CV), galvanic charge—discharge (CC), and impedance
measurements [27].

The formulas for calculating the ESR, E4e, (Wh cm™?) and Pden (W cm™), can
be defined as follows;

RESR = Vdrop /21 (1)
Eg., =C, x(AE)” x(2x3600) )
P, =(AE)" /(4ESRx V) 3)

where Rggp is the internal voltage drop at the beginning of the discharge, Vyrop, at
a constant current density, i calculated from the CC measurements, C, is the volu-
metric capacitance, AE is the operating voltage window in Volts, V is the volume of
the electrodes.

3. Materials and designs
Materials and designs are an essential factor that decides the energy storage

performance like flexibility, lightweight, storage capacity, how fast electrolyte ions
can move within the device, and electrochemical window of the device [27, 30].
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For wearables, a particular type of supercapacitors needs to be designed to match the
above specific requirements. In this session, we will discuss these aspects in detail.

3.1 Materials
3.1.1 Electrodes

The electrodes of supercapacitors require high surface area, long term stability,
resistance to electrochemical oxidation or reduction, the capability of multiple
cycling materials, optimum pore size distribution, minimized ohmic resistance with
the contacts, sufficient electrode-electrolyte solution contact interface, mechanical
integrity, and less self-discharge [25, 27, 31].

EDLCs mainly utilize carbon-based materials for the electrodes due to their high
performance [32]. One of the first EDLC developed employs activated carbon as the
electrode material, which exhibited capacity values of 2 F cm~?in H,S0, solutions
[33]. However, carbon exhibits slow oxidation, besides having high ESR. The low
performance of carbon is due to poor particle to particle contact of the agglomerates
as well as the high ionic resistance from the electrolyte distributed in the micropo-
rous structure, resulting in the poor high-frequency characteristics of carbon-based
capacitors. On the other hand, the carbon nanotubes do not produce satisfactory
capacitance unless a conducting polymer [34] is used to form a pseudocapacitance.

Graphene is a form of carbon with a high surface area up to 2675 m* g™ and
intrinsic capacitance of 21 pF cm ™2, which set the upper limit of EDLC capacitance
of all carbon-based materials [35]. Besides, both faces of graphene sheets are readily
accessible by the electrolyte. However, in practical applications, the surface area of
graphene will be much reduced due to agglomeration. Graphene-related materials
like reduced graphene oxide are cost-effective and widely used electrode materials
for EDLCs [36].

Pseudocapacitors which are asymmetric supercapacitors using different materi-
als like RuO,, Manganese oxide (MnO,), and conductive polymers like polyaniline
(PANI) with or without the symmetric electrode materials, becomes a direction
of interest to achieve the high-performance supercapacitors [37]. For example,
the hybrid of ultrathin supercapacitors made of MnO2 sheets and graphene sheets
using the direct laser writing method offers an electrochemically active surface for
fast absorption/desorption electrolyte ions (22). The contributions of additional
interfaces at the hybridized interlayer areas to accelerate charge transport during
the charge/discharge process resulting in an energy density and power density of
2.4 mWh cm™ and 298 mW cm ™, respectively. Flexible supercapacitors based on
manganese hexacyanoferrate-manganese oxide and electrochemically reduced
graphene oxide electrode materials (MnHCF-MnOx/ErGO) exhibiting a remarkable
areal capacitance of 16.8 mF cm™ and considerable energy and power density of 0.5
mWh cm™ and 0.0023 mW cm ™ [38].

Another approach is to use metals like the well-connected nanoporous gold film
to fabricate interdigital electrode materials for supercapacitors with high mechani-
cal flexibility [39]. These supercapacitors exhibit a capacitance of 127 F cm™ and
an energy density of 0.045 Wh cm™>. The gold metal is known for its high electrical
conductivity, and the concept adopted can be effectively used to integrate with
devices in a lesser aerial footprint.

3.1.2 Electrolytes

The electrolyte of supercapacitors has a crucial role in deciding properties
such as the energy density, power density, internal resistance, rate performance,
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operating temperature range, cycling lifetime, self-discharge, non-volatile nature,
and toxicity of the energy storage. The electrochemical range of an electrolyte
decides the cell voltage window of the energy storage like the batteries and superca-
pacitors [25] and is governed by the equation,

E=1CV> (4)

where E = energy density, C = specific capacitance and V = cell voltage.

The electrolytes used in energy storage can be classified as liquid electrolytes
and solid/quasi-solid state electrolytes [40]. Liquid electrolytes can be further
classified as aqueous electrolytes with a voltage range of 1.0 to 1.3 V, organic
electrolytes within the voltage range of 1 to 2 V, and ionic liquids (IL) with a voltage
range of 3.5 to 4.0 V [41]. The solid or quasi-solid state electrolytes can be classified
as organic and inorganic electrolytes with a voltage range of 2.5 to 2.7 V.

Among different electrolytes, aqueous-based electrolytes possess high con-
ductivity and capacitance. However, they are limited by low cell voltage windows
whereas organic, and IL electrolytes can operate at higher cell voltage windows.

ILs are used in wearable energy storage owing to their interesting properties like
non-flammability, low vapor pressure, and significant operating potential window.
Solid-state electrolytes are devoid of leakage issues but are limited by the low
conductivity [42].

3.1.3 Designs

It is highly recommended to have an optimized design for supercapacitor elec-
trodes for high output performance. In the commercial supercapacitors, sandwich
structures in which electrode-electrolyte-electrode configuration is utilized [26].
Nevertheless, these designs can result in bulky storages, which is less favorable for
lightweight wearable technologies.

On the other hand, the printed supercapacitor, based on 2D planar interelec-
trode configuration, is utilized as the basic designs for the printed electrodes.
However, the performance is limited in comparison to the sandwich counterpart
[43]. This has lead to the consideration of other designs like a spiral, split rings, and
onion petals which demonstrated an increase in the electrode-electrolyte interac-
tions in the supercapacitor [44]. A considerable enhancement in the storage capaci-
tance and power density was offered with the utilization of the fractals designs [18],
which can offer an unlock towards the development of high capacity miniaturized
[23, 45, 46] as well as large scale supercapacitors that can be integrated with the
textiles and other wearables [47].

The other area of recent interest in the designs is the origami concepts to
improve the performance of the printed supercapacitors [48]. The research used
the active materials in suitable geometry to create self-folding structures to per-
form folding or unfolding functions without having kinetic movements due to
external forces.

3.1.4 Encapsulation

The wearable energy storage will be exposed to conditions like water moisture
conditions from sweating, washing, weather conditions, and atmospheric pollution.
All these conditions can adversely affect the performance of these energy storage.
Besides, the presence of corrosive and volatile electrolytes can be dangerous to the
user’s health. Effective encapsulation is an essential condition to sustain a safer
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storage performance while maintaining a flexible nature [49-51]. Ecoflex and poly-
vinyl alcohol (PVA) are the standard encapsulations used for the current wearable
energy storage [47, 52].

4. Types of wearable supercapacitors
4.1 Coin/pouch supercapacitors

The most commonly used energy storages for portable devices like smartwatches
are the coin and pouch cells. Due to the well-developed production line for the long-
used methodology, there is high interest in the adaptability of the technique with
the extension towards the supercapacitors for the emerging wearable technologies
[53-55]. Pooachi et al. recently developed prototypes of coin cells and pouch cells
from nitrogen-doped reduced graphene oxide electrodes with phenylenediamine-
mediated organic electrolyte with a high specific capacitance of 563 and 340 F g™*
with high energy density 149.4 and 772 Wh'kg " at 1 A g™ [56].

4.2 Printed supercapacitors

A less complex solution to the energy storage demands of wearables, printed tech-
nologies offer highly adaptive methodologies for producing adhesion between the
electrodes and current collectors/substrates and eliminates the requirement of inert
additives for active materials. In general, supercapacitor printing techniques can be
classified into two categories, techniques which do not require a template (example-
inkjet printing and 3D printing) and techniques utilizing a template (example-screen
printing). All these techniques must be coordinated with the printable materials for
improving electrochemical and mechanical performance in a less footprint [57].

Among them, laser-induced graphene based supercapacitors attained excep-
tional attention due to the cost-effectiveness and ability to integrate with wearable
applications in specific scales [58, 59]. Recently, demonstrated textile integrated
solar graphene energy storages of 100 cm” with a performance of an areal capaci-
tance, 49 mF cm™, energy density, 6.73 mWh cm™, power density, 2.5 mW cm™,
and stretchability up to 200%, which can effectively be utilized for the realization
of functional textiles to support applications like sensors, and displays [47, 60].

Printing high-performance supercapacitors in lesser footprints can develop
three-dimensional (3D) supercapacitors [61]. The concept of the layer by layer
stacking of individual supercapacitors obtained from the laser-induced graphenes
from PET sheets which result in an areal capacitance >9 mF cm™ [62, 63]. This
methodology is a promising direction towards the future of energy storages to
be considered for the ultra-portable and flexible applications. Besides, there are
reports of using multilayered structures made of rGO/Au particles [64]. The
development of additional features like stretchability up to 50% in 1000 stretch
cycles with the 3D supercapacitors will contribute towards the withstanding of the
deformations and prevention against the performance degradation [65].

Nonimpact printing technology like inkjet printing is an additive-based
approach that can create patterns either continuously or in steps by propelling drop-
lets of liquid precursor materials onto various substrates without the aid of prede-
signed masks through the control of printer head and ink toner [66]. The formation
of printed features depends on the capability of the inkjet printing apparatus,
the viscosity, surface tension, dispersibility of the inks, and the wettability of the
substrates to be printed on [67]. Yu and co-workers reported paper-based, all-
solid, flexible, planar supercapacitors by inkjet printing PEDOT: PSS-CNT/silver
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nanoparticle as the electrode material [68]. The obtained microdevices were able
to demonstrate rate capability up to 10 000 mV s, fast frequency response (relax-
ation time constant of 8.5 ms), high volumetric specific capacitance (23.6 F cm™?),
and long cycle stability (92% capacitance retention after 10, 000 cycles).

Screen printing is another approach for printing and is conducted through
squeegee by pressing the ink down with enough force to penetrate through pre-
patterned masks (screen or stencil) onto the desired substrate [69]. The process
can be conducted on both rigid (silicon or glass) and flexible substrates (textiles or
papers) and can reach a minimum resolution of 30-50 pm [70]. The quality of the
resulting features depends on the stenciling techniques, the printability of the inks,
and the affinity between the ink and substrate. Even though this method is capable
of mass production, some issues like printable ink must have a high viscosity, and
suitable shear-thinning property limits the potential. Using this methodology, Lu
et al. prepared an all-solid MSC by screen-printing FeOOH/MnO, composites on
different substrates like PET, paper, and textile. The fully printed supercapacitor
exhibits a high area-specific capacitance of 5.7 mF cm™ and an energy density of
0.0005 mWh cm™ata power density of 0.04 mW cm™ [71].

Roll to roll printing of supercapacitors through the low-temperature laser
annealing process of roll-to-roll (R2R) printed metal nanoparticle (NP) ink on a
polymer substrate is an area of interest that can have the largescale commercial
applications [72]. Another approach is to laser-print the toner on metal foils,
followed by thermal annealing in a hydrogen environment, finally resulting in the
patterned thin graphitic carbon or graphene electrodes for supercapacitors. The
electrochemical cells are made of graphene-graphitic carbon electrodes, which can
be roll-to-roll printed [73].

4.3 Yarn based supercapacitors

E-textiles are the new frontiers in the history of fabrics that incorporate the
technologies like displays and sensing [60, 74, 75]. Textiles or fabrics are flexible
materials, which use fibers originating from natural or synthetic as fundamental
building blocks, with a considerable length to diameter ratio (~1000 to 1) [76]. The
fabrics can be in the form of staples or filament.

Natural fibers such as cotton staple fiber have a limited length. Filament fiber
tends to be continuous in length, whereas silk is an example of a natural filament An
example of synthetic fibers are filament fibers. Both staple fibers and threads can be
made into yarns and fabrics. A more recent form of textile is electrospun, where the
fabrication is achieved by applying a high voltage to an aqueous polymeric solution.
The polymer can be organic or inorganic, depending on the intended application.
Yarn is along strand constituting textile fibers, filaments, or similar material
converted to a textile fabric through weaving, knitting, or other intertwining tech-
niques [77]. The yarn can be formed from various manufacturing processes. The
spinning process is used to convert fibers into yarns, usually by twisting together
several fibers. Usually, in spinning, fibers are aligned in one axis and are axially
twisted. The direction of twist is denoted by ‘S’ or ‘Z’ twist.

When looking for 2D fabric devices such as supercapacitor devices, the usual
architecture found in the sandwich [78] and in-plane (planar) configurations [79].
The in-plane architecture is more flexible than its sandwich structure counterpart
due to its lightweight and flexibility (structural design), making it a more suitable
option when working with 2D active electrode materials [80]. In the case of 1D yarn
supercapacitors, common existing device shapes include coaxial [81], core-spun
[82], parallel [83], two-ply twisted [84], and helical structures [85].
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5. Future trends—scalability and integration of wearable
supercapacitors

The major hindrance of the current wearable energy storage to be com-
mercialized is its limitation for large-scale fabrications to meet the power
requirements of integrated technologies [86]. Besides, for textile-based wearable
technologies, another challenge is developing a single textile unit incorporating
energy storage and devices together. The achievement of cost-effective all-in-one
wearable technologies without compensating the performance of the technolo-
gies is a great challenge in this area [87-96]. Some fo the research groups dem-
onstrated the laboratory protoypes in this area and in Figure 1, we summarized
these studies.

Only a few groups so far that reported about the possibilities of developing their
energy storages can be developed into self-powered wearable technologies using the
industrial machinery because of the low performance [97]. Besides, the cost-effec-
tiveness of the process needs to be attractive in comparison to the existing battery
technology. Nevertheless, the development of printing methodologies like screen
printing [56], inkjet printing [61], and laser printing seems to be a solution to the
stitching issues currently faced by the yarn-based energy storages. The successful
generation of high-performance flexible, lightweight, miniaturized supercapaci-
tors will enable a step closer to realizing eco-friendly, non-volatile portable and
wearable devices.

Flexible
on-chip solar
energy storages [18]

Self-powered
Textiles [17, 50]

Smart
Windows [97]

Biosensors

(88, 90, 92)

Health monitors |*
(89, 95]

Shape
Memory [94]

Fluorescent

Integrated
photo detecting
Systems [93]

Gas sensors Human Energy

(87] Fibers [96]

harvesters [91]

Figure 1.
Applications benefited from the wearable supercapacitors.

6. Conclusions

Supercapacitors which leaves the further possibilities of miniaturization without
compromising the high energy storage capacity and transfer rate provides the scope
of improvement to be adopted as an eco-friendly, non-voltaile energy storage source
for the future wearable technologies.
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Piezoelectric-Driven Self-Powered
Supercapacitor for Wearable
Device Applications

A. Bhavathi Sankar Ammaiyappan and Seyezhai Ramalingam

Abstract

Supercapacitors are the most promising energy storage devices that bridge
the gap between capacitors and batteries. They can reach energy density close to
the batteries and power density to the conventional capacitors. Several kinds of
research have been carried out in the field of supercapacitors for the development
of promising electrode and electrolyte materials as well as device fabrications to
breakthrough in energy storage systems with diverse applications in electronics.
They have a broad range of applications as they can deliver a huge power within a
very short time. The applications of supercapacitors in several sectors like consumer
and portable electronics, transportation and vehicles, power backup, biomedical,
military, aerospace, etc.

Keywords: Piezoelectric, Self-powered, Supercapacitor, Energy harvesting

1. Introduction
1.1 Supercapacitor as next generation energy storage device

The continuous development of smart electronic devices and industrial high-
power devices has made a strong requirement of high-performance electrochemical
energy storage devices. Out of various electrochemical energy storage devices
available in the market. Lithium-ion batteries (LIBs) and supercapacitors (SCs)
find a considerable application. However, SC device offers a wide variety of benefits
in the electronic devices. Some of the benefits related to the SC device are it offers
low-cost material E.g., Activated Carbon (AC), lightweight and long durability cell
performance for the smart and portable electronic devices. In the past few decades,
the rapid growth in the advancements in the development of portable electronic
systems has stimulated the research interest among researchers to design and
develop innovative electrical energy storage devices with maximum energy density
and power density. SCs or supercapacitors are electrochemical energy storage
device that store electrical charges via electrochemical and electrostatic charge
storage mechanism takes place at the surface of the electrode. SCs hold high energy
performance as compared to common dielectric capacitors and hence SCs are
extensively utilized not only for powering several portable electronic devices but
also plug-in hybrid electric vehicles.
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SCs showed outstanding potential as an energy storage device as compared
to LIB systems because of their high-power density, super-longer cycle life, and
longer cyclic stability. SCs are already being used worldwide in various applications
ranging from automotive, renewable energy to consumer electronics and even
employed in the bio-medical field of application. SCs are steadily paving the way
for hybrid power storage applications, such as complimentary batteries, especially
in two-wheeler applications. Various market reports estimate the global demand for
SCs to grow tremendously, primarily driven by different consumer electronics and
automotive applications, to provide backup power. SCs provide the necessary power
backup required for the smooth functioning of applications such as video calling,
high-quality image output which is captured during the night-time using cameras,
wireless communications, and global positioning system (GPS) navigation, etc.

As per the IDTech Ex report, the global supercapacitor market is expected
to reach US$ 8.3 billion by 2025. The market is projected to grow at a compound
annual growth rate (CAGR) of 30 percent till 2025 as depicted in Figure 1.
Consumer electronics and automotive will be the highest revenue-generating seg-
ments during this period. Although the supercapacitor market is at a nascent stage,
ample emerging growth opportunities are available for the future. Highlighting
features such as regenerative braking and easy application in hybrid electric vehicles
(EVs) are making supercapacitors the best-suited device in automotive applications.
Increasing demand for renewable energy generation has been observed in countries
across Europe, Asia, and the USA, which would further fuel the supercapacitor
market growth.

Interestingly, the supercapacitors market in India is projected to grow at a com-
pound annual growth rate (CAGR) of around 16% during the year between 2012
and 2022 on the account of a huge demand for supercapacitors from the consumer
electronics segment (Figure 1). Supercapacitors are used in several devices in the
consumer electronics category such as smartphones, laptops, TVs, cameras, light-
ing appliances, GPS devices, etc. Moreover, the evolution of supercapacitors as a
sustainable energy storage solution, growth of the electric vehicles market, and
increasing capacities of supercapacitors resulting in their application in the wind
and solar power sectors is anticipated to boost demand for supercapacitors in India
during the next five years.

According to ‘Supercapacitor Market Landscape Study’ prepared by the
Electronic Industries Association of India (ELCINA), an apex industry association
supporting the electronics and IT hardware manufacturing industry, by 2020, the
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Figure 1.
Schematic diagram of energy harvesting various power range.
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overall market opportunity for supercapacitors in India will be approximately 1 bil-
lion units, with major demand from consumer electronics, EVs, renewable energy,
railway, and defense, etc. Supercapacitor technology has not yet been commercial-
ized in the Indian market, and supercapacitors are not yet common in use. Only a
handful of companies and research laboratories are working on their manufactur-
ing in the lab proto-type level. However, considering growing concerns of environ-
mental issues, global warming, air pollution, green energy as well as government
initiatives “Make in India” in which India becoming a global manufacturing hub,
the Indian market is poised for an explosive demand for supercapacitors in various
sectors due to their diverse applications.

1.2 Supercapacitor developers

The requirement for the SC device is increasing day by day. So there isa
potential opportunity for the SC developers in the market. Recently, the number
of manufactures and developers for the SC device is increasing rapidly. The two
categories of SCs device is available in the market. i.e. aqueous and non-aqueous-
based SC. However, the non-aqueous-based SC developers have occupied the
majority of the market. The main reason is organic electrolyte offers high operating
voltage. So it offers high energy density without sacrificing its power density. The
solvent mostly used in organic SCs is acetonitrile (ACN) and propylene carbonate
(PC). The two solvents ACN and PC are responsible for the high voltage operation
of the SC device. However, currently, 50% of the SC manufacturer’s available in the
market offers non-toxic and non-combustible electrolyte with unique performance
and quality. Based on the Electrochemical energy storage requirements the applica-
tion of SC varies. The various available SC manufacturers and developers will be
discussed in detail in the following sections.

In general, SC manufacturers offer to build the device in a cylindrical or pris-
matic design. In cylindrical manufacturing, electrode cells are deposited onto a
sheet and wound like a jelly roll into a cylinder. A casing maintains the capacitor’s
shape. Cylindrical designs are more common, but more prismatic designs are
evolving so that EDLC based supercapacitors can substitute for LIBs in consumer
electronics. Most established companies in the SC area are based in Japan, however
many startups are located in the USA and Europe.

1.3 Global supercapacitor and supercapacitor manufacturers

Maxwell technologies are the United States of America (USA) based SC
company/manufacture. The company was founded in the year of 1965. But now,
Maxwell Technologies is one of the leading supercapacitor manufacturers in the
global supercapacitor market with is having huge customers around the globe
through its device performance. Maxwell’s supercapacitors are rapidly evolving
and increasingly used technology that can charge and discharge energy quickly and
efficiently. Maxwell technology Supercapacitors supplement the main source of
energy, that cannot usually cause rapid explosions, such as a combustion engine,
battery, or fuel cell. The horizon of the future looks bright for supercapacitors,
that are readily distinguished as a potential alternative energy source. The various
products of Maxwell technology offer for commercial applications, including high
voltage capacitors, microelectronic components, and systems, telecommunication
equipment as environmentally safe backup power supplies.

Second, Murata Manufacturing is a Japan-based supercapacitor company that
was laid in the year of 1944. Murata is also involved in the design and develop-
ment of Supercapacitor for the global market. Murata is mainly involved in the
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manufacture of lower farad capacitors, and sales of electronic parts, includ-

ing components for supercapacitors and piezoelectric products. Nanoramic
Laboratories, formerly known as FastCAP Systems, is a USA-based SC manufacture
that specializes in nanocarbon materials and high operating temperature SC.
FastCAP Supercapacitors, specializes in harsh environment energy storage systems,
producing supercapacitors capable of operating in temperatures up to 150°C and
under conditions of high shock and vibration.

To find a replacement for the Lithium-ion batteries in small scale, Paper Battery
Company (PBC Tech), is the manufacturers for the ultrathin supercapacitors as
replacements for lithium batteries. The PBC tech’s SC offers ultrathin supercapaci-
tors of 1 Farad. Also, the company targets the consumer electronics, wearables, and
wireless sensor markets.

On the other hand, Skeleton Technologies is the SC manufacture from Estonia
who manufactures and develops EDLCs with high energy and power density. The
company serves many applications to the market includes transportation, automo-
tive, industrial, and renewable energy markets. Also, skeleton technology SC offers
high-end carbon and adsorption materials to the energy storage application. Like
the same, Yunasko is a Ukraine based SC manufacture laid in the year of 2010, who
develops prismatic type EDLCs capacitor to the market. Its R&D facility is located
in Ukraine. Yunasko EDLC cells are manufactured in special prismatic encasements
made from multi-layered laminated aluminum foil. Depending on the number
of cells connected in series, the module can handle the voltage range from 2.7 V
(single-cell) up to 750 V (large assemblies of cells).

2. Energy harvesting for self-powered wearable device applications

Piezoelectric harvesting has proven to be a new solution to replace lead acid bat-
teries and lithium-ion batteries in remote power supply applications. Unfortunately,
low energy efficiency is shown in Figure 1 to make effective use of energy enhance-
ment in daily life. The Power Electric perspective was introduced after reviewing
the current research literature on piezoelectric energy harvesting focusing on low
frequency vibration mechanics from circuit design. Piezoelectric energy can be
used for low power generation due to its high energy storage capacity. The energy
harvester to convert stored crop energy includes electrical energy and renewable
energy. The reason for choosing piezoelectric is the high energy storage capacity
as shown in Figure 2. In piezoelectric energy harvesting, the piezoelectric sensor
is used as a harvesting vibrational material and the supercapacitor storage ele-
ment [1-4].

Recent advances in super-low electronic microcontrollers have produced Device
that provide unprecedented integration with the amount of energy used. These
chip systems have powerful energy-saving schemes, such as shutting down idle
work. In fact, these devices require very little power to use, so most sensors are
wireless because they run easily on batteries. Unfortunately, the batteries need to
be replaced regularly, which is very expensive to produce and the most difficult
maintenance [5-7]. The sensory atmosphere is an effective wireless energy solution
for harvesting the surrounding mechanical, thermal, solar and electro-magnetic
forces in Figure 2.

Analog devices provide ICs with high power for super-low power generation
applications. Power management products that convert energy from vibratory
(piezoelectric), photovoltaic (solar) and thermal (TEC, TEG, thermopiles, ther-
mocouples) provide high-performance conversion to source controlled voltage and
charge batteries, supercapacitors and storage devices. Booster converters operate on
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Schematic diagram of ambient energy source and energy harvesting technologies.
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Figure 3.
Block diagram of energy harvesting system.

small 20 mV high capacity battery chargers, expanding the possibilities of automa-
tion and industrial control, wireless sensors, navigation, applications and portable
electronics [8-10]. Current low power controllers, app amps, comparators, voltage
monitors, ADCs, DACs and low power storage devices provide additional blocks for
standalone systems as shown in Figure 3.

The renewable energy environment is very energy efficient, so energy harvesters
are a good source of energy for IoT applications, eliminating the need to replace
and dispose of batteries. However, low-power harvesters are often unable to provide
the high capacity needed to collect and transfer data. This article shows you how
to use a supercapacitor mounted on an energy harvester to provide the maximum
power needed using a small piezoelectric strip as a case study. A standard power
supply consists of a power harvester that connects a large charging circuit directly
to the supercapacitor with a direct load. The high C and low ESR of the supercapaci-
tor keep the electrical energy constant for the load while breaking its high power
[11-14].
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Over the past decade, flexible electronics, wearable electronics, and
portable devices have become of great importance in various fields such as
mobility, consumer technology, biomedical, sports, clean and natural energy.
Therefore, since high power consumption is required, these electronics require
smart energy storage devices. In various energy storage systems, supercapaci-
tors are an important device that can deliver high power in a very short time
with new energy storage methods. Supercapacitors are a good energy sav-
ing device that closes the gap between electrolytic capacitors and batteries.
Compared to traditional electrolytic capacitors, the supercapacitor can use
batteries and power supplies near the power supply. Much research has been
done in the field of supercapacitors in the manufacture of fine electrodes and
electrolyte materials and in the development of energy-efficient electronic
storage systems. Initially, supercapacitors were produced from high-carbon
materials by forming a double-layer structure. They have excellent power with
very high discharge rates and long cycle life. However, over time many types
of pseudo supercapacitor gain interest due to the high energy levels obtained
from their faradaic process as a result of the surface redox reaction. Recently,
hybrids of two building materials have been improved using the low energy
content of carbon material and poor performance, as well as the interaction
of the two components to overcome the surface area of pseudo supercapaci-
tors Therefore, it is possible to achieve efficiency between capacitors and
conventional batteries by improving power and maximum power. In the first
stage, supercapacitors were traditionally used as hybrid electric vehicles as well
as alternative energy-saving devices in batteries or fuel cells. Since then, this
attractive electrical device has slowly evolved into a backup power provider
with batteries and fuel cells. Nowadays, supercapacitors occupy applications
in many fields such as wearable electronics, flexible electronics, portable
electronics, electric vehicle transportation, electric power storage, biomedical,
military and aerospace. This paper details the multiple uses of supercapacitors,
their real-time application in modern technology and the end of convenience
trends [15-24].

3. Methodology

Ambient power sources include light, temperature variation, vibration beam, RF
signal signals or other sources that can generate electricity through a transducer. For
example, small solar panels have been using hand-held electronic devices for years
and can produce 100 mW / cm2 in direct sunlight and 100 pW /cm?2 in indirect
light. See beck devices convert thermal energy into electrical energy, where the
temperature gradient is obtained. Energy sources vary according to body tempera-
ture, with earth producing 10 pW/cm? for a fire stack capable of producing 10 mW/
cm’. Piezoelectric elements can produce up to 100 pW/cm? depending on their size
and formulation and are shown in Figure 4. RF energy is collected by the harvest-
ing antenna and emits 100 pW/cm”.

Piezoelectric Transducer Application Figure 4 illustrates the piezoelectric
system that, when plugged into an air transmission, produces 100 pwatts
of power at 3.3 V. The deviation of the piezoelectric element is 0.5 cm at a
frequency of 50 Hz. Harvesting of mechanical energy in human motion is an
attractive way to obtain clean and stable electrical energy. Piezoelectricity is
the electrical energy generated by mechanical pressure (e.g. walking, running).
When pressure is applied to an object, there is a negative charge on the elongated
side and a positive charge on the suppressed crystal piezoelectric side. When
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Figure 4.
Block diagram of principle of piezoelectric materials.

pressure is applied, electrical energy flows through the whole. Widely used
resources: solar power, triboelectric nano generator power and piezoelectric
power. This study focuses on piezoelectricity because it relies on mechanical
stresses to obtain electrical energy and some resources are not always reliable.
Compared to the three nano generators for maximum energy storage capacity,
piezoelectric has more energy saving properties than other energy generation
methods.

Piezoelectric sensors should be placed on the two main parts of the shoe
where high pressure will occur. A piezoelectric generator is installed inside the
shoe insole. The shoe has two points, where the pressure is very strong and the
heel and toe, and the piezoelectric sensor wing are the exact location shown in
Figure 5. The piezoelectric array arrangement fixes the shoe insole. One sen-
sor can produce 3-5 volts in a constant pressure application, in which case four
sensors are connected in parallel, which increases the probability of obtaining
the highest gains. It is more advantageous to use piezo polymeric materials than
piezoelectric materials when it comes to using sensors, as polymer films can be
easily made in different sizes. However piezo ceramic sensor was used in this
work because it is available for sale at low cost.

The design includes series-connected piezoelectric generator units. The front
panel features piezoelectric generators with a straight forward arrangement and a
rear panel with circular rotation. The acquisition and charging side collects inter-
mittent or continuous power input from the piezoelectric generator and charges
its power properly in the supercapacitor bank. During the charging process, the
supercapacitor voltage is constantly monitored. When it reaches 5.2 V, it can power
the module’s output rectifier and charging circuit.
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Arrangement of piezoelectric generator inside a shoe insole.

The piezoelectric generator is mounted on the shoe. As a person moves, pressure
builds up on the ground and this pressure can be converted into electrical energy
and used to charge the supercapacitor. This energy storage system uses biomedical
sensor applications.

There are many studies that successfully explore power augmentation in labora-
tories, but the overall efficiency of the underlying systems is limited to the trade-off
between the capacities of each system. For example, some researchers pay full
attention to increasing the productivity of a piezoelectric source, while dissipating
the controller’s energy reduces the useful energy stored in the energy buffer. The
functional cycle of a supercapacitor with a high-performance life cycle is investi-
gated based on a systematic analysis of piezoelectric power generation from a power
management perspective.

4, Results

Successful design of complete wireless systems requires energy-saving micro-
controllers and transducers used from low-power electronic applications. Since both
are now readily available, the active power conversion product capable of changing
the output of the transducer is active energy. The LTC3588-1 shown in Figure 6 is
a complete power generation solution designed for high impedance sources such
as piezoelectric transducers. It features a full bridge rectifier and a highly efficient
buck converter of low damage bridge rectifier that transfers power from the device
to the output at a controlled capacity capable of supporting loads up to 100 mA. The
LTC3588-1 is available in a 10-lead MSE package with 3 mm x 3 mm DFN.

Figure 7 shows the power generation system with the methods of harvester,
transducer and power condition circuit that converts this stored electri-
cal energy into a controlled power supply. The transgender may also need a
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Simple circuit diagram of piezoelectric-driven charging supercapacitor.
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Simulink model of piezoelectric-driven supevcapacitor for charging and discharging.

controllable power supply network between the power transducer and the
power storage element to block the power supply or to adjust the AC signal in
the case of a piezoelectric device. Operating Example LTC3588-1 The out-
put power of the transducer must exceed the minimum power limit, which
increases the specific power limit set at the input pins DO and D1. To transmit
high power, the power transducer must have a double open circuit voltage and a
short-circuit current of input voltage, which is twice the required input shown
in Figure 6. These requirements must be kept to a minimum uninterruptible
power supply capacity.

The piezoelectric generator, which is the constant current charge level of the
supercapacitor, can be obtained by exposing the working cycle of the buck regula-
tor using software used for pulse width modulation. The test results confirm the
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electrical circuit model of the piezoelectric generator, the presence of a constant
current charged supercapacitor, and the simple control of the circuit designed as
shown in Figures 8 and 9.
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Hardware implementation of piezoelectric driven charging and discharging supercapacitor for LED flash
application.
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5. Wearable electronics

Wearable electronic devices represent a paradigm shift in consumer electron-
ics, body sensing, synthetic skins and wearable devices. Since all of these elec-
tronics devices require electricity to operate, portable electrical systems are an
integral part of portable devices. In fact, the electrodes and other components in
these electronics devices must be flexible and comfortable for the user. Presented
here is a critical review of devices designed for power conversion and storage
applications for use on portable devices. The main focus is on the development
of solar cells, triboelectric generators, piezoelectric generators, Li-ion batteries
and supercapacitors for the wearable device applications shown in Figure 10.
These devices must be attached to the fabric., Interaction takes place. Limited to
devices made with fiber and ribbon. Some major challenges and future guidelines
will also be followed [24-27].
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Figure 10.
Application of wearable electronics.

6. Flexible electronics

Solid state flexible supercapacitors have many applications that are
flexible and wearable for current and future generations. Flexible
supercapacitors can be easily connected to wearable clothing and serve as
a power supply for various electronic devices such as mobile phones. The
energy generated by piezoelectric generators can be stored in a large stor-
age device and used to charge cell phones. An example is a supercapacitor-
powered t-shirt called a “sound charge” that can generate electricity under
the pressure of sound waves. The T-shirt tested at the Glastonbury event
produced enough power to recharge two basic phones over the weekend.
Activated carbon screen-printed, woven and woven with carbon fiber-based
supercapacitor electrodes, fitted with a long-sleeved T-shirt, as shown in
Figure 11 [28-32].
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Flexible Health Monitoring Tracker

Figure 11.
Application of flexible electronics.

7. Implantable healthcare

Piezoelectric charged supercapacitors are widely used in many fitted healthcare
systems where microwatts up to milliwatts are required. These supercapacitors are
used for cardiac pacemakers, insulin pumps, and health care systems. Continuous
glucose monitoring (CGM) systems monitor glucose levels throughout the day.
CGM users inserted a small sensor wire under their skin using an automated device.
This attachment has a CGM sensor housing so that the sensor can measure glucose
readings in the fluid day and night. A small, reusable transmitter leads to the sensor
and sends real-time readings to the receiver wirelessly, allowing the user to view the
data. For some systems, a smart compatible device with a CGM application acts asa
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Figure 12.
Continuous glucose monitoring (CGM) sensor, receiver and transmitter.
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display device. A convenient receiver or smart device reflects current glucose levels,
as well as historical trends in levels. The compatible CGM receiver and/or smart
device can be set to send alerts to the user when the glucose limit is reached [33-39].
With the advancement of technology in the wireless network and
microelectromechanical system, smart sensors designed to be set up in
remote locations, such as pull-sensing health sensors and medical sensors
implanted in the human body, have lost a CGM (continuous glucose moni-
tor) device. It provides “real time” glucose reading and trends in glucose levels.
The glucose level reads under the skin every 1-5 minutes (10-15 min delay).
This suggests that high and low glucose monitors turn on alarms and inform
diabetes management practice. Finding a battery replacing sensor is expensive
and costly every time. In embedded cases, access is impossible and devastat-
ing. With the advent of energy-efficient harvesting technology, the lifespan of
those sensors can be significantly extended or replaced by their own batteries,
as shown in Figures 12, 13 and 14 [40-45].

s

\
fee— mpate Moz mﬂhml
Ensrgy Hanvestens 0y shrage Devices

Figure 13.
Bio-medical sensor application for supercapacitor.

2012-2018

Figure 14.
Application of portable electronics and medical equipment.
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8. Portable electronics

Nowadays, we cannot imagine a world without portable electronics like smart-
phones, smartwatch, laptops, cameras, and much more, making our daily life more
modern to accomplish various new tasks. However, these smart electronics need
power with energy-saving systems. Supercapacitors play an important role as an
energy storage system as well as batteries. Hybrid devices with battery-superca-
pacitor hybrids are the best choices for current and future electronic power supply
devices. This combination enables lightweight battery devices to be integrated into
small portable electronic gadgets such as the clock, sensors, cell phone and headset
shown in Figure 15.
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Figure 15.
Application of Portable Electronics.

9. Summary and outlook

Supercapacitors are unique energy storage systems between batteries and elec-
trolytic capacitors based on their electrical performance. These can supply power
as capacitors and bring the energy density closer to the battery. Research is not
limited to the development of electrode materials and electrolytes and other materi-
als. Many new promising supercapacitor devices are also designed for portable
and wearable electronics. Made with the best development sandwiches, planers,
wires, fibers, cables and more wearable and flexible supercapacitors. Research has
been advanced on supercapacitors such as piezoelectric, shape-memory, thermal
management systems and to extend working applications. In flexible electronics.
Therefore, supercapacitors have evolved from composite applications to energy
storage systems to portable and wearable electronics, smart clothing, automotive,
energy-saving systems, implantable medical devices, and emerging technologies
such as military and aerospace craft applications.
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Supercapacitors are presently applied in various devices and have the potential
to be used in many fields in the future. For example, the use of supercapacitors
is currently limited not only to automobiles, buses, and trucks, which have been
electrified recently, but also to railways and aircraft. We believe that these devices
are the most suitable physical batteries for absorbing regenerative energy produced
during motor regeneration; thus, further research and development in this direction
is expected in the future.
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