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Title: Synthesis of NiMn2O4 and its ordered structure for Supercapacitor electrode.

In recent years, the search for efficient and sustainable energy storage systems has intensified,
with supercapacitors emerging as a promising solution due to their high power and energy
density, rapid charge/discharge capabilities, and long cycle life. Commercial supercapacitor
utilizes high surface area carbon as an electrode to store charges. But, these types of devices
lack the high energy density. electrode. Ideal supercapacitor electrode materials should have a
higher surface area, good electrical conductivity, optimum porosity, and excellent chemical and
thermal stability. On the other hand, different transition metal oxides and few conducting
polymer-based (PVA, PANI conducting polymer) polymers electrodes can store charges via
fast and reversible faradic reaction with suitable electrolytes and demonstrate very high energy
density. Different transition metal oxides like RuO2, MnO;, NiO, CuO, etc. fall under the
category which store charges via faradaic mechanism. However, these metal oxides
demonstrate very poor conductivity in regards to electronic conduction, which results in an
increase of overall internal resistance of the electrode and thus hampering the overall power
delivery. In order to address the issues of conductivity, researchers have tried to form composite
with two metal oxides. Binary metal oxides typically demonstrate better electrochemical
performance compared to the single metal oxides due to synergistic effects between two metal
components. Bimetal oxides can better withstand repeated charge-discharge cycles without
significant degradation, ensuring longevity of the device. Furthermore, the morphology of
electrode materials has huge influence on the above parameters thus plays a significant role in
electrochemical performance. So far, NiMn2O4 nanoparticles prepared by the sol—gel method
and drop cast onto Ni-foam showed a specific capacitance of 854.7 F/g at 5 mV/s in 2 M
aqueous KOH electrolyte. Spinel NiMn2O4 synthesized through microwave-assisted co-
precipitation method followed by calcination at 500°C showed a specific capacitance
increasing from 290.56 F/g to 751.57 F/g as the KOH electrolyte concentration was increased
from 1 M to 6 M at a scan rate of 5 mV/s.

We have synthesized an SDS-assisted bimetal oxide of Ni of Mn, NiMn,O4 via hydrothermal
method. Which was annealed at 400°C and then specific capacitance was measured using a 3-
electrode system, which gives 3088.8 F/g in 0.5 M Na»SOy as electrolyte at 2 mV/s scan rate.

Electrospining techniques is a very slow yield process for mass production. We used a rather



simple device Rotary Jet Spin (RJ-Spin) which has the same mechanism as candy floss
machine. We separately annealed PVA fiber obtained from RJ-spin and annealed at 800°C
within vacuum, the FTIR of this annealed fiber confirmed the rGO phase. NiMn20O4/C (using
PVA) fiber fabricated using RJ-spin setup. The obtained fiber was annealed at 900°C in vacuum
chamber and XRD result compared of both confirms the presence of NiMn,Os particle at
obtained PVA fiber as matrix. The obtained fiber had high moister affinity and sublimate most

weight percentage during annealing.
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CHAPTER 1

INTRODUCTION AND OBJECTIVE
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1.1 Background

From ancient times of human civilization, the energy has been the part and parcel of civilization
to sustain. Energy in the form of fire was the prima facie requirement for the generation to
sustain. Since the early age, the consisted demand for global energy requirement is growing in
ever-growing society, so there are the concerns about the depletion and associated pollution
caused by the usage of fossil fuels. Because of this crisis, several research and technological
developments have been undergoing in the areas like renewable energy, energy from alternative
sources, energy storage devices, and energy harvesting from waste materials. Among
sustainable sources of energy, solar energy, (1,2) tidal energy, (3,4) and wind energy (5,6) are
appealing alternative options for electricity generation. However, the complete unreliability
and unpredictable characteristics of these sources demands the need of development of efficient
and effective energy storage systems. The power derived from whatsoever sources calls for the
requirement of storage and to accumulate the energy for sporadic utilization (7-11). The idea
to store electrical charge in surface has been emerged from the phenomena associated with
rubbing of amber. In the mid-18th century, the effect of such phenomena was understood when
physics of “static electricity” was being investigated and during that period, various electrical
machines, such as the Electrophorus and the Wimshurst machine were being developed.
Excellent examples of these, as well as Leyden jars, can be witnessed in the Museum of Science
in Florence. However, an understanding of electricity at the molecular electronic level did not
evolve until 140 years later, starting indirectly with the work of Michael Faraday and later with
that of J. J. Thomson and of Millikan on the electron. The development of the Leyden jar and
the discovery of the principle of charge separation and charge storage on the two surfaces of
the Leyden jar, separated by a layer of glass were considered as milestones in the physics of

electricity and later for electrical technology, electronics, and electrochemical engineering.

The various renewable sources have the capabilities to meet the world’s ever-growing demand
for energy for it to work many countries have implemented rules and policies to use this energy
efficiently. Studies have shown that in tandem with end-use electrification, renewable energy,
and energy efficiency account for 94% of reductions in emissions [13]. India has initiated two
projects for Tidal power of 3.75 megawatts and 50 megawatts in West Bengal in 2007 and

Gujrat in 2011. However, both projects were failed due to increased cost in return.

The problems of the intermittent nature of energy production from renewable energy sources

as well as the pollution from the transport sector can be addressed by developing suitable
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energy storage systems. At present, there are different energy storage systems like electrolytic
capacitors, batteries, fuel cells, etc. [ 14-19]. Capacitors can store a very small amount of energy
and can deliver it within a very short period of time. On the other hand, batteries and fuel cells
can store a huge amount of energy. The growing demand for energy storage systems with high
power density, long cycle life, and rapid charge/discharge capabilities have intensified research
into advanced energy storage technologies. Among the various energy storage devices,
supercapacitors, also known as electrochemical capacitors or ultracapacitors, have garnered
significant attention due to their unique ability to bridge the gap between conventional
capacitors and batteries. Unlike batteries, which rely on slow faradaic reactions for energy
storage, supercapacitors store energy through fast electrostatic interactions, allowing for much

faster charge and discharge rates.

Supercapacitors are characterized by their exceptional power density, typically an order of
magnitude higher than that of batteries, and their long operational lifetimes, which can exceed
millions of cycles. These features make them ideal for a wide range of applications, including
hybrid electric vehicles, portable electronics, renewable energy systems, and emergency power
supplies. However, despite these advantages, the energy density of supercapacitors remains
lower than that of batteries, limiting their widespread adoption. This limitation has driven
extensive research into the development of new materials and electrode architectures to

enhance the energy storage capacity of supercapacitors.
1.2 Problem Statement

Despite the significant advancements in supercapacitor technology, there are still critical
challenges that need to be addressed. One of the primary challenges is increasing the energy
density of supercapacitors without compromising their power density and cycle life. This
requires the development of novel electrode materials with high specific surface area, good
electrical conductivity, and stable electrochemical performance. Furthermore, the electrolyte
selection plays a crucial role in determining the overall performance of the supercapacitor, as

it influences the operating voltage window and ionic conductivity.

Another challenge lies in the scalability and cost-effectiveness of supercapacitor production.
While high-performance materials like graphene and transition metal oxides offer promising
results in laboratory-scale studies, their high cost and complex synthesis processes pose barriers

to large-scale commercialization. Therefore, there is a need for cost-effective, environmentally
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friendly, and scalable solutions to produce supercapacitors that can meet the demands of

various applications.
1.3 Objective

Sustainable development of human civilization requires efficient utilization of all- natural
resources. From the previous discussions, it is pretty much clear that renewable energy is the
future, and it is the most important requirement for sustainability. Guided by this fact,
researchers from different countries, including India, have invested efforts in the research of
energy generation from renewable sources. The primary objective of this research is to develop
and characterize for electrode materials for high-performance supercapacitors. This has
naturally led to the extension of research in the field of energy storage. Among the different
energy storage devices, the supercapacitor is a relatively new. The specific objectives of this

study are:

1. To synthesize and optimize electrode materials with enhanced energy storage

capabilities.

2. To investigate the electrochemical performance of these materials in different

electrolytes.

3. To evaluate the scalability and practical application potential of the developed

supercapacitors.

This thesis work is an attempt to find out the relationship between particle morphology and its
electrochemical storage performance. Transition metal oxide- based electrodes can store huge
charges, but these types of electrodes are of high resistive in nature. By tuning the electrode
material morphology, it is possible to vary the internal resistance of these types of metal oxides,
which can be beneficial for electrode material. Transition metal oxides, such as RuO2, MnO»,
and NiO, as well as conductive polymers like poly vinyl chloride, polyaniline and polypyrrole,
are typical materials used in pseudocapacitors. These materials offer higher capacitance than
EDLC:s but often suffer from lower cycle stability and conductivity. Detailed electrochemical
performance testing was carried out to establish the relation to the particle morphology with
the electrochemical performance. We used a rather simple Rotary Jet Spin (RJ-Spin) setup
which is identical to the candy floss machine, this has increased the yield of synthesis of metal
oxide fiber, a bimetal oxide of Ni and Mn (NiMnO4) was synthesized via a hydrothermal route.

By studying the detailed electrochemical performance, the effect of morphology of these
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different chemically equivalent samples was studied. Finally, to improve the electrochemical
performance further, a fiber-like morphology of the NiMn>O4 with PVA was prepared using
the RJ-spin technique.
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LITERATURE REVIEW
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2.1 Introduction

The consisted demand for global energy requirement is growing in ever-growing society, so
there are the concerns about the depletion and associated pollution caused by the usage of fossil
fuels. Because of this crisis, several research and technological developments have been
undergoing in the areas like renewable energy, energy from alternative sources, energy storage
devices, and energy harvesting from waste materials. Among sustainable sources of energy,
solar energy, (1,2) tidal energy, (3,4) and wind energy (5,6) are appealing alternative options
for electricity generation. However, the complete unreliability and unpredictable characteristics
of these sources demands the need of development of efficient and effective energy storage
systems. The power derived from whatsoever sources calls for the requirement of storage and
to accumulate the energy for sporadic utilization (7-11). Also, storage of energy is of utmost
importance for meeting on-demand energy requirements and supply extensively in remote
areas and so. Among the various electrochemical technologies in existence today, batteries,
capacitors and supercapacitors have saliently subjugated the domain of energy storage,
rendering them ubiquitous in the energy sector. In general, the electrical energy storages (EES)
are classified based on how the form of energy it used, as shown in Scheme 1.1, into

mechanical, thermal, chemical, electrochemical, and EES systems.
Electrochemical Storage systems according to their energy form.

Electrical Energy Storage system

Mechanical Thermal Chemical Electrochemical Electrical
Pumped hydro ~ Thermochemical Hydrogen Lithium-ion Supercapacitor
storage storage battery

Compressed air ~ Sensible thermal Synthetic Lead acid

energy storage natural gas battery

(CAES) (SNG)

Liquid air Latent thermal NaS BATTERY

energy storage

(LAES

Flywheels Redox flow

battery
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Also, they are of extreme interest in regards to both applicability and deciphering fundamental
science via research and development activities. Eventually, these fields have matured a lot in

terms of both design and efficiency.
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Fig 1.1 Specific power against specific energy, also called a Ragone plot for various energy storage
devices. Source: Reproduced with permission from Ref. [17].

Electrochemical supercapacitors gain immense popularity as electrochemical energy storage
devices due to their seamless, better characteristics, such as high power as well as reasonably
high energy densities and significantly longer cycle life and stability. A plot of power density

versus energy density—known as Ragone plot for the energy storage systems is shown in Fig.

1.1 [12]. As can be seen, while a supercapacitor is employed as an energy storage device, the

value of specific power implies how quick it can deliver energy, and the value of specific energy

indicates on how far it can deliver the energy with a single charging cycle. The time constrains

of the devices mentioned in the figure are derived by dividing the energy density by the power
(13). Owing to the attractive characteristics of the supercapacitors, they are presently used in a

variety of applications ranging from power electronics, large-scale vehicular usage, such as EV
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buses and Electric subway trains, store energy at intermittent generators in windmills to smart
grid applications catering to stability, frequency smoothing and regulation, and for peak
shifting. The future for energy storage devices such as batteries and the supercapacitors
expected to grow exponentially. A supercapacitor in contrast from a regular capacitor owing to
its very high capacitance, and is rated in Farads, which is several times of magnitude higher
than the electrolytic capacitor. On application of Differential voltage on the positive and
negative plates, charges the capacitor, which is just like the building up of electrical charge
(static charge) while walking on a carpet and the release of energy through fingers while

touching an object.

Fig 1.2 Commercial Supercapacitors

Supercapacitors are considered to be an ideal energy storage device due to its ability to undergo
frequent charge—discharge cycles at high current in very short intervals. The charging time of
a supercapacitor is nearly 10 s and the self-discharge of a supercapacitor is substantially higher
than that of an electrostatic capacitor and little higher than a battery, the main contributor to
this phenomenon is organic electrolyte. In general, the energy stored in a supercapacitor falls
to nearly about 50% in duration of nearly 30 days; while a nickel-based battery self-discharges
10%—-15% in a month but Li-ion battery discharges only to an extent of 5% per month (14).

Lately, the transport industry has grown in need for a compromise between energy and power
density requirements in energy storage systems by introducing hybrid electric vehicles (HEVs),
plug-in hybrid electric vehicles (PHEVs), and fully-electric vehicles (EVs). Batteries and
supercapacitors are two separate devices, conjoined as a single device serving as pioneers in

the domain of energy storage (15,16) in applications ranging from simple portable electronics
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to complex electricity grid networks. However, neither of these two technologies can satisfy
all requirements. A Ragone plot in Fig 1.1 is a crucial tool in determining the suitable energy
technology for a specific application based on a comparison of the energy and power densities
of different energy harvesting devices. As seen in Figure 1.1, batteries are acclaimed for their

high energy densities, while supercapacitors possess higher power densities (18).

Consequently, there are few fields of application (19) where single storage device either
batteries or supercapacitors may still be inadequate for these applications. Therefore, hybrid
systems with two or more energy storage units are of immense attention worldwide. Which
ensure better flexibility, longevity, and higher efficiency of the system by equitably distributing
the load among the units (20-26) For instance, fuel cells have even higher energy densities as
compared to batteries (27) (Figure 1.1). Yet, they fail to compensate for the recurrent variations
of the required power in the system owing to their slow dynamics (28) As a result, the
incorporation of devices with faster dynamics and higher power densities such as batteries and

supercapacitors lead to the better overall performance of the system.
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2.2 Supercapacitor Fundamentals

In a capacitor, energy is stored in an electric field between two conducting plates. A
conventional capacitor consists of electrically conducting plates separated by an electrically

insulating material. In a configuration like this the capacitance can be calculated from

A
C = €€, 2.1

Where €, is the dielectric constant of vacuum, €, is the relative dielectric constant of the

dielectric material, A is the area of the conducting plates and d is the distance between the

plates.

The main characteristics of a capacitor are its energy density and power density. In order to
measure either of these, here density calculated as a quantity per unit mass or per unit volume.

The energy E stored in a capacitor is directly proportional to its capacitance:
1.2
E=-CV 2.2

In an electrochemical capacitor, also known electric double layer capacitor (EDLC),
supercapacitor or ultracapacitor, the energy is also stored in the electric field at the interface
between the electrode and electrolyte as shown in figure 2.2. This mechanism facilitates

comparably much higher energy density for supercapacitors than achieved in conventional

capacitors.
Applied
voltage
1 [ N
Load CISbE
: J electrode Negative
[ Dielectric electrode

[ Electric field

Fig 2.1 Diagrammatic representation of a conventional capacitor
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It is known that the power P is the energy per unit time. To determine power P of capacitor. In
the circuit shown in Fig. 2.1 the capacitor is in series with an external load R. The internal
components of the capacitor, such as electrodes, current collectors, and dielectric material also
contribute to the resistance (in short internal resistance) which is measured cumulatively which
is termed as the Equivalent Series Resistance (ESR). During discharge the voltage is
determined by these resistances. When measured in terms of impedance (R = ESR), the
maximum power Puqx for a capacitor [29-31] is given by Eq. (2.3), showing that how ESR can

limit the maximum power of a capacitor.

V2 )
Pinax = 4xESR 3

Conventional capacitors have relatively low energy densities but high-power densities
compared to electrochemical batteries and fuel cells (separate energy conversion devices).

Positive Negative A
electrode electrode et

Hv"l‘l{ -
Current Current . .
collector colladior Fig 2.2 Schematics of an
electrochemical double layer
capacitor
Load Separator
|

\
Applied voltage

Therefore, a battery can store more total energy than a capacitor can, but its power density is
low so it cannot deliver the same amount of this energy as fast as the capacitor does. On the
contrary, capacitors can be discharged quickly and give off a lot of power in short time intervals
resulting high power output even though they do not contain much energy/mass or volume,
hence they often have high power densities. Supercapacitors are similar to conventional
capacitors except that they have electrodes with much greater surface area (4) and thinner
dielectrics which decreases distance d between the electrodes. Accordingly, from Eqns (2.1)
and (2.2), it can be seen that this leads to an increase in both capacitance and energy. By
engineering the low ESR of characteristic of conventional capacitors, supercapacitors also are
capable of attaining comparable power densities. This difference has also been noted through
equation 2.3 as given by M Hessami et al (2013). Nevertheless, supercapacitors maintain the

low ESR character of typical capacitors hence ensuring approximately equal power density is
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achieved. Supercapacitors have better advantages than batteries and fuel cells due to their
higher power density, shorter charging times as well as longer cycle life and shelf life. A
schematic diagram showing some of such characteristics is illustrated in Fig 2.2. The potential
distribution and equivalent circuit model of a supercapacitor is shown in figure 2.3. When
voltage is applied, the potential difference is distributed at the interfaces between electrolyte
and electrodes as well as inside the electrolyte (due to ionic resistance) and inside the electrodes

and current collectors (due to electrical resistance). In principle, when the supercapacitor is

E Vv Fig2.3 Potential

distribution inside a

HF k- itor and i

c c C, C, Double layer capacitance sup(‘arcapacr?or a.md Its

: 2 Rq Series resistance equivalent circuit
R, R, Self-discharge resistance model. (Zhang and

“ op G Zhao 2009)
LS S

Rl RZ

disconnected i.e. it is neither charged nor discharged the potential differences are located only

at the electrode-electrolyte interfaces.
Self-discharge:

It is the phenomenon which causes the voltage of a charged supercapacitor to decrease even
when it is not electrically connected to a load. The reasons can be related to chemical reactions
or physical processes. (Andreas 2015, Conway 1999, Conway et al. 1997, Niu et al. 2004) To
keep supercapacitor voltage constant, a small current is needed to maintain the voltage. This

current is called leakage current. There are several mechanisms to cause self-discharge:
1.0Ohmic leakage between the electrodes

2. Overcharging beyond electrolyte solution decomposition potential

3. Parasitic Faradaic reactions

4. Charge redistribution

The Ohmic leakage is caused by a resistive pathway between the positive and negative
electrode. This is due to a problem e.g. in constructing the supercapacitor or because of a
mechanical failure. Overcharging beyond the electrolyte decomposition can be obviously

avoided by keeping the voltage low enough, e.g. in case of aqueous electrolytes below the
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decomposition potential of water. The parasitic Faradaic reactions are reduction and oxidation
(redox) reactions on the electrode surface discharging the electrode. For instance, on the
positive electrode the potential may be higher than the oxidation potential of impurity ions such
as e.g. iron in solution on the electrode surface. (Andreas 2015) The oxidation of the impurities
causes electrons to move across the double layer into the electrode surface, which further
releases the anions from the double layer, decreasing the potential of the electrode. The
reactions on the negative electrode are analogous and, for instance, the reduction of oxygen
can discharge the negative electrode. Charge redistribution causes a phenomenon which is
similar to self-discharge but mainly relevant only for relatively short time periods. It is due to
the time difference between charging different parts in the porous electrode structure. The outer
part of the electrode charges more quickly than the surfaces located deep in the pores. When
the charging is ended before it is completed, charges continue moving deeper into the material,

which causes the voltage to decrease and is thus visible as self-discharge.
Temperature range:

As already mentioned with respect to application potential, the temperature range of
supercapacitors is typically wider than that of batteries. The range is mainly limited by the
properties of the electrolyte. (Zhong et al. 2015) To enable ionic conductivity, the electrolyte
may not prevent the ions to move, thus the solidification of an electrolyte sets the low
temperature limit. At high temperature the electrolyte starts to boil or decompose, which
increases the pressure inside the supercapacitor with destructive consequences. An
approximate temperature range for supercapacitors with aqueous electrolytes is from —10° to
near + 100° C, with organic electrolytes from —40 to +70° C and with ionic liquid electrolytes

from room temperature to over 100° C. (Xiong et al. 2015)
Cycle life, calendar lifetime:

The basic reason for the longevity of supercapacitors is that their operation does not require
chemical or electrochemical reactions. When charging or discharging, ions and electrons move
inside electrolyte and electrodes. Thus, compared to batteries, dimensional changes due to
electrochemical reactions do not take place and the materials are not exposed to mechanical
deterioration in the same way. Supercapacitor's function also deteriorates with time, though
slow, especially at higher temperature and when high voltage is applied. (Bohlen et al.2007A,
Bohlen et al. 2007B, Kotz et al. 2006). Although energy storage in supercapacitors is not based

on Faradaic reactions, parasitic electrochemical reactions occur and can reduce the lifetime.
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Increasing temperature and voltage accelerate the ageing reactions exponentially. Typically, the
capacitance decreases and ESR increases with time. (Azais et al. 2007). The main cause leading
to ageing are mainly side-reactions that lead to electrolyte loss, blocking of the pores in
electrodes surface and generation of volatile by-products, which may form gas bubble and thus
pressure increase inside the supercapacitor. (He et al. 2016, Ratajczak et al. 2014) Surface
functional groups and impurities (water in organic electrolyte, metals and e.g. oxygen)
contained in the activated carbon electrodes are possible reasons for the deterioration of
electrical properties. (Azais et al. 2007) The encapsulation of a supercapacitor may be an

essential factor in determining the lifetime. Poor barrier properties against electrolyte

evaporation or against oxygen penetration from air can result in fast degradation.

Main difference between Capacitor and Supercapacitor

Characteristic Capacitor Supercapacitor
S
Construction | Capacitor is a two metallic Supercapacitor is a type of polar
terminals (Electrodes) device | capacitor and electrolytic solution is used
with dielectric medium in instead of dielectric. The activated
between. Electric energy is carbon is used on electrodes to enlarge
stored in the electrostatic the area.
field in it.
Definition | A Capacitor stores potential A Supercapacitor lays in between
energy in the form of electric | Capacitor and battery. Also known as
field (electrostatically) and Super Cap, Double Layer Capacitor or
release to the circuit as Ultra-capacitor. Supercapacitor has very
electrical energy. high capacitance and low voltage rating
as compared to a normal Capacitor
Working = Capacitor store energy in the | Supercapacitor stores energy between the
form of electric field. ions of the electrolyte & electrode in a
double layer of charge.
Tipes o Electrolytic o Electrostatic Double-Layer
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o Capacitors,
e Film Capacitors,

o Tantalum,

Capacitors (EDLC’s)

e Electrochemical
Pseudocapacitors

e Hybrid Supercapacitors.


https://www.electricaltechnology.org/2019/07/types-of-batteries.html

Dielectric

Material

Charge /
Discharge

Time

Charge /
Discharge
Efficiency
Operating

Temperature

Energy

Energy Density
Specific Power
Cost

Advantages
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o Integrated Capacitor
Aluminium oxide, polymer
films or ceramic are used in
capacitor as dielectric
medium in between the
electrodes.

Charging and discharging of
conventional capacitor is
normal as compared to
supercapacitor i.e. 10-3-10-

6 seconds.

>0.95

20 to 65 °C (-4 to 149°F)

<0.1 Wh/kg

Low
Up to 100,000 Wh/kg
Low
e Itavoids excessive
drawing of power
o Less Battery drain due
to a capacitor
e High Integration
Density
e Real and Reactive

Power Control

In Supercapacitor, activated carbon is
used as medium. When voltage applied,
a double electric field is generated which

acts like a dielectric medium.

Supercapacitors can deliver charge much
faster than a battery and store charge
more than an electrolytic capacitor per

volume unit. That is why it is considered

between a battery and an electrolytic

capacitor.
0.85-0.98

-40 to 65 °C (-40 — 149°F)

1-10 Whikg
[https://doi.org/10.1016/j.enconman.2006.12.015
]
Very High
Up to 10,000 Wh/kg
High

o Long Life Cycle

o High Energy Storage

o Fast Charging and Discharging

Time

e High Load Currents


https://doi.org/10.1016/j.enconman.2006.12.015
https://doi.org/10.1016/j.enconman.2006.12.015
https://www.electricaltechnology.org/2016/05/importance-of-reactive-power.html
https://www.electricaltechnology.org/2016/05/importance-of-reactive-power.html

Applications

12| Page

Smoothing power
supply’s output.
Power factor
correction

Frequency filters, hig

h pass, low pass

filters.

Coupling &

Decoupling of signals.

Motor Starter
Snubber (Surge
absorber & Noise
filter)

Oscillators

Cordless electric screwdriver,
which can be charged in a few
minutes.

LED flashlights in digital
cameras.

For stabilizing power supply in
laptops and handheld devices etc.
Uninterrupted power supply
(UPS) where it replaces
electrolytic capacitor banks.
Supercapacitors are used in ICs,
RAM, CMOS, Clocks and micro-

computers etc.


https://www.electricaltechnology.org/2013/10/power-factor-improvement-methods-with-their-advantages-disadvantages.html
https://www.electricaltechnology.org/2013/10/power-factor-improvement-methods-with-their-advantages-disadvantages.html
https://www.electricaltechnology.org/2019/06/types-of-filters.html
https://www.electricaltechnology.org/2019/08/active-high-pass-filter.html
https://www.electricaltechnology.org/2019/08/active-high-pass-filter.html
https://www.electricaltechnology.org/2019/06/types-of-active-low-pass-filters.html
https://www.electricaltechnology.org/2019/06/types-of-active-low-pass-filters.html

2.3 Supercapacitor Types

The operational principle of a supercapacitor is based on energy storage and the distribution of
the ions coming from the electrolyte with respect to surface area of the electrodes. Based on
the energy storage mechanism, supercapacitors are classified into three classes:
Electrochemical double-layer capacitors, pseudo-capacitors, and hybrid supercapacitors as

shown in Scheme 2.1 [6b], and depicted in Fig. 3.

EREL LR

teereRRER®

anion cation Solvent
molecule

Electrolyte Separator

o /s . .
Electrolyte - / Metal oxide or redox active molecule

Separator

Li-based salt Li*ions

Electrolyte Separator

Fig 3 Schematic representation of (A) an electrical double-layer capacitor (EDLC), (B) a
pseudocapacitor, and (C) a hybrid supercapacitor (HSC).

2.3.1 Electrochemical Double Layer Capacitors (EDLCs)

EDLCs comprises of two carbon-based materials as electrodes, an electrolyte, and a separator.

It stores charge either electrostatically or through non-Faradic process, which involved no
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transfer of charge between the electrode and the electrolyte [32,33]. The mechanism of energy

storage involved by forming of Electric Double Layer (EDLCs). On the application of voltage

on the electrodes, resulting the accumulation of charge on electrode surfaces, due to potential

difference the ions within the electrolyte diffusing through the separator and onto pores of the

oppositely charged electrode. A double layer of charge is formed to avoid recombination of

ions at electrode interface. The electric double layer with the electrode surface increase in

specific surface area 4 and decreased the separation distance d between electrodes allow

EDLC:s to attain higher energy density [34]. The charge storage mechanism in EDLCs allows

highly  fast  energy

intake,  delivery, and

higher  power

performance.

Battery/capacitor
Combinations

Capacitors
— I [
Electrochemical Electrolytic Nonelectrolytic
capacitors — Aluminum - Dielectric
— Tantalum —Fim
— Ceramic
— Variable
Pseudocapacitors Hybrid
EDLC
. :ctivateld carbon Redox-asymmetric
® e Carbon/metal oxide/ECP * Pb/PbO, - AC
+ Carbon nanostructures ) * Ni(OH), = AC
» Graphene Composite electrodes + MnO,- AC
« Graphite/Li— AC
» Li,Tig0,,— AC

Redox polymer
+ Polyaniline
» Polythiophene
+ Polypyrole

Redox metal oxide
» RuO,, Ir0,,Ru0,.xH,0
. CD3Dd
» MnO,, V,,0s, FeO,

Soluble redox
» Fe(CN), " /Fe(CN)*
» V2O

Scheme 2.1 Different classes and subclasses of supercapacitors. Source: Ref. [33].

This is non-Faradaic process so chemical reaction takes place, thereby there is no change in

appearance of active material (no swelling observed) which is common in batteries during

charging and discharging processes. The main differences between EDLCs and batteries are:

1. EDLCs can perform millions of cycles unlike batteries that can withstand only a few

thousands at best.
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2. Charge storage mechanism does not involve solvent of the electrolyte; but in Li-ion
batteries it contributes to solid electrolyte inter phase when high-potential cathodes are

employed or with graphite anodes [35,36].

However, EDLC store charge electrostatically on the surface of electrode, for that EDLC
devices have a limited energy density, and for this reason the present focus of research is to
increase energy performance and to enhance the range of temperature for the battery function.

Performance of EDLC can be tuned depending on the choice of the electrolyte.

Load
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+ - B = | . N . | | R A
o Q < ’
S O~ lo<4— I Electrolyte [Electrode] )
- SO R : [
/v ‘\ O -— N ®@— !
o > — . 0 <«— o ! :
Positive | & Negative Electrode P | |
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. 0<+— |5 |9 Electrode
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Fig 3.1 Supercapacitor types. (A) EDLC, (B) Pseudocapacitor, and (C) hybrid capacitor. Source: Ref.
[41].

2.3.2 Pseudocapacitors

Contrary to EDLCs which stores charges Electrostatically by non-Faradaic process
Pseudocapacitors stores charges in Faradaic process which involves actual transfer of charge
between electrodes and electrolyte [37]. When a voltage applied onto a Pseudocapacitor redox

reaction occurs on the electrode material which involves the passing of charge across the double
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layers, which resulting in Faradaic current passing through the supercapacitor cell. This
Faradaic process results Pseudocapacitors to attain greater specific capacitance and energy
densities than EDLCs. Few Metal Oxides, Bimetal oxides, conducting Polymers shows
pseudocapacitance due to Faradaic nature, results in redox reactions just similar to batteries,

but lack in power density and stability during cycles [38-40].
2.3.3 Hybrid Capacitor

The purpose of Hybrid capacitors is to harness the maximum benefits to obtain better
output by reducing the relative drawbacks of EDLCs and Pseudocapacitors. Hybrid capacitor
is a type of supercapacitors use of both processes Faradaic and non-Faradaic for storing energy,
resulting in both higher energy and power densities than those of EDLCs and better cyclic
stability and high-power output and affordability as compared to Pseudocapacitor. There are
three types of hybrid capacitors, characterized by their electrode configurations such as,

composite type, asymmetric type, and battery type. Composite type electrodes assimilate both

physical and chemical processes of energy storage onto a single electrode by integrating carbon
materials to it, either with conducting polymers or metal oxides. The carbon materials allow
the formation of a capacitive double-layer of charge and thus improving the interaction between
the electrolyte and the deposited pseudocapacitive materials by providing a reasonably higher
surface area. The capacitance of the electrodes is further enhanced via Faradaic reactions on
the pseudocapacitive materials [41]. Composite electrodes developed through the hybridization
of CNTs and Polypyrrole have been observed to show capacitance values higher than either of
the parent materials [42,44]. The presence of the matted structure, allows a uniform overlay of
Polypyrrole and 3D charge distribution that makes it possible. Furthermore, the mechanical
stress induced to inject and extract ions from the polypyrrole was seen to be reduced by the
structural coherence of the intertwined mat. As a result, composite electrodes are able to deliver

cycling stabilities as high as that of EDLCs [45]. Asymmetric electrodes combine the both

mechanisms Faradaic and non-Faradaic by pairing an EDLC electrode with a pseudocapacitor.
These devices provide the benefit of utilizing abundant cost-effective materials (eg, carbon) in
lieu of scarce and costly materials (eg, RO) as the negative electrode. This can be making more
cost effective by using organic or polymer coated electrodes. Although incorporating a
conducting polymer as positive electrode may circumvent the problems of having lower
capacitance and higher resistance of the negative carbon electrodes, however, they tend to have
poor potential delivery and cycling stabilities. However, this combination mitigates the

complications of this trade-off to a great extent as compared to a scenario wherein the two
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materials are exploited separately [45]. These Asymmetric capacitors (Hybrid Capacitors)
deliver higher energy and power densities than those of EDLCs and better cycling stability as

compared to pseudocapacitors [46,47]. Battery-type capacitors, on the other hand, utilize the

combination of a battery type electrode and a supercapacitor type electrode. This results in a
unique device with energy density comparable to batteries and power density, cycle life, and
fast charge-discharge time of that of a supercapacitor. Materials, such as Ni(OH)>, PbO», LTO
(Li4Ti5012), or other alkali metals, coupled with some activated carbon have enables promising
results when tested as electrodes for these devices [48-51]. It is believed that battery-type
capacitors tame the potential to closes the gap between batteries and supercapacitors.
Nevertheless, further intensive research on this type of device is imperative to bring out their

full underlying potential [49].

2.4.1. Traditional Electric Double Layer Theory:

Supercapacitors bridge the gap between traditional capacitors and rechargeable type
batteries, which store energy reversibly by adsorbing the ions present in the electrolyte on the
electrode surface under an applied potential. The close look into the charge storing mechanism
of supercapacitors electrodes is important for engineering a high-performance supercapacitor.
Initially, supercapacitors were assumed to be function like parallel plate capacitors. There are
several theories or models explaining for this interface between a solid and a liquid. It is
interesting to witness the historical evolution of the models, incorporating successively more
factors, which reflect the interfacial structure. The Figs. 2.4.1.1, pictorially illustrate the early
double layer models namely Helmholtz model, Gouy-Chapman model, Stern model, and
Grahame model, while Fig. 4 represent the later model by Bockris-Devanathan-Miiller (known

as BDM Model).

2.4.1.1 Helmholtz model: Hermann von Helmholtz was the first one to report that charged
electrodes immersed in electrolyte solutions repel the ions of the same charge while attracting
ions of the opposite charge to their surfaces. Two layers of opposite charge polarity form at the
interface between electrode and electrolyte. He has demonstrated that that an electrical double
layer (DL) is essentially a molecular dielectric and statically stores electric charge, in 1853.
This theory is the original model was proposed when Helmholtz studied colloidal suspensions
for the first time in the 1850s [52]. This theory is the simplest approximation for representation

of the spatial charge distribution at double layer interfaces. The charge of the solid electronic
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conductor is neutralized by opposite sign ions at a distance from the solid. This is the distance
from the surface of the electrodes to the centre of the ions. As shown in the Fig. 2.4.1, the
decomposition voltage of the electrolyte in the stored state is linearly dependent on the voltage
applied to it. Here, Xz would be the distance of closest approach of the charges, that is, ionic
radius, which, for the purpose of calculation, were treated as point charges. By analogy with a

capacitor the capacity would be

Eo&r
XH

24.1.1

Cd,H =

Here ¢, is the relative permittivity, which is assumed constant with distance and &, the
permittivity of vacuum space. The decay of the electrostatic potential from @m to @s is linear
(Fig. 2.4.1B) and C, y does not vary with the potential applied to the electrode (Fig. 2.4.1C).
This early model predicted a constant differential capacitance independent from the charge
density depending on the dielectric constant of the electrolyte solvent and the thickness of the

double-layer, and provides a good foundation for the description of the interface,
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Fig 4.1.1: The Helmholtz model of the double layer. (A) Rigid arrangement of ions; (B) variation
of the electrostatic potential, ¢, with distance X, from the electrode; and (C) variation of Cq4
with applied potential. Source: Ref. [53]
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but does not consider several major factors that includes diffusion/mixing of ions in solution,
the possibility of adsorption onto the surface and the interaction between solvent dipole
moments and the electrode. As of today, this is taken as the simplest theory, which does not

adequately explain what occurs in nature [54,55].

2.4.1.2 Gouy-Chapman or Diffuse model: In 1910, Louis Georges Gouy and David Leonard
Chapman in 1913 both observed that capacitance was not a constant and that it depended on
the applied potential and ionic concentration. Gouy showed that in a liquid surrounding a
charged solid the equal amount of opposite ionic charge appears, but the ions are not rigidly
attached to the surface [54]. These ions in solution tend to diffuse into the liquid phase until
the counter potential set up by their departure restricts this tendency. The kinetic energy of ions
in solution partially determines the thickness of the diffused layer. Gouy and Chapman theorize
with significant improvements by introducing a diffuse model of the double layer as can be
seen from Fig. 2.4.1.2. In this model, the charge distribution of ions as a function of distance

from the metal surface allows Maxwell-Boltzmann statistics to be applied. Thus, away from
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2.4.1.2 The Gouy-Chapman model of the double layer. (A) Arrangement of the ions in a diffuse
way; (B) variation of the electrostatic potential, ¢, with distance, X from the electrode, showing

effect of ion concentration, c; and (C) variation of Cd with potential, showing the minimum at
the point of zero charge Ez. Source: Ref. [56].

the surface of the fluid bulk the electric potential decreases exponentially. This model fails to
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explain for highly charged double layers [57]. Experimentally, the measured thickness of

double layers is greater than the calculated.

2.4.1.3 Stern model: Although the Gouy-Chapman model makes a better approach than the
Helmholtz model, but still has limited quantitative applications. The Gouy-Chapman model
fails for highly charged Double layers. It presumes that the ions are like point charges and that
they can approach close the surface with no limits, which is untrue. In 1924, Otto Stern
proposed the combining of the Helmholtz model with the Gouy-Chapman model. In Stern’s
model, some of the ions adhere to the electrode as suggested by the Helmholtz model, giving

an internal Stern layer, while some ions form a Gouy-Chapman diffuse layer.
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Fig 2.4.1.3 The Stern model of the double layer. (A) Arrangement of the ions in a compact and a
diffuse layer; (B) variation of the electrostatic potential, ¢, with distance, X, from the electrode;
and (C) variation of C4 with potential. Source: Ref. [58].

Stern modified the Gouy-Chapman model stating that the ions have a finite size, so limiting
their approach to the surface and hence the Stern layer accounts for ions’ finite size and
consequently an ion’s closest approach to the electrode is on the order of the ionic radius. In

the Gouy-Champman model. The first ions are at the 6 distance away from the surface, but the

20| Page



Stern model presumes that there can be specifically surface-adsorbed ions in plane 6, which is
known as the Stern-layer. Ions are strongly adsorbed by the electrode surface within this so-
called compact layer. In the compact layer, there are specifically adsorbed ions (forming the
inner Helmholtz plane), and non-specifically adsorbed counter-ions (forming the outer

Helmholtz plane) (Fig. 2.4.1.3) [58].

In mathematical terms, this is equivalent to two capacitors in series, with capacities Cu
representing the rigid compact layer and Cgc representing the diffuse layer. The smaller of the

two capacities determines the observed behaviour:

Ca Cg Cgc

Fig 2.4.1.3C shows the variation of the total capacity with potential. There are two extreme
cases: The first one is where, close to E,, Cu » Cgc and so Cq4 ~ Cgc and the other situation far
from E,, Cy « Cgc and Cq ~ Cy, which satisfies the assumptions of the model. As in the Gouy-
Chapman model, the more concentrated the electrolyte the less the importance of the thickness
of the diffuse layer and the more rapid the potential drop. At distance X, there is the transition
from the compact to the diffuse layer. The separation plane between the two zones is called the
outer Helmholtz plane (OHP): the origin of the inner Helmholtz plane will be discussed later.
Comparison between Figs. 2.4.1.2 and 2.4.1.3 reveals that this model is the best of the three so

far, but does not yet explain all the facets of the curves shown.

2.4.1.4 Grahame model: In 1947, D.C. Grahame modified Stern proposed that some ionic or
uncharged neutral species can penetrate the Stern layer, although the closest approach to the
electrode is normally occupied by solvent molecules. This could happen if ions lose their
solvation shell as they approach the electrode surface area. He called ions in direct contact with
the electrode as “specifically adsorbed ions.” This model proposed the existence of three
regions. The inner Helmholtz plane (IHP) passes through the centers of the specifically
adsorbed ions. The OHP passes through the centers of solvated ions at the distance of their
closest approach to the electrode surface. Finally, the diffuse layer is the region beyond the
OHP (Fig. 2.4.1.4). The difference between this model and the Stern model is the presence of
specific adsorption, in this phenomenon a specifically adsorbed ion loses its solvation,
approaching closer to the electrode surface—besides this it can have the same charge as the
electrode or the opposite charge, but the bonding is strong. In both the Stern and Grahame
models, the potential varies linearly with distance up to the OHP (Outer Helmholtz Layer) and

then varies exponentially at the diffuse layer.
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Fig 2.4.1.4 Schematic representation of Grahame model. (A) Arrangement of ions; (B) variation of
the electrostatic potential, ¢, with distance, X, from the electrode, according to the applied
potential; and (C) variation of Cd with potential. Source: Ref. [58].

2.4.1.5 Electric double layer in supercapacitors

Although the models discussed above gave a satisfactory explanation of the electrical double
layer on plane surfaces, they are inadequate in describing the actual charge distribution in
nanoporous electrodes employed in supercapacitors. The peculiarities of ion electrosorption
in porous media make the process of charge storage extremely difficult, and there is still a
lack of complete understanding of the behaviour of ions in nanopores. When a supercapacitor
is charged (potential applied), electrons are forced to go from the positive electrode to the
negative electrode through an external circuit. As a result, cations within the electrolyte
concentrate in the negative electrode and anions in the positive electrode forming an Electric
Double Layer (EDL) that compensates the external charge unbalance. During the discharge,
electrons travel from the negative electrode to the positive electrode through an external
circuit, and both cations and anions in the pores mixed again until the cell is discharged

completely. lons do not travel in the bulk electrolyte the same way as they can within the
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pores of an electrode material. The mobility of ions into the pores are greatly depends on the
pore size, which if too small makes the pores inaccessible, not contributing to double layer
capacitance [59]. Though not all the pores are accessible to the ions (because of the pore size)
there is no linear relation between the capacitance exhibited by a material and its specific
surface area [60-63] measured with a small gas molecule probe, such as N>

or Ar. Various studies suggest that pore size below 0.5 nm is not accessible to hydrated ions
[63, 64], and pores smaller than 1 nm of size can be too small for organic electrolytes [65].
Generally, there is a conundrum regarding the effect of pore size variation on capacitance.
Chmiola et al. claimed that pores with sizes below 1 nm greatly contribute to the capacitance
[66]. This increase was explained with the distortion of the salvation shell, thus reducing the
distance between charges and enhancing the capacitance [67,68]. However, in organic
electrolyte constant capacitance in the micropores was measured on the basis of a detailed
study of

pore size using complementary adsorption techniques. The decrease in the distance between
the electronic and ionic charges is counter balanced by the corresponding decrease in the
effective dielectric permittivity inside the pores, which occurs due to gradual ion desolvation
[69-71]. Leaving the controversy of capacitance versus pore size behind, it is worth
mentioning that industrially important values are also calculated on a volumetric basis. It then
becomes clear that too wide pores contain free space, which is not used for capacitive charge
storage, but decreases the density of electrodes. This effect is detrimental to volume-based
capacitance as well as the existence of narrow electrolyte-inaccessible pores. Thus, tuning
pore size is anyway needed to have carbon materials with narrow, short, and electrolyte
accessible pores [66]. Aside from this, there is a general agreement that the power delivery
of a supercapacitor can be improved by the presence of a small amount of mesopores (pores
wider than 2 nm) for a rapid supply of electrolyte to the micropore surface where main
charge storage takes place [72]. There have been numerous attempts to properly describe the
capacitance of carbon materials depending on the pore shape and size and the specific
character of their interaction with electrolytes. For mesoporous carbons with cylindrical

pores, the traditional model is used [73]:

Eo&r

¢ _ 24.15A
A

— b
bln(m)
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where b is the pore radius and d the distance between the ion and the carbon surface. For
micropores, it is assumed that the ions line up in the center of a cylindrical pore, so the
capacitance is calculated from [73]:

C _  &é&r

= fofr 24.15B
A bln(%)

where ay is the effective size of the ion. This ionic radius was found to be close to the bare
ion size, which means that the ions could be completely de-solvated. However, more realistic
approximation to the pore shape in carbon is a slit, not a cylinder, a sandwich capacitance

model was later proposed [74].

Ctot _ Cs _ Eofr 415C
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2.4.2 Pseudocapacitance

The Pseudocapacitor stores charge in Faradaic charge storage mechanism based on fast
and highly reversible surface or near-surface reduction-oxidation reactions. Notice, in case of
pseudocapacitive material the electrical response is ideally the same as the one of a double-
layer capacitor. That is, the state of charge varies continuously with the potential, where the
proportionality constant that can be formally considered as capacitance. Some materials can
also store significant charge in a double layer, such as functionalized porous carbon, combining
thus both capacitive and pseudocapacitive storage mechanisms. The significance of the term
and phenomenon referred to as “pseudocapacitance” has not been well realized in the fields of
electrochemical capacitor and batteries. Let us therefore first evaluate on its origin and
significance. Regular double-layer capacitance arises from the potential-dependence of the
surface density of charges stored electrostatically (i.e., non-Faradaically) at the interfaces of
the capacitor electrodes. On the capacitor electrodes (metals or carbon surfaces), the
accumulated charge is a combination of excess or a deficit of conduction band electrons at or
in the near-surface region of the interface, together with counterbalancing charge densities of
accumulated cations or anions of the electrolyte on the solution side of the double layers at the
electrode interfaces. However, a double-layer capacitor device must employ two such double
layers, one at each electrode interface, working one against the other on charge or discharge.
Pseudocapacitance mainly develop at electrode surfaces where a completely different charge
storage mechanism applies. It is Faradaic in origin, involving the passage of charge across the

double layer, as in battery charging or discharging, but capacitance arises on account of the
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special relation that can originate for thermodynamic reasons between the extent of charge
acceptance (Aq) and the change of potential (AV), so that a derivative d(Aq)/d(AV) or dg/dV,
which is equivalent to a capacitance, can be formulated and experimentally measured by dc,

ac, or transient techniques.

Different transition oxides like RuO2, MnO3, V20s, etc., along with a few conducting polymers
like PANI, PEDOT:PSS, Polypyrrole, etc. are currently under consideration to be used as
electrode materials [75-79]. These electrode materials can perform a fast redox reaction with a
suitable electrolyte. The storage mechanism is slow in the case of pseudocapacitor because of
chemical reaction involved. For this reason, the pseudocapacitor usually shows less power

density compared to EDLC.

2.4.2.1 Detailed Storage Mechanism: Different faradaic mechanisms can lead to
pseudocapacitive charge storage phenomena. This mainly depends on the type of active

material. These mechanisms are [80,81];

A) Underpotential Deposition:  Underpotential —deposition or adsorption

pseudocapacitance arises when metal ions from the electrolyte are adsorbed on the current
collector forming a monolayer [82,83]. This occurs when a potential is less negative than the
equilibrium or Nerst potential for the reduction of the metal. Deposition of lead on gold surface

is an example of such deposition as shown via the reversible chemical reaction (i);

2e + xPb** + Au & Au - xPb 2.4.2.1(31)

(A) (B) (C)

Redox Pseudocapacitance Intercalation Pseudocapacitance

Underpotential Deposition
|RuO, (OH) + 8H'+ 8" RuO, ,(OH),.4 Nb, O+ xLi*+ xe” <> Li,Nb,O,

Au+ xPb?*+2xe —> Au - xPb, 4

Current Collector
[ ]
Current Collector
Current Collector

Fig 2.4.2.1 Different mechanism of pseudocapacitive charge storage, (a) Underpotential
deposition (b) redox pseudocapacitance (c) intercalation pseudocapacitance.
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During the charging, Pb?*ions from the electrolyte solution get deposited on the surface by
accepting or storing two electrons. As the process is reversible, the opposite phenomenon
occurs during the discharging, resulting in two electrons release. Fig 2.4.2.1(a) shows such

mechanism of charge storing.

B) Redox pseudocapacitance: Redox pseudocapacitance occurs when the ions from the

electrolyte are adsorbed near the surface of the active material via fast and reversible faradaic
charge transfer. Hydrous RuO> shows this type of pseudocapacitance. When charging, the RuO»
accepts protons from the electrolyte and releases them back during discharge process. Protons
from the electrolyte solution interact with the surface (within 10 nm of the surface) of the active
material, and this faradaic process does not involve phase change of the active material [84].

Fig 2.4.2.1 (b) shows the redox pseudocapacitance mechanism.

C) Intercalation pseudocapacitance: Pseudocapacitive charge storage via intercalation

of ions in the bulk of the active materials occurs when the ions from the electrolyte solution
penetrate deep into the active material and perform reversible redox reactions. Intercalation
pseudocapacitance is possible only when the active material has a tunnel or layer-like structure.
For this reason, only a few materials show this type of charge storage like t-Nb>Os, 8-MnO»,
etc. [85,86]. Battery-type materials also show this type of storage mechanism. However, in the
battery, the electrode suffers phase change, whereas in intercalation pseudocapacitance, no
phase change occurs for the active material [87]. Figure 2.4.2.1 (c) shows the charge storage

mechanism due to intercalation pseudocapacitance.
2.4.3 Hybrid Supercapacitor

Electrode materials for hybrid supercapacitor store charges via both the physical and
pseudocapacitive charge storage mechanisms [88]. Because of the contribution from both these
two mechanisms, energy density and power density become very high for these types of
materials. Composites of different carbonaceous materials with different redox-active materials
constitute this class of hybrid electrode material. In these composites, carbon-based materials
store charges via double layer formation, whereas the redox-active material stores charges via
reversible faradic reactions with the electrolyte. Carbon-based elements also stabilize the
redox-active material against the large volumetric strain suffered during the redox reaction by
providing a backbone. Alongside, carbon-based elements provide a high way to the electrons,
and thus conductivity of the sample increases. Usually, the carbon-based material is responsible

for enhancing the power density, and redox-active material is responsible for enhancing the

26| Page



energy density of the composite. Composite of NiO-CNT, MnO,- Graphene, PANI-CNT, etc.,

are examples of hybrid supercapacitor electrode materials [89-91].

2.4.4 Electrochemical characterizations to differentiate between the storing

mechanisms

After synthesizing an electrode material, generally, three main characterizations are
performed to test the charge storage performance of the material. These characterizations are
performed in a three-electrode setup, as shown in figure 4.4.1 (a). Here 'CE' and 'WE' are the
counter and working electrodes, respectively. The material under investigation is coated in a
thin film form on the working electrode, which undergoes the redox reaction. The resulting
current is measured between these two electrodes. The third one is the reference electrode
which generates a constant reference potential with respect to which the potential of the
working electrode can be measured. A few popular reference electrodes are the Calomel

electrode (Hg/HgCI/KCI) or the silver-silver chloride electrode (Ag/AgCl/4M KCI).
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Fig 2.4.4 (a) Three Electrode set-up for Electrochemical Characterization, (b) Potential Waveform for

the CV measurement. CV diagram for, (c) EDLC and (d) Pseudocapacitor
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These three electrodes are kept submerged in a suitable electrolyte. Cyclic voltammetry (CV)
is one of the three characterization techniques which is performed in this similar three-
electrode setup [92,93]. CV study provides information on the oxidation and reduction
processes of molecular species coated on the working electrode. A triangular potential (figure
(2.4.4.1 (b)) is applied between the RE and WE and the resulting current is measured between
CE and WE. To investigate the material property for supercapacitive application, a suitable
potential window is chosen. CV scan is performed at different scan rates. Scan rate controls the
rate of change of the potential, or more generally, it controls the slope of the applied triangular
potential waveform. A high scan rate decreases the width of the diffusion layer formed at the
working electrode, which results in a higher current. Figure 2.4.4.1 (c) shows the typical CV
diagram for an EDLC, which offers a rectangular CV diagram. On the other hand, CV diagram
for a pseudocapacitor (figure 2.4.4.1 (d)) deviates significantly from the rectangular shape,

which sometimes contains prominent oxidation or reduction peaks.
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Fig 2.4.4.2 GCD profile for (a) EDLC and (b) Pseudocapacitor

The specific capacitance for the material under investigation at a particular scan rate can be

obtained from the area under the CV curve using the equation 2.4.4.1

Cp = —— 2.4.4.1

T omw

Where, v and m are the potential sweeping rate and mass of the active material, respectively.

Here, 7is the area under the CV curve which can be calculated from the equation 2.4.4.2 [94];
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Where v, and v, are the highest and lowest points of the potential range, respectively.
Galvanostatic charge discharge (GCD) is another electrochemical characterization technique
that is performed to observe the charging and discharging behavior of WE. A constant current
is applied between the CE and WE, and the potential of the WE is measured over time with
respect to the RE. Figure 2.4.4.2 (a) shows the typical GCD pattern for an EDLC. The triangular
shape of the GCD pattern resembles the EDLC nature; on the other hand, pseudocapacitor
electrode material displays non-triangular GCD curves, as evident from figure 2.4.4.2 (b). One
more interesting point that can be observed from the GCD plot of figure 2.4.4.2 (b) is that
during the beginning of the discharge, a sharp fall is noticed. This sharp fall is mainly due to
the internal resistance as well as the contact resistance of the electrode material with the current
collector [95]. Usually, the GCD performed within the same potential window as the CV. The
rising half of the GCD curve the charging curve. Once the higher potential reached, the
charging current is reversed to the negative value, and the discharging curve is obtained.
Equation 2.4.4.3 can be used to calculate the specific capacitance from the GCD measurement

for a particular current density,

Cop = —or 2443
Q)
(a) L) C (¢
3 } ﬁll; 20
4 y
Experimental Data
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~N - H T CPEgy
5 Rs C g : a 12} W
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e > __'__:' T : = oo 4 ; |‘z 1‘6 20
R 2@ R, Z'(M z@

Fig 2.4.4.3 Nyquist plot (a) ideal capacitor series resistance (b) capacitor with a leakage
resistance in parallel (c) actual supercapacitor electrode

Here, i is the current density applied externally, and dV/dt is the average slop the
discharging part of the GCD curve.
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The third characterization is the electrochemical impedance spectroscopy (EIS) which provides
different dynamical processes occurring at the WE and the electrolyte. EIS can be used to
determine the resistive and capacitive properties of an electrode material by applying a
perturbation to the electrode in the form of a sinusoidal AC signal of magnitude 2-10 mV. The
frequency of the perturbation signal is varied, and thus an impedance spectrum is obtained. We
consider a circuit where an ideal capacitor C and a resistor R are connected in series. For this

circuit, the complex impedance Z is given by equation (2.4.4.4)

i
Z(w)=R— v 2444

Here, w is the frequency of the applied perturbation and 7 is the usual imaginary unit. The real

part Z,, and the imaginary part Z;, of the complex impedance are given by: (2.4.4.5)

Z, =R 24.4.5

iy = —— 2.4.4.6

wC

When the frequency of the applied perturbation is varied, the Z;, remains fixed; as for the
present circuit, it is independent of frequency. Hence, the plot of -Zim vs Z: becomes a straight
line parallel to the — Zinm axis, as shown in Figure 2.4.4.3 (a). From this plot value of the series
resistance (Rs) can be calculated as shown in the same figure. This method of demonstrating
the EIS spectra is called the Nyquist plot. Another method of demonstrating the EIS data is the
Bode plot, where the logarithm of modulus of impedance (log Z) is plotted against the
logarithm of applied frequency (log f). However, in reality, an ideal capacitor cannot be realized
in practice. A more realistic approach to model a capacitor is to consider a high resistance
parallel to that capacitor, which takes into account the leakage of charge over time. In such a
case, the Nyquist plot becomes circular in the higher frequency region along with a spike
parallel to the — Zin axis, as shown in figure 2.4.4.3 (b). From the same plot value of the leakage,
resistance can be calculated from the radius of the semicircle. However, in reality, a much more
complex Nyquist plot is obtained for a practical capacitor, especially for a supercapacitor,
owing to much more complex charge dynamics at the electrode-electrolyte interface. In such a
case, the Nyquist plot has to be fitted with different circuit elements to obtain different
information like contact resistance, charge transfer resistance, Warburg impedance, etc. For
example, the Nyquist plot of figure 2.4.4.3 (c) shows such a typical complex nature. This is a
plot for a supercapacitor electrode material. This Nyquist plot has been fitted using the model

circuit shown in figure 2.4.4.3 (¢) (inset). Here, CPEpL is the constant phase element that takes
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into account the double layer effect at the interface of the electrode, and Wy is the Warburg

element which is due to the frequency-dependent diffusion [96].

Thus, different parameters determine the overall charge storage performance of electrode

material. Table 2.4.4.1 summarizes these different parameters and their meaning.

Table 2.4.4.1: Different parameters related to the charge storage performance of the electrode

material.
Parameters Significance
Specific capacitance Charge storing capability per unit mass of the
electrode material.
Areal specific capacitance Charge storing capability per unit area of the electrode

material.
Volumetric specific capacitance  Charge storing capability per unit volume of the

electrode material.

Specific energy Electrical energy stored per unit mass of the active
material.

Specific power Stored electrical power unit mass of the electrode
material.

Electrochemical reversibility Determines the reversibility of the redox reaction.

Potential window Signifies the operating voltage window within which

the active material can perform the reversible redox
reaction with the electrolyte.

Rate capability Determines the capacitance response at various
potential scan rates or current densities. It is related to
the power generating efficiency at a high current with
a minimum loss of voltage.

Long cycle life Charge storage capability for the electrode usually
degrades over repeated charging and discharging
cycles. This parameter determines the long-life
performance of the electrode material.

Columbic efficiency Signifies the efficiency of the charge transfer through
the electrochemical reaction. It is the ratio of charging

time and the discharging time for an active material in
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GCD measurement, the charging and discharging
current are the same.
Equivalent series resistance It determines the resistance of different components in
(ESR) the whole electrochemical cell. This resistance
includes material resistance, electrolyte resistance etc.

it can be determined from the EIS studies

2.5 Different electrode materials

At present different research groups around the world are investigating different types
of materials for supercapacitor electrodes. Different EDLC based materials offer extraordinary
power density as well as excellent long-life, whereas different pseudocapacitive materials offer
high storage capacity with excellent energy density. Hence efforts have been made to prepare
composites of these two types of materials to enhance the overall storage performance. Here

we discuss a few such materials and their charge storage performances.

2.5.1 Porous Carbon

Carbons derived from different sources have been used to fabricate supercapacitor electrodes.

These electrodes store charges via the formation of double layer, and no redox process is
involved in the storage mechanism. Hence this type of material can extend the lifetime of the
electrode owing to the physical charge storage mechanism. Porous carbon is low cost,
environmentally friendly, and offers the agility to tune its surface area. Activated carbon (AC),
a type of porous carbon, has been successfully commercialized because of its large surface
area, micro-porosity, and relatively low cost. Different waste products like rice husks, waste of
tea, waste of coffee beans, etc., have been used to synthesize AC to fabricate EDLC type
supercapacitor electrodes [97]. The charge storage properties of these electrodes depend on the
carbonization and activation steps during the synthesis. Inal et al. prepared AC from the waste
of tea using carbonization and chemical activation using zine chloride (ZnCl,). The heat-treated
sample showed a good specific surface area of 923 m? g'. They measured the electrochemical
charge storage performance in a two- electrode configuration which exhibited the highest
specific capacitance of 140 F g' at a current density of 1 A g'. The device retained 98% of its
initial value of specific capacitance after 10000 GCD cycles [98].
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2.5.2 Carbon nanotube (CNT)

Carbon nanotubes (CNTs) have remained in the center of material science research since their
discovery because of their attractive structural, mechanical, and electrical properties [99].
CNTs are fabricated when a graphite sheet is rolled to form a cylindrical shape, as shown in

figure 2.2.4.1. Thus, we have a carbon nanotube with only one layer of rolled up layer of

Graphene Graphite

N

Multi-layered

Multi-layered

=
>

Single-walled Multi-walled
carbon nanotube carbon nanotubes
(SWCNT) (MWCNT)

Fig 2.5.1 Different types of CNTs

graphite sheet known as single walled carbon nanotube (SWCNT) On the other hand,
multiwalled carbon nanotube (MWCNT) contains more than one layer of graphite layer. CNTs
can have a diameter of the order of 1 nm while their length can be of the order of a few microns,
offering very high surface area and low resistivity, which is beneficial for electrochemical
charge storage applications. Niu et al., in 1997, first demonstrated the supercapacitive
properties of CNTs [100]. Catalytically grown carbon nanotubes having an average diameter
of 80 A were used for fabricating the electrodes. Initially, the CNTs were treated with nitric
acid to disassemble the CNT cluster and functionalize the surface with oxygenated groups.

These acid-treated CNTs were dispersed in water and filtered, which resulted in a carbon
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nanotube sheet after drying. A test device was assembled using two such sheets as electrodes
separated by polymer separator. 38 wt% H>SO4 was used as electrolyte. A maximum specific
capacitance of 104 F g was attained from the test cell. Yu et al. reported a stretchable
supercapacitor based on SWCNT microfilm. To fabricate the stretchable substrate, surface
treated poly(dimethylsiloxane) (PDMS) was used. SWCNT was deposited on this elastic
substrate. The device demonstrated a specific capacitance of 54 F g! when no strain was

applied and 52 F g™! when a 30% strain was applied [101].
2.5.3 Graphene

Graphene was attracted tremendous research interest soon after its first synthesis in 2004
[102]. It is the two-dimensional single layered carbon atoms in of sp? hybridized state (fig
2.4.5.2). Very low electrical resistivity and high thermal and electrical conductivity, utra-high
surface area (~2700 m’g™), chemical stability, and excellent mechanical strength (~1 Tpa)
make it suitable for application in Supercapacitor electrodes. Liu et al. in 2010 reported a

supercapacitor device with graphene-based electrode [103].

Carbon atoms Molecular bonds

\ ~ 0.142 nm
e ——

Fig 2.5.2 Structure of graphene

Graphene oxide (GO) was produced via the modified hummers method. In this process, natural
graphite is oxidized using a mixture of sulphuric acid, sodium nitrate, and potassium
permanganate. The obtained GO was treated with hydrazine to remove the oxygen-containing
groups. Finally, the obtained graphene powder was coated on the aluminum foil to fabricate
coin sized supercapacitor cell. A rectangular CV profile was obtained within a wide potential
window of 4 V. This suggests excellent double layer charge storage mechanism. The coin cell

displayed a specific energy density of 85.6 Wh kg at 25 °C. Zhang et al. used a novel vacuum
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filtration deposition method to deposit graphene in the pore of nickel foam [104]. In this
process, commercially available graphene nanoplatelets were refluxed using an acidic solution
of concentrated nitric acid. This refluxed graphene, along with PVDF binder, was dissolved in
absolute ethanol. The mixture was then forced through the nickel foam using a vacuum
filtration deposition process. After the deposition, the deposited nickel foams were dried at 100
°C in a vacuum. A specific capacitance of 152 F g'! was acquired at 10 mV s™! scan rate using
an aqueous 6M KOH electrolyte medium in a two-electrode setup using as-deposited nickel
foams as the positive and negative electrode. The electrodes retained 95% of their initial
capacitance after 2000 cycles. However, graphene nanosheets tend to aggregate during the
electrode fabrication, which hampers the electrochemical performance by reducing the

practical surface area [105].

2.5.4 Ruthenium oxide and its composites

Among different transitional metal oxides, RuO: is the most promising pseudocapacitive
electrode material because of its fast charge dynamics, high theoretical specific capacitance,

high electrical conductivity (~ 105 S cm™) chemical and thermal stability in the electrolyte.
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Fig 2.5.3 (A) CV and (B) GCD for the rGO/RuO; aerogel

The charge storage mechanism of RuO, was first proposed by Trasatt1 et al. [106], which is

due to the electronic protonic "double insertion" mechanism as shown in equation (2.5.4):

Ru0,(0OH), + 6H* + e~ < RuO,_s(0OH)y s 254
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The oxidation state ofruthenium varies among Ru** Ru** amd Ru?*. These redox reactos mainly
at the surface or nearer to the surafce of the RuO; coated electrode. Hence the surface area of
the electrode material composing the electrode, in this case is a vital parameter to obtain higher
specific capacitance. The anhydrous crystalline form of RuO; shows a very low specific
capacitance (~30 F g'!) value whereas the the hydrous form of RuO; offers higher specific
capacitance [107]. Patil et al.synthesized hydrous RuO> thin film on different substrate like
glass and stainless steel using chemical bath deposition.Being hydrous in nature the thin film
of RuO; showed a higher specific capacitance opf 73 F g! at 2 mV s™! scan rate in 0.5 M H2SO4
electrolyte [108]. Korkmaz et al synthesized a composite of rGO and RuO, in the form of an
acrogel mixture. The electrochemical study revealed that this composite did not show any redox
peak at the higher side of the scan rate. The CV curves thus resembled almost ideal reversible
capacitive behavior, and the GCD curves showed triangular type nature as shown in figure
2.5.3 (a) and (b), respectively. The highest specific capacitance of 328.6 F g ! was obtained
for this sample at SmVs™! scan rate [109]. Table 2.5.4 summarises the different results

concerning the charge storage capability of RuO-, and its composites.

Table 2.5.4: Results from different reports on RuO: and its different composites;

Sample name Measurement configuration Specific capacitance Ref.
value

Anhydrous RuO:  3-elctrode, electrolyte: aqueous 58 F g! @2 mV s’ [75]
0.5M H2SO4

Hydrous 3-electrode, electrolyte: aqueous 1300 F g!' @ 10 mV st [110]

nanotubular array 1M H2SO4

of RuO:

Spray deposited 3-elctrode, electrolyte: aqueous 551 F g! @ mV s7! [111]

RuO: film 0.5M H»2S04

Pulse 3-elctrode, electrolyte: aqueous 1724F g!' @ 5A g'! [112]

electrodeposited 0.5M H>SOq4

RuO2

RuOz/Carbon 3-elctrode, electrolyte: aqueous 220F ¢! @ S5 mV s’! [113]

nanofiber 2M H2SO4
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Flexible
RuO:2/Graphene
thin film

SnO2- RuO:z
composite film

RuQO2/CNT

RuO2/electrosopun
carbon fiber
RuO2-Fe203
embedded

mesoporous carbon

3-elctrode, electrolyte:

0.5M H>SOq4

3-elctrode, electrolyte:

0.5M H2SO4

3-elctrode, electrolyte:

0.5M L H,SO4

3-elctrode, electrolyte:

2M H>SOq4

3-elctrode, electrolyte:

0.5M H3SO4

2.5.5 Manganese dioxide and its composites

aqueous

aqueous

aqueous

aqueous

aqueous

1561 Fg!' @ 5mVs!

150 F g’!

900 F ¢!

544 F g!

1668F g @ 1Ag!

[114]

[115]

[116]

[117]

[118]

Although RuO; is popular in lab-grade devices and different military-based applications

because of its high cost and toxicity, it is not commercially popular. As an alternative to RuO»,

Manganese dioxide (MnO2) has gained popularity because of its ultrahigh theoretical value of

specific capacitance (~1370 F g!), environment friendliness, and abundance [119]. In 1999,

Lee and Nobel Laureate Goodenough first reported the supercapacitor behaviour of
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Amorphous MnO>.nH>O in an aqueous KCl electrolyte medium. A specific capacitance
value of 200 F g'! was reported [120]. MnO, generally shows six different types of polymorphic
forms, as shown in figure 2.4.5.5 [121]. Different atomic positions in these different
polymorphs result in the variation of surface characteristics, pore size, and channel or tunnel
size. These variations lead to significant variations in the charge storage performance of these
different polymorphs. For example, Zhang et al. studied the electrochemical charge storage
performance of these different polymorph phases. It was found that the specific capacitance
values varied in the order: B-MnO2< y-MnO: < 8-MnO; < a-MnO> [122]. The charge storage
by MnO; electrode in the aqueous electrolyte is due to the pseudocapacitive mechanism. Two
different mechanisms are usually proposed to explain the charge storage phenomena [123]. The
first one is based on the intercalation of protons (H) or metal cations (C) in the bulk of the
material during the reduction process. On the other hand, during the oxidation process, the
deintercalation of H" or C* occurs. Equation 2.5.5(a) and 2.5.5(b) shows the charge storage

phenomena by MnO», through the first mechanism.

MnO, + H" + e~ & MnOOH 2.5.5(a)
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MnO, + C* + e~ & Mn00OC 2.5.5(b)

In the second mechanism, the surface adsorptions of the electrolyte ions on MnO; electrode

surface are taken into consideration and are shown via the equation (2.5.5c).
(Mnoz)surface + c* te © (MnOZ_C+)surface 2-5-5(0)

This adsorption and desorption of ions occur very near the electrode's surface, and bulk of the
sample remains inactive in this case. Although having many advantages, pristine MnO,,
possesses few serious drawbacks as an electrode material for supercapacitors. MnO,
demonstrates low electrical conductivity in pristine form, which hampers the charge transport
rate. It also tends to dissolve in different aqueous electrolytes, reducing the material's stability
Further, through the repeated charge/ discharge cycles, the crystal structure of MnO,, suffers
irreversible volume expansion, which causes swelling in the electrode. To address these
problems, different researchers across the world developed a composite of Mn0O,, with
different materials like CNTs, graphenes, activated carbon, carbon fiber, other metal oxides,
sulfides, etc. For example, Vangapally et al. synthesized carbon/Mn0,, composite using table
sugar as a source for carbon. The hydrothermal reaction was used to prepare the composite,
which showed a nanorod-like morphology. This composite showed a specific capacitance of
416 F g' at 1 A g'!. Because of the presence of carbon in the composite, its conductivity and
electrochemical stability increase, which causes the electrode to retain a specific capacitance
of 90% of the primary value after being charged and discharged for 5000 cycles [124]. A lot of
work has been performed using Mn0O, and its composites to be used as electrode material for

supercapacitors. Table 2.4.5.5 shows a summary of a few of the published results.

Table 2.5.5: Results from different reports on MnO- and its different composites.

Sample name Measurement configuration  Specific Capacitance Ref.
value

Porous MnO: 3-electrode.elctrolyte: aqueous 222 F g!' @2 mV s [125]
0.5M NaxSO4

MnO: nanofillers  3-electrode.elctrolyte: aqueous 603 F g!' @ 5 mV s’ [126]
IM NaxSOg4

MnQO:2 Nanorod 3-electrode.elctrolyte: aqueous 166.2 F g’! [127]
0.1M NaySOq4
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Hollow MnO: 3-electrode.elctrolyte: aqueous 291 Fg!' @ 1A g! [128]

nanofiber IM NazSOq4

GO- MnO: 3-electrode.elctrolyte: aqueous 216 F g! @ 150 mA ¢! [129]
1M NazSOg4

MnO:-CNT 3-electrode.elctrolyte: aqueous 201 Fg' @ 1A g [130]
IM NazSOq4

MnO: on Ni foam  3-electrode.elctrolyte: aqueous 241 Fg!' @1 A g! [131]
1M NazSOg4

Polypyrrole 3-electrode.elctrolyte: aqueous 141 F ¢! @ 2 mA cm’! [132]

covered MnO; IM L' Na,SO4

MWCNTs/ 3-electrode.elctrolyte: aqueous 806 F g!' @ 1 A g! [133]

MnO2/PPy IM L' NaySO4

composite

Carbon@ MnO:  3-electrode.elctrolyte: aqueous 252 F ¢! @2 mV s™! [134]

core-shell IM L Na,SO4

nanospheres

2.5.6 Bimetallic oxide of Ni and Mn (NiMn204)

NiMn»Og4 offers high conductivity, high theoretical specific capacitance and excellent stability
among different bimetallic oxides. Hence it has been investigated by different researchers for
its potential applications in supercapacitors, catalysis, electrochemical sensors etc. Dhass et al.
synthesized NiMn2O4 using a simple sol gel route. They studied the effect of annealing
temperature and the electrolyte concentration on the electrochemical performance of the
electrode made of this powder. All the electrochemical performances were reported in a 3-
electrode arrangement in aqueous KOH electrolyte with variable concentrations ranging from
IM to 6M. the sample annealed at 500 °C (NMO1) showed better electrochemical charge
storage performance compared to the same sample annealed at 600 °C (NMO2) and 700 °C
(NMO3). Next the of electrolyte concentration was studied using the NMO1 sample. It was
seen that with the increasing the KOH concentration, the charge storage performance increases.
In 1M KOH electrolyte, it offered 571 F g'! and in 6 M KOH electrolyte, it offered a specific
capacitance of 762 F g'! (value measured from CV at 5 mV s! scan rate). It was concluded that
the improvement of specific capacitance is due to the increment of electrolyte ions which

increases the electrochemical activity [135]. Umar et al. synthesized NiMn>O4 nanodisc on
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reduced graphene oxide (rGO) using a low-temperature colloidal solution method and studied
it for both the electrochemical sensor and supercapacitor. The sensor was used to sense
acetylacetone. The electrochemical charge storage capability was measured in a three-electrode
arrangement using 1 M aqueous Na;SOj4 electrolyte within a wide potential window of 1 V.
NiMn,O4 nanodisc decorated on rGO demonstrated a highest specific capacitance of 356 F g!
at 0.5 A g! current density. On the other hand, only NiMn,O4 shows a specific capacitance of
199 F g! at the same current density. This improvement of specific capacitance is mainly due
to rGO, which increases the specific surface area of the sample, and thus the charge storage
performance improves [136]. Choice of the current collector is an important parameter to
obtain the best performance from a supercapacitor electrode. Wei et al. synthesized ultrathin
NiMn;O4 arrays on Ni-foam current collector using hydrothermal reaction. Through the
reaction, the coating of NiMn,Os was formed directly on the Ni-foam. Because of this, no
binder was required to fabricate the electrode. As it is well known, most of the binders are
nonconductive and deteriorates the performance of the electrode. This kind of microstructure
provides large number of active sites for the electrolyte ions and the conductive channel of Ni-
foam effectively connects the different redox active sites electronically. The electrochemical
performance measured in 6 M KOH electrolyte displayed a specific capacitance value of 662.5
F g'! at current density of 1 A g'! current density [137]. Table 4.5.6 summarizes the different
results regarding the supercapacitive charge storage performance obtained with NiMn2O4 and

its different composites.

Table 2.5.6 Results from recent reports on NiMn204 and its composites.

Sample name Measurement Specific capacitance Ref.
configuration

rGO/NiMn204 3-electrode. Electrolyte: 693Fg'@1Ag! [138]
aqueous 1M Na»SO4

Spherical carbon 3-electrode. Electrolyte: 4707 Fg' @ 1A g! [139]

decorated with aqueous 2M KOH

NiMn204

CNT/NiMn204 core 3-electrode. Electrolyte: 9156 Fg'@1Ag! [140]

shell aqueous 6M KOH

nanocomposite
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NiMn204 on Ni
foam

NiMn204
supported on N2
dopped graphene
Co*" and Zn**
dopped NizMn204
supported on rGO
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3-electrode. Electrolyte:

aqueous 6M KOH

3-electrode. Electrolyte:

aqueous 6M KOH

3-electrode. Electrolyte:

aqueous 3.5M KOH

802Fg' @ 1Ag!

13082Fg'@1Ag!

T0Fg' @1Ag!

[141]

[142]

[143]



2.6 Two Electrode Supercapacitor Device

A symmetric two-electrode supercapacitor device is fabricated by utilizing the coating
of the same electrode material in both electrodes. On the other hand, if two different electrode
materials are used, it is termed an asymmetric supercapacitor device. Usually, in such a device
the redox-active material is coated on the positive electrode, and carbonaceous material is

coated on the negative electrode.

Current collector

> Electrode Material

—> Separalor/Electrolyle

Fig 2.6a Schematic of two-electrode supercapacitor

The energy density (E, in the unit of Wh kg ! and the power density (P, in the unit of
W kg 1) of the device can be calculated from the equations (5 A) and (5 B) [144].

_ 1.c@av)?

E 2 [ 3.6 ] 5A
p= 3600XE 5B
AT

Here, C is the device's specific capacitances (in the unit of F g!) at different current densities
as obtained from the GCD, AV is the working potential window, and AT is the different
discharge times corresponding to different current densities. For the best performance of the
device, the active materials should be carefully chosen, and mass deposition of the active

materials should be optimized. Apart from the active materials, we need to focus on its
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important parts to obtain the optimum performance from the device. These parts are current

collector, separator and electrolyte.
2.6.1 Current Collector

The current collector serves two main purposes. Firstly, it collects/sends electrons
from/to electrodes during discharging/charging. Secondly, it provides the necessary mechanical
support to the electrode material. A good current collector should have very less contact
resistance and good bonding with the electrode material [145,146] It should also have high
electric conductivity to carry or deliver power with minimum loss. To stick the electrode
material more efficiently to the current collector, different surface treatments are performed.
This increases the bonding capacity of the current collector. Wen et al used the atomic layer
deposition (ALD) technique to fabricate platinum nanotube arrays using anodic alumina
(AAO) template. They successfully fabricated a current collector of the size of 1 cm x 1 cm,

free of any structural defect. Next, to deposit MnO», on the nanotube array electrodeposition

method was used, which acted as the electrode for the supercapacitor.

Fig 2.6.1.1 (a) Pt Nanotube array, (b) MnO, deposited nanotube array

Figure 5.1.1 (a) shows the SEM image of the Pt-nanotube array, and figure 2.6.1.1 (b) shows
the same array after MnO», deposition. This structure of the current collector maximizes the
surface area for MnQO», deposition. A good charge storage capability along with excellent
stability was reported for this structure [147]. Both commercially and in lab- grade devices,
different materials like copper, nickel, aluminum etc, are used as current collectors. In a typical
supercapacitor device, the current collector does not participate in any reaction. Hence the
choice of the current collector should be such that it does not react with the electrolyte. Also,

with the rise in popularity of wearable electronics, the current collector should be flexible.
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Thus, a good amount of research is required to improve the material composition and

architecture of the current collector to meet the global requirements.

2.6.2 Separator

The separator in a supercapacitor device is kept between two electrodes. It serves three main
purposes. (1) Firstly, and most importantly, it prevents short-circuiting the device by providing
electrical insulation between the two electrodes. (2) It acts as a storage reservoir for the liquid
electrolyte, and thirdly during the charging- discharging process, it allows the passage of
electrolyte ions [148,149]. (3) Having good mechanical strength to provide device durability.
Based on these requirements, ES separators are usually made from thin and highly porous films
or membranes. Commonly used separator materials are cellulose, polymer membranes and
glass fibers. As generally realized, the choice of separator materials depends on the type of
electrode, working temperature and ES cell voltage. In commercial devices, a cellulose-based
separator is used along with organic electrolyte because of its good wettability. The choice of
the separator is defined by the properties of the electrolyte. The separator material must be
thermally stable at the working temperature range, and it must be chemically/electrochemically
inert. Besides, its thickness must be as thin as possible to enhance the charge storage capacity.
To use in the flexible supercapacitor, the separator should also be flexible enough to
accommodate the change in the shape of the overall device. Among the major disadvantages
of a supercapacitor, the principal one is the high self-discharge rate. Proper design strategies of
the separator can suppress the self-discharge rate. Peng et al synthesized polyacrylonitrile
coated sodium dodecyl benzene sulfonate (PAN@SDBS) nanofiber membrane through coaxial
electrospinning method. This membrane was used as a separator for the supercapacitor. The
device showed a slow self-discharge rate because of the constrained ion diffusion due to the
concentration gradient through the engineered membrane [150]. Furthermore, the properties of
the separators, such as chemical composition, thickness, porosity, pore size distribution, and
surface morphology were found to have a noticeable influence on several EDLC performance
indicators including polarizability limits, specific capacitance, ESR, characteristic time
constant, specific energy, and power densities [151]. The field of separator engineering receives
relatively less research interest compared to that of electrode materials and electrolytes.

However, a few major drawbacks can be resolved through the proper engineering of the
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separator. Hence more research is necessary to advance the general performance of the

supercapacitor device.

2.6.3 Electrolyte

The electrolyte is another important part of the supercapacitor device. It is an important
detrimental component that controls other important parameters like operating potential
window, self-discharge, rate performance, internal resistance, cycle life, operating temperature,
etc. [153]. Among the different types, electrolytes can broadly be classified into two different

categories, liquid electrolytes and solid- state electrolytes.

Electrolyte

Solid-state or
quasi-solid-state
clectrolyte )

Liquid
electrolyte

Redox-active
electrolyte

—_—
— Aqueous
[ Aqueous Non aqueous Dry solid 1 electrolyte
electrolyte electrolyte polymer | | «KI
electrolyte -
\_* PEOQ/LiCl ) Organic
oy _—
m Organic electrolyte
- — electrolyte (Gel polymer ) * (Et,N),B-F, H/PC
+ H,S0, polymer e Pl | ekl
2274 * TEABF,/ACN) Electrolyte | | EEEEE—
- —— » PVA/ILSO Tonic liquid
Alkallllel_ | | Tonic liquid +H 5 ! — e [EMI;]“]
- s[5 3 2
(" KOH | [EMIM][BF,] — +{EMIM][BF,]
e T
Neutral Mixutures Inorganic
Gel pol
+ KCl JJ * [EMIM][BE,] electrolyte |— c':ef:)t[:‘zll:t?
+ACN * Li,S-P,S; * PVA/KI+H,0

Fig 2.6.3 Classification of electrolyte for supercapacitor application. Ref: [152]

Liquid electrolytes can be further classified into two groups: aqueous electrolytes and non-
aqueous electrolytes [154]. The broad classification of electrolytes has been shown in figure
2.6.3. Aqueous electrolyte-based supercapacitors usually offer high capacitance because of the
high ionic conductivity of the electrolyte. But operating potential window, in this case, becomes
very narrow owing to the small decomposition potential of the electrolyte. Because of this
small potential window, the energy density offered by the device becomes less. On the other

hand, supercapacitor with non-aqueous electrolyte can offer higher potential window and thus
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a much higher energy density can be obtained. Solid electrolytes also offer high potential
window, with an added benefit that in a device with solid electrolyte there is no leakage
problem. Thus, there is no single electrolyte which can satisfy all the requirements for

supercapacitor.

Aqueous electrolytes are extensively used in the laboratory because of their low cost and ease

of handle-ability. To date, no commercial device has been fabricated with aqueous electrolytes
because of low energy density. Aqueous electrolytes have higher ionic conductivity than
organic and ionic liquid electrolytes [155]. H2SOs is the most popular acidic type of aqueous
electrolyte because of the ultrahigh ionic conductivity of 0.8 S em™ (at room temperature)
[156]. Because of this high ionic conductivity, device resistance can be reduced, and power
density can be increased. Different alkaline type aqueous electrolytes are also frequently used
for device fabrication. Aqueous KOH electrolyte is a commonly used alkaline electrolyte that
also offers high ionic conductivity of 0.6 S cm™ (at 25 °C). NaOH and LiOH are also used in
supercapacitor device fabrication among the other alkaline electrolytes. Alongside acidic and
alkaline electrolytes, neutral electrolytes are also popular in the research field. Aqueous
solutions of Na;SO4, KCI, NaCl, etc., have been widely used because they can provide a
relatively higher potential window compared to alkaline and acidic electrolytes. Also, these

types of neutral electrolytes result in less corrosion of the current collector.

Non-aqueous is another type electrolytes, organic electrolytes are mainly used in the
commercial market because of their high operating potential window of 2.5 to 2.8 V. However,
they are costly offer low ionic conductivity and low specific capacitance. They are also highly
flammable and toxic. Tetraecthyl ammonium tetrafluoroborate (TEABF4) in acetonitrile (AC)

solvent or propylene carbonate (PC) are examples of organic type electrolytes [157,158].

Ionic liquids also belong to the non-aqueous type electrolyte. They are basically salts having
melting points under 100 °C and comprise of inorganic or organic anions and organic cations

[159]. Because of the weak interactions between the ions, they tend to have a low melting point.
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By varying the combinations of cations and anions, the properties of ionic liquids can be tuned

easily. lonic liquids are non-flammable, thermally, and electrochemically more stable.

Zwitterionic
Suitable for lithium Suitable for fuel Suitable for
batteries and cells ionic-liquid-based

supercapacitors membranes

Fig 2.6.3.1 Basic types of ionic liquids: aprotic, protic and zwitterionic types. Source; Macmillan
Publishers Ltd., Nature Materials [162].

A relatively high potential window (>3V) can be achieved with this type of electrolyte.
Combinations of ammonium, sulfonium, pyrrolidinium, imidazolium, and phosphonium
cations and hexafluorophosphate (PF), tetrafluoroborate (BF4), bis(fluorosulfonyl)imide (FSI),
bis(trifluoromethanesulfonyl) imide (TFSI), and dicyanamide (DCA) anions are useally used

as ionic liquid electrolytes in supercapacitor application [160, 161].

Redox-active electrolytes is a new strategy has been explored to increase the capacitance of ES

by inducing the pseudocapacitive contribution from the redox-active electrolytes. The Faradaic
reactions occur in the electrolyte can contribute extra capacitance to the ESs [162, 163]. In this
case, the pseudocapacitance is not only emerge from the pseudocapacitive electrode materials
but can also be contributed from the electrolyte (i.e., from the reduction/oxidation of the redox
mediator in the electrolyte). A simple and typical example is an iodide/iodine redox pair, which
is used for the redox-active aqueous electrolyte for carbon-based ESs by Lota et al. [162]. The
maximum capacitance of the carbon positive electrode in a 1.0 M KI electrolyte could exhibit
an extremely high value of 1840 F g!, due to the pseudocapacitive capacitance. Recently,
electrochemical energy storage devices containing solid-state electrolytes have gained research
attention due to the rapidly increasing demand for portable electronics, wearable electronics,
etc. The solid-state electrolytes serve two different purposes. Firstly, it acts as an electrolyte to
conduct the ions, and secondly, it acts as the separator for the two electrodes [163]. Among the
different types of solid- state electrolytes, polymer electrolytes are most often used for
supercapacitors. Polymer-based electrolytes can be classified into three different categories:
solid polymer electrolyte (SPE), gel polymer electrolyte (GPE), and polyelectrolyte. Among

these three types, gel polymer electrolyte is most extensively used in supercapacitor application
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due to its highest ionic conductivity among the other solid- state electrolytes. A gel polymer
contains a host polymer like polyethylene oxides (PEO), polyvinyl alcohol (PVA), etc., and an
aqueous electrolyte like Na;SO4, KOH, H2SO4, etc [164].

2.6.4 Electrode

Properties of Ideal electrode material: Although electrolyte, separator, and current collector

play a major role in determining the overall performance of the supercapacitor, the major
contribution in charge storage capability and overall device stability is mainly determined by
the choice of electrode material. Supercapacitor electrode material must have high surface area,
good electrical conductivity, good thermal and chemical stability, corrosion resistivity and good
surface wettability in the electrolyte used. Apart from these, the electrode materials should be
of low cost, easy to process, and environmentally friendly with good recyclability The
pseudocapacitive materials require additional criteria which are to easily transfer the faradic
charge This is essential to enhance the overall performance [165] The specific capacitance
value of typical electrode material is dependent on many essential parameters like its surface
area, morphology, distribution of pore size, and pore shape. It is seen that the material with
reduced pore sizes offers high capacitance and high energy density However, the reduced pore
size increases the resistive nature of the electrode material, which reduces the power density

[166].

Thus, the most important requirements for fabricating an efficient supercapacitor electrode
include improving the number of available electrochemically active sites by enhancing specific
surface area of the electrode material, tuning the pore size and pore shape of the electrode
material and increasing the connection between individual redox active sites by tuning the
morphology [167-169]. Different researchers have tried to tune the morphology of the electrode

material to improve the electrochemical charge storage performance.
2.6.5 Effect on the performance of electrode material due to Morphological differences

The morphology of electrode materials significantly impacts the performance of
supercapacitors, influencing factors such as specific capacitance, energy density, and cycling
stability. Here are the key aspects of how morphological characteristics affect the performance

of supercapacitor electrodes:

Key Morphological Factors Influencing Performance
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1. Surface Area and Porosity:

Specific Capacitance: A higher specific surface area allows for more electroactive sites,
which enhances the specific capacitance of the electrodes. Materials with well-defined porous
structures, such as activated carbons or metal-organic frameworks, can provide increased

surface area that directly correlates with improved energy storage capabilities.

Ion Accessibility: The porosity of the electrode materials facilitates the penetration of
the electrolyte ions, which is crucial for charge/discharge processes. Hierarchical porous
structures that combine micro, meso, and macroporosity can optimize ion transport and

enhance overall performance.

2. Particle Size and Shape:

Charge Transport: The size and shape of the electrode particles can influence the rate
of charge transport. Smaller particles typically enhance the rate of ion diffusion, allowing for
faster charge/discharge cycles. For example, nanostructured materials often exhibit superior
performance compared to their bulk counterparts due to the reduced diffusion distances for

ions.

Morphological Design: Specific shapes, such as nanorods or flower-like structures, can
improve the mechanical stability of the electrodes while also providing a larger surface area
for electrochemical reactions. These designs can help mitigate issues like cracking and

degradation during cycling.

3. Conductivity:

Electrical Conductivity: The morphology of the electrode can affect the formation of
conductive networks within the material. For instance, the integration of conductive additives
like carbon nanotubes or graphene can enhance the overall conductivity of the electrode,

leading to better performance under high current densities.
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Composite Structures: Hybrid materials that combine conductive polymers with
carbon-based materials can leverage the benefits of both components. The morphology of these
composites can be engineered to optimize electron and ion transport, thus enhancing the overall

efficiency of the supercapacitor.
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Fig 2.6.5.1 a) The schematic of challenge in studying the effects of morphology. b) The schematic of
preferred single crystal morphology for sustainability (crack evolution and the internal morphological
difference for PC and SC particles during prolonged cycling). ¢) SEM image of morphology of
pristine, cycled, and recycled cathode materials from the hydrometallurgical process, solid-state
reaction, hydrothermal reaction, and Ionothermal lithiation. d) The challenges for scale-up. ¢) The
methods for scale-up. Panel b is adapted with permission from ref. [170], Elsevier, 2020. Panel ¢ is
adapted with permission from ref. [171], Copyright Elsevier, 2021, ref. [172], Copyright American
Chemical Society, 2022, ref. [173], Copyright Elsevier, 2022, and ref.[174], Copyright Wiley-VCH,
2020.

Recent Advances in Morphological Engineering

Recent research has focused on innovative approaches to engineer the morphology of

supercapacitor electrodes for enhanced performance:

o Hierarchical Structures: Developing electrodes with hierarchical structures can improve
both ion transport and mechanical stability. For example, flower-like structures of
transition metal oxides on conductive substrates have shown promising results in

enhancing capacitance and cycling stability.
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e 3D Architectures: Three-dimensional electrode designs, such as those formed from
interconnected carbon nanotubes or graphene, can significantly improve the

accessibility of the electrolyte and enhance the overall electrochemical performance.

e Electrochemical Synthesis Techniques: Techniques like electro-polymerization allow
for the creation of conductive polymers with tailored morphologies. These methods can
produce electrodes with high surface areas and controlled porosity, leading to improved

capacitance and stability.

Kim and co-workers synthesized nickel oxide (NiO) nano structures with different
morphologies through the sol-gel method [175] The morphologies of the synthesized samples
were varied by changing the basicity of the precursor solution. Under weak basic conditions
(using hexamethylene tetramine (HMTA)), flower-like nanostructure, as shown in figure 5.5.2
(a) was obtained. The medium basic precursor prepared by ammonium hydroxide (NH4OH)
resulted in the formation of nanoslice of NiO and is shown in figure 5.5.2 (b). On the other
hand, much smaller nano particles of NiO having a diameter 50 nm were obtained under strong

basic condition

Fig 2.6.2 SEM image of (a) nanoflower, (b) nanoslice, (c) nanoparticle. Ref. [121]

obtained by adding lithium hydroxide (LiOH) in the precursor. From the BET specific surface
area measurement, it was estimated that the nanoflower-like structure had a specific surface
area of 159 m? g'! with a pore volume of 0.66 cc g”'. Whereas the same value for the other two

samples was 193 m?g™! for nanoslice (pore volume 0.3 cc g'!) and 233 m?g™! (pore volume 0.51
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cc g’ for the nanoparticles of NiO. Hence, at first glance, it may seem that the sample with a
larger specific surface area should offer better electrochemical storage performance. However,
electrochemical characterizations revealed that the morphology with minimum surface area
(nanoflower of NiO) demonstrated the highest specific capacitance of 480 F g™ at a current

density of 0.5 A g'! in 2 M aqueous KOH solution.

Arafat et al prepared single and binary composite samples of NiFe;O4 for supercapacitor
application [176]. Four different techniques were used for the preparation of Nickle ferrite
(NiFe204) that were electrospinning, hydrothermal, sol-gel, and green method using
tamarindus indica seed powder and Fe(NO3)3.9H>O (2:1 molar ratio) in DI water. SEM and
TEM techniques were used to study the morphology shown in fig. 2.6.5.3.

Fig 2.6.5.3 SEM micrographs for (a) AAC; (b) Nanofibers; (c) nanotube; (d) nanorod; (e)
nanoparticle; (f) AAC@nanofiber. Ref. [176]

The SEM micrographs of the activated carbon sample (NiFe2Os@AAC) Fig 2.6.5.3 (a) and
TEM shows fig 2.5.5.4 (a) plates with a flake-like structure containing fibres with diameters of
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Inm. The SEM and TEM micrographs (fig 2.6.5.3b and 2.6.5.4b) of nanofibers with an average
diameter of 55 nm with lengths to few mm., Fig 2.6.5.3c and 2.6.5.4c illustrates nanotubes

Fig 2.6.5.4 TEM micrographs for (a) AAC; (b) Nanofibers; (c) nanotube; (d) nanorod; (e)
nanoparticle; (f) AAC@nanofiber. Ref. [176]
structure with an average pore diameter of 9 nm with length 230 nm. The Fig 2.6.5.3d and
2.6.5.4d shows rod like structure with an average diameter of 30 nm and length 150 nm. The
fig 2.5.5.3e and 2.5.5.4e demonstrates particles with a spherical structure with average diameter
of 35nm. The micrographs of AAC@NiFe>O4 fiber (fig 2.6.5.3f and 2.6.5.4f) shows the

reduction in fiber lengths.

The electrochemical characterization showed at a fixed scan rate 5 mV/s the AAC;
Nanofibers; nanotube; nanorod; nanoparticle; AAC@nanofiber shows specific capacitance

424, 1140, 680, 550, 385, 1283 F g'! respectively [176].
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2.7 Summary

In summary, the morphology of electrode materials in supercapacitors is a critical factor that
affects their electrochemical performance. By optimizing surface area, porosity, particle size,
and conductivity through advanced morphological designs, researchers can significantly
enhance the efficiency and stability of supercapacitor technologies. Future developments will
likely focus on integrating these morphological strategies with scalable production methods to

facilitate commercial applications.
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CHAPTER 3

DIFFERENT CHARACTERIZATION
TECHNIQUES
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3.1 X-Ray Diffractometer (XRD)

The thesis work comprises the analysis and discussions of the results obtained from
different characterization facilities. These characterization techniques mainly include the
structural, compositional, and morphological studies of the different electrode materials under
consideration. Once the desired material is synthesized, and the formation of the same is
confirmed by the structural, compositional, and morphological analyses, electrochemical

characterization techniques are used to access its charge storage performance. This chapter

Fig 3.1 Rigaku SmartLab diffractometer

deals with all the different tools and techniques used to investigate a particular electrode
material.

X-ray diffraction is an analytical technique that is used to identify the crystalline structure and
the composition of the materials [1-3]. A crystalline solid has a periodic structure with a
repeated arrangement of atoms. A beam of monochromatic X-ray, when incident on such
periodic crystalline material, diffraction of rays occurs. These monochromatic X-rays are
produced using a cathode ray tube having a wavelength comparable to the lattice constant of

the material. Keeping the direction of the incident X-ray beam fixed, the sample and detector
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are rotated using an arrangement known as a goniometer. The detector records the intensity of
the reflected X-rays as a function of the angle between the directions of the incident beam and
diffracted beam. At some certain angles, when the geometry of the goniometer satisfies Bragg's
equation consistent with the sample's lattice spacing, a peak in the intensity is observed. By
studying such peaks, different properties regarding the sample can be obtained. We have used
the Rigaku SmartLab diffractometer in this thesis work, as shown in figure 3.1 The
diffractometer has a Cuka source which generates a monochromatic ray having A = 1.542 A

and a D/tex Ultra ID silicon detector.

3.2 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR spectroscopy) is the preferred method

of spectroscopy in the infrared (IR) regime of electromagnetic waves [4, 5]. When infrared

Fig. 3.2 Perkin-Elmer RX1 spectrometer

radiation is incident on a sample, a part of the intensity is absorbed by the sample, and the other
part gets transmitted. An infrared spectrum contains absorptions peaks at different wavelengths
(hence at different photon energies of the radiation) for a sample. The position of these

absorption peaks represents the vibrational frequencies for the vibrations between the bonds of
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the molecules and atoms constituting the material. As every different material is composed of
different atoms and molecules, each different material produces a different IR spectrum. An IR
spectrum is like a fingerprint for a particular sample, and no two samples can have the exact
same infrared pattern. Thus, different organic and inorganic compounds can be positively
identified using this technique. Apart from this, the amount of material present in a sample can

be estimated from the size of the peaks in the spectrum.

Older IR instruments utilized different dispersive elements like (IR prisms, gratings etc.) to
separate the individual wavelengths from the IR source. A detector measured the transmittance
or absorbance of a sample at an individual wavelength. However, this method was very slow,
and FTIR resolves this problem by incorporating an optical interferometer [6]. An
interferometer produces an IR signal containing all the different wavelengths encoded in it.
Thus, the transmittance or absorbance can be measured very quickly. The absorption data at
individual wavelengths can be decoded by performing a Fourier transform of the signal, which
is accomplished by a digital computer present in the instrument itself. Figure 3.2.1 shows the
Perkin-Elmer RX1 spectrometer, which we have used in this thesis work. This spectrometer
offers a working range of 250-4000 cm™! and has a deuterated triglycine sulfate (DTGS)

detector.

3.3 Electrochemical Characterizations

To evaluate an electrode material for its electrochemical charge storage performance, different
electrochemical characterizations are. Cyclic voltammetry (CV), Galvanostatic Charge
Discharge (GCD), and Electrochemical Impedance Spectroscopy (EIS) are principal among
them. Here we discuss the different technical and practical aspects behind these
characterization techniques. These three characterizations can be performed both in 3-electrode
and 2-electrode modes. 3-electrode mode is used to evaluate the performance of
electrochemical charge storage capability of particular electrode material of interest. On the
other hand, the 2-electrode mode is used to characterize the performance of a two-electrode
device like supercapacitor. Both 3-electrode and 2-electrode electrochemical characterizations
can be done using an electrochemical workstation equipped with hardware to precisely control

and measure potential and current. In addition to that, to perform EIS, the workstation must be
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equipped with hardware to control the frequency of an AC signal over a wide range (0.01 Hz
to 10° Hz).

Fig. 3.3 (a) 3-electrode electrochemical cell setup, (b) Corrtest CS-313 electrochemical
workstation, (c) Saturated Colemel electrode (reference electrode), (d) Platinum electrode
(counter electrode), (e) Active electrode/Working electrode

In 3-electrode mode, as the name suggests, there are three electrodes. The Working
Electrode (WE) is the electrode where the potential is applied with respect to the reference
electrode (RE), and the current is measured with respect to the counter electrode (CE).

Working Electrode (WE)

The working electrode is where the electrochemical reaction of interest occurs. Here are

common materials and methods for preparing a working electrode:
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Material Selection: Common materials mainly inert material includes glassy carbon,
gold, platinum, and carbon paste which does not participate in the electrochemical reaction.
The choice depends on the specific electrochemical properties required for measurements. The
material whose electrochemical performance has to be tested (active material) is coated on the
surface of WE.

Preparation Steps:

1. Cleaning: The electrode surface must be thoroughly cleaned. This can involve
polishing with fine sandpaper, followed by rinsing with distilled water for several
times and dried.

2. Coating: The dried rods are then wrapped with Teflon tape, keeping the circular flat
end open. Teflon tape acts as an encapsulation for the sidewall of the rod.

The shape and size of the electrode can influence the current response. Common
configurations include disc, rod, or planar electrodes here we used graphite rod obtained from
battery.

The electrochemical performances of NiMn2O4 electrode material were studied in a Corrtest
CS313 (CorrTest, China) multi-channel electrochemical workstation at room temperature
using Cyclic Voltammetry (CV), Galvanostatic charge—discharge (GCD), and Electrochemical
Impedance Spectroscopy (EIS) methods. All the measurements were carried out in
conventional three electrodes assembly, where platinum (Pt) electrode (1 cm x 1 cm) was used
as the counter electrode and Calomel electrode as a reference electrode. To prepare the
working electrodes, Teflon-coated graphite rod was used as a current collector.

In these cases, the coated surface of the WE serve as an active area where the electrochemical
reaction takes place. Before coating the active material, the circular flat end of the rod is
polished using fine emery paper and washed several times. Then the rods are dried in a vacuum.
Next, the active material is dropcasted on the circular flat end. For this purpose, 2 mg of
Material of interest added with 1 mL of ethanol and the slurry was prepared. Then 0.04 mg of
active material dropcasted on the top and let it dry, after drying 5 microlitre of nefion
dropcasted on it as a binder. The carbon black is used as a conductive additive, and Nefion is
used as a binder [16], we measured with and without carbon black. Following the dropcasting,
the rods are kept in a vacuum at 65° C for 3h to dry the coated slurry. This results in the
formation of a thin coating of the active material on the flat end of the rod (obtained from
battery). The rods were weighed before and after deposition. The difference in mass gives the
mass of the deposited material. The counter electrode (CE) is an inert conductor usually made
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of platinum, here we used Platinum electrode as counter electrode (Fig. 3.3 (d), 1lcmx1cm).
The current flows between CE and WE. The reference electrode (RE) is the third and final
electrode that is used to measure the potential of the WE. RE should be able to maintain a
constant potential during the electrochemical reaction and must be chemically stable. There are
various REs like Saturated Calomel Electrode (SCE), Standard Hydrogen Electrode (SHE), etc.
We have used saturated Calomel electrodes as our RE for all the electrochemical measurements
(figure 3.2.2 (c). It maintains a constant potential of 0.197 V with respect to SHE. The high
stability in the potential value is reached by a redox reaction in the RE, as given in equation
(3.2)

Hg2Cla(s) + e~ < 2Hg(l) +Cl™(aq) (3.2)

All these three electrodes are connected to the respective terminals of the electrochemical
workstation and then kept submerged under an electrolyte solution to conduct the experiments.
We have used Corrtest CS- 313 electrochemical workstation for the purpose of all the
electrochemical measurements. The photo of the workstation is shown in figure 3.3 (b). While
performing the 2-electrode measurement, the WE is connected to the positive terminal of the
device, and CE and RE are connected together to the negative terminal of the device.

After obtaining the data, the specific capacitance of the device can be calculated both from the
CV and GCD experiments using equations (2.3.1) and (2.3.3). Information concerning the
different dynamic processes which occur at the electrode-electrolyte interface during the
charging-discharging can be obtained from the EIS experiment.
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4.1 Hydrothermal Synthesis

Hydrothermal synthesis is referred to the synthesis by chemical reactions of materials in a
closed container where the substance solution heated above an ambient temperature and
pressure. It is different from solid-state reactions, where the mechanism mainly involves
diffusion of atoms or ions at the interface between reactants substances. This synthesis
technique has been found to be an effective way for rational synthesis and crystal engineering
of microporous crystals [1], ionic conductors [2], complex oxides ceramics and fluorides [3,4],
inorganic-organic  hybrid materials, magnetic materials [5], low dimensional

aluminophosphates and unique condensed materials.

The first reported Hydrothermal synthesis of crystal was done by German geologist Karl Emil
von Schathdutl in 1845, who grew microscopic quartz in a pressure cooker. In, 1848, Robert
Bunsen reported growing crystals of barium and Strontium carbonate at 200 °C and at pressure

of 15 atmosphere.

4.2 Synthesis Process of NiMn:04 metal oxide
Ingredients:

e Nickel acetate Tetrahydrate ((CH3COQO),N1.4H>0)

e Manganese acetate Tetrahydrate ((CH3COO)>Mn.4H,0)
e Urea (CO(NH>)2)

e SDS (Sodium Dodecyl Sulfate)

Nickel Acetate Tetrahydrate and Manganese acetate Tetrahydrate were purchased from
Loba Chemie and both Urea and SDS were purchased from Merck. Different surfactants and
mineralizer are usually used to vary the morphology of the composite such as cetyle
trimethylammonium bromide (CTAB), Sodium Dodecyl sulfate (SDS), and Glucose and the
mineralizer ammonium fluoride (NH4F). All the chemicals were analytical grade and used
without any further purification. Initially, 0.5 M 20 mL aqueous solution (mixed with DI) of
nickel acetate and 20 mL 1M of manganese acetate were mixed and stirred for using magnetic
stirrer for about 10 minutes. After stirring 0.61 gm urea added as a reducing agent. Which is
again stirred for 1 hour at 450 rpm. After that 1.60 gm Sodium Dodecyl sulfate (SDS) was

added then stirred for 2 hours at 300 rpm. Here, urea act as a carbonate ion source. The above
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Magnetic
stirring, 3h utoclave

0.5M Aq. Ni(OAc),, 20 mL 1M, Aq. Mn(OAc),, 20 mL
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400 °C, 1.5h m at 100 OO
35h

Nl Stz Le

180 °C, 6h

Centrifuge

NMO400

solution was then transferred to a Teflon lined stainless steel autoclave and kept at temperature
180 °C for 6 hours in a furnace. After heating the autoclave was left to cool down at room
temperature naturally. The collected aqueous sample was then centrifuged and washed several

times using DI and the precursor precipitate collected. And dried first at 100 °C for 3.5 h.

Once dried it was annealed at 400 °C for 1.5h to enhance the crystallinity and phase purity.
Finally, the obtained powder grinded and further ball milled for 6 hours to get the final
NiMn204 nanoparticle. The sample was labelled as NMO400.

4.3 Synthesis of PVA microfiber using RJ spin

Poly Vinyl Alcohol (PVA) is a type of polymer (Molecular weight 26,300) with a
degree of hydrolysis was purchased from Merck. PVA is water-soluble, non-toxic and
biocompatible. It possesses good chemical stability. First an aqueous solution (15 wt %)
prepared from PVA powder dissolved in DI water and stirred using magnetic stirrer at 700 rpm,
for 1.5h kept at temperature 80 °C. Then this PVA solution was then fed to the RJ-spin using a
micro-syringe drop-wise. Before feeding the solution, the chamber of RJ-spin heated around
50 OC using a kettle heating coil. The RJ-spin was used at 6000 rpm with the heating on and
additionally hot air blown at the fiber to prevent it from clotting. After collecting the fiber, it
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was treated with Iodine vapor by keeping it in a close chamber with iodine vapor in it at 82 °C

for 24h to improve stability and prevent it from breakage during annealing. After iodine

PVA Powder

PVA fiber

treatment the excess vapor was removed by using desiccator. As the obtained fiber was
sublimated in N> or any air chamber during annealing, it was annealed 800 °C at vacuum with
temperature increasing 10 °C per min rate. the collected fiber was collected and characterized

further.

4.4 Synthesis of ordered microfiber of NiMn:0y4 using RJ spin technique:

First an aqueous solution (15 wt %) prepared from PVA powder dissolved in DI water
and stirred using magnetic stirrer at 700 rpm, for 1.5h kept at temperature 80 °C. Then the
obtained NiMn,O4 powder (ball milled) mixed (1:4 wt ratio) with the aqueous PVA solution
and further magnetic stirred at 900 rpm, for 3h at temperature 90 °C. Then this polymer-metal
oxide solution was fed to the RJ spinner (Rotary Jet Spinner) using a micro-syringe. The RJ
spin chamber was heated before (50 °C) and during the fiber collection it was dried using hot-
air dryer to prevent further clotting. After completing the fiber was kept for 15 min for further
drying and the collected. The NiMn>O4 embedded fiber was obtained. For better stability of
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the polymer-metal oxide fibers were treated with Iodine vapor by keeping it in a close chamber

with iodine vapor in it at 82 °C for 24h.

After iodine treatment the excess vapor was removed by using desiccator. This treatment

prevents the fiber from breaking during the annealing process. Finally, the polymer-metal oxide

DI water added

- e - —

PVA Powder i e
Magnetic stirring, 1.5h  Magnetic stirring, 3h

N\

Annealed at 800 °C,

1b@10 °C min !
Polymer-metal oxide (PVA- RJ spin, 600 rpm,
Annealed PVA- NiMn,0, NiMn,0, ) fiber 50°C
fiber

fiber annealed at 900 °C in Rotary vacuum chambers for 1h with temp increasing rate 10 °C

per min. the collected fiber was collected and characterized further.
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CHAPTER 5

RESULTS AND DISCUSSIONS

1|Page



5.1 NiMn2O4 nanoparticle via Hydrothermal route

This chapter discusses about the results from various characterization techniques.

—— NiMn,0, 400

311)

(220)

(111)

Intensity (a.u.)
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Fig 1: XRD pattern of synthesized NMO400

Fig.1 is the XRD pattern of the NiMn2O4 synthesized using Hydrothermal technique. The 20
values of the peaks correspond to specific interplanar spacings (d-values). The XRD pattern
displays distinct peaks at the following 20 values; 18.28°, 30.06°, 35.45°, 43.25°, 57.16°,
62.72° and 72° corresponding to different crystallographic planes, labelled as (111), (220),
(311), (400), (511), (440), and (533). These peaks are characteristic of the spinel structure of
NiMn0s. were matched perfectly with the JCPDS Card no. 71-0852 of the face-centric cubic
structure of NiMn2O4. From the XRD plot the average size of the NiMnO4 crystallite is found

to be in the range of 3-5 nm.

Fig.2 represents FTIR (Fourier Transform Infrared Spectroscopy) data of the prepared
NiMn,O4 sample annealed at 400 °C (NMO400). Within the range 400-600 cm™ the main two
characteristic bands observed. This region typically shows the metal-oxygen (M-O) stretching

vibrations. For single spinel structures like NiMn2Os, these peaks indicate the presence of Mn-
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O and Ni-O bonds in the lattice, spectrum correspond to the vibrational modes of octahedral

Ni 2" — O 2" and tetrahedral Mn ** — O 2 groups, respectively. The weak absorption
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Fig.2: FTIR curve of NMO400

band appeared in between 2300 and 380 cm ™' at 1635 cm™! corresponds to the C-O stretching
vibration appearing either from the atmospheric CO> or residual ethylene glycol. The broad
absorption band appeared in between 3328 cm™! correspond to the stretching vibration of O-H
group which is from H>O molecules physio-adsorbed on the surface of the electrode material.
The surface which adsorbed H>O molecules further enhances the wettability of the electrode

[1], which ultimately leads to improve the electrochemical performance of electrode material.

3.5

[ | —— 100 mV/s

0.8 |-

2 mV/s

——5mV/s (a) 30 [ |=——50mV/s (b)
0.6 ——10mV/s 25 |——30mV/s
—20mV/s I 10 mV/s

2.0 |

SmV/s
—2mV/s

——50mV/s
—— 100 mV/s

04

15|
0.2} 10

0.5 |
0.0 |- L

Current (mA)
Current (mA)

0.0 |-
-0.5 |-

-1.0 |

1.5 L 1 1 1
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Potential (volts)

0.6 1 1 1 1 1 1 1 1 L 1 1
-1.0 -08 -06 04 -0.2 00 02 04 06 08 10 12 14

Potential (volts)

Fig 3. CV curve of NM0400, potential window (a) -0.5V to +1.2V, (b) -0.9V to +1.5V
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Cyclic voltammetry (CV) has been performed in a three-electrode setup using aqueous
0.5M NaxSOs, solution as electrolyte within the potential range — 0.5V to +1.2V and — 0.9V to

+1.5V. Results of obtained different specific capacitance for different scan-rate given below.

Table 5.1: Calculation of specific capacitance of the material at various scan rate with the
potential window -0.5V to +1.2V and the active mass loading was 0.04 mg (without Carbon

black and without nefion) with electrolytic concentration 0.5M Na>SO..

Scan rate (k) in mV/s Area under the CV curve Specific capacitance (C) in
Fg!
100 0.001219 89.63
50 9.2808x10* 136.5
20 5.7x10* 209.6
10 42x10* 309.3
5 2.885%x10* 424.3
2 1.704x10* 626.6

Table 5.2: Calculation of specific capacitance of the material at various scan rate with the
potential window —0.5V to +1.2V and the active mass loading was 0.04 mg (with 1% Nefion

and without Carbon black) with electrolytic concentration 0.5M Na>SOu.

Scan rate (k) in mV/s | Area under the CV curve | Specific capacitance (C) in F g!

100 2.093x107? 153.9
50 1.396x107? 205.3
20 5.55%10* 306.1
10 3.976 x10* 438.5
5 4.3538 x10* 640.1
2 3.0865 x10™* 1135.0

Table 5.3: Calculation of specific capacitance of the material at various scan rate with the
potential window —0.9V to +1.5V and the active mass loading was 0.04 mg (with 1% Nefion

and without Carbon black) with electrolytic concentration 0.5M Na2SOa.
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Scan rate (k) in mV/s | Area under the CV curve | Specific capacitance (C) in F g!

100 2.605x107 206.0
50 2.476x107 347.0
30 2.099 x107 476.4
10 1.0892 x10°7 858.1
S 7.185 x10™* 1464.5
2 3.890 x10™* 3088.8
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Fig 4. GCD curve of the synthesized NMO400 in the potential windows (a) -0.5V to
+1.2V, (b) -0.9V to +1.5V

peaks (Mn ** <> Mn * and Ni 2" <> Ni *") in the CV curves, which can be clearly identified

due to the faradaic redox processes related to Eq. (5.1) [2,3,4]
NiMn204 + Na* + e— & NaNiMn204 (5.1)

From this equation (Eq. (5.1) it is obvious that Na" ions from electrolyte Na>SO4 diffuse into
the NiMn2O4 electrode material and during the charging time it absorbs one electron with one
ion. Subsequently, during discharging time Na" ions are released from electrode material into
the electrolytic solution of Na>xSO4 and one electron for an ion is released to the external circuit.
Here Na' ions are working as charge compensator agent to enhance as a whole the capacitive
performance of the NiMn»O4 electrode [5]. As can be observed in Fig. 3 CV curve, with the
increase of potential scan rate, the potential peaks associated with oxidation and reduction

potential shift towards positive and negative potential, respectively [6]. Upon increasing the
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scan rate, the applied voltage with respect to the reference electrode increases faster. As a result,
all the pores of the working electrode do not get enough time interact with the electrolyte and
undergo oxidation and reduction reactions. The specific capacitance (Cm) of the electrode for
each scan rate has been calculated from the CV curves by using Egs. (3.1) and (3.2) and the
maximum specific capacitance of 3088.8 F g~! was obtained at a scan rate 2 mV s~! within the

potential window -0.9V to +1.5V.
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Fig S. EIS result of NMO400 in the pot. window -0.5V to +1.2V

The change of electrode’s specific capacitance with scan rate is shown in Fig. 3 The specific
capacitance initially decreases sharply with the increase of scan-rate, and then decreases very
slowly at high scan rates. The variation of sp. capacitance value with scan rate can be explained
on the basis of mobility of ions from electrolyte to electrode and electrode to electrolyte
material. The charge storage capability of the electrode material is generally followed its
oxidation and reduction. The oxidation of the working electrode occurs via the subtraction of
electrons from the electrode material and diffusion of anions from the electrolyte solution to

counter balance the developed positive charge, maintaining charge neutrality.
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At lower scan rates, the ions from Na>SOjs electrolyte solution need longer time to access the
outer and inner surface of the electrode, which leads to the accumulation of a large number of
ions at the surface of active electrode, enhancing its charge storage capacity (enhanced
capacitance). However, at higher scan rate, due to higher mobility of ions and slow diffusion
of redox electrolyte, the ions from electrolyte can access only the outer surface of the electrode.
Consequently, only a few numbers of ions can get accumulated at the outer surface of the
electrode, thus reducing the specific capacitance value. Thus, the reduction of the rate
performance of the capacitor at high scan rate is also related to the reduction of the electrolyte,

not only related to the NiMn»O4 electrode material.

In the Fig 5 we have fitted the EIS data of the electrode material to obtain equivalent circuit
using Z-view software. The constant phase elements (CPE) are modelled here as capacitor

elements.

Table 5.1 Different parameters from the obtained fitting

Sample name Element Value

NiMn>04 R1 2.356
R2 118.40
CPE1-T 0.00096417
CPE1-P 0.72217
WI1-R 0.00016911
WI-T 3.2834E-09
W1-P 0.35775
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5.2 Ordered NiMn:04 microfiber

We have annealed PVA fiber at 800°C the FTIR curve suggests it was reduced Graphene Oxide.

17

Annealed PVA fiber |
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12

Transmittance (%)
1630

1

10

3400

9 " 1 L 1 N 1 " 1 " 1 N 1 L 1 " 1
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig 6. FTIR of annealed PVA fiber at 800 °C

A broad peak at 3400 cm™! corresponds to O — H stretching vibration. In reduced Graphene
oxide (rGO) it is typically less intense compared to Graphene oxide (GO) due to reduction of
hydroxyl groups. A peak at 1630 cm™ associated with C=C stretching vibration. Peak at 1060
cm™! corresponds to C — O stretching vibration. Which suggests that the annealed sample

contains rGO.

Now, we have compared the XRD results of annealed PVA fiber (800°C), NMO400 (annealed
NiMn,Os4 at 400°C), annealed PVA-NMO fiber (900°C). At 18°, 30°, 35°, 379, 439, 57°, 62°
the peak of NMO (annealed NiMn»O4) which associated with the planes (111), (220), (311),
(222), (400), (511), (440) and annealed PVA-NMO fiber matched, which suggests the presence
of NiMn2O4 nanoparticle in the fiber.
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Fig 7. XRD patterns of annealed PVA fiber, NMO400, Annealed PVA-NMO fiber (900° C)

SDS-assisted Hydrothermally synthesized NiMn2Os4 shows a promising result for
supercapacitor application as an electrode material. And the RJ-spin fabricate Metal oxide

assisted microfiber could be a betterment for storing charge than the NiMn2Os. And RJ-spin is

easier to use and ease to synthesize polymer assisted microfiber.
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CHAPTER 6

CONCLUSION AND FUTURE WORK



Conclusion:

In this work of thesis, we have synthesized and studied the morphological difference of
metal-oxide based sample on their energy storage performance. We have so far optimized the
polymer fiber synthesis using RJ-spin via increasing the yield as a whole. And synthesized
polymer-assisted metal oxide fiber. We have seen via RJ-Spin in the weight ratio 4:1 polymer-
assisted metal oxide which was PVA-NiMn,Oy4 fiber had the best yield. SDS-assisted NiMn,O4
gave the sp. Capacitance 3088.8 F g'! at 2 mV s™! scan rate in 0.5M NaxSOs electrolyte. The
overall study suggests its vast potential in the field of electrochemical energy storage, and

promising future in the commercial usages.

Although the RJ-spin synthesized PVA assisted NiMn2O4 showed a very good yield of
synthesis, and good binding with the NiMn20O4 nanoparticle, the stability of the fiber was not
up to the standard as it has strong affinity to the moisture which ultimately led to breakage the

fiber structure and was unstable at annealing with higher temperature.
Scope for future work

Transition metal oxide as electrode material offer high energy and power densities. However,
because of the high internal resistance and short-term stability, they are not very popular as of
now. For all that tuning the morphology of the material can solve many issues as we have seen.
This thesis work explored such possibility so far, but was not up to the mark for ordered sample.
There are few listed improvements which may address the problems we have faced for the

transitional metal oxide electrodes.

1. Investigation of tri-metal oxides and beyond for the SC application.

2. Explore the other polymer assisted metal oxides and the morphologies on the
electrochemical performances.

3. The exploration of two-dimensional (2D) materials, such as transition metal
dichalcogenides (TMDs) and MXenes, holds great potential due to their high
surface area, tunable electronic properties, and unique layered structures. Future
research could focus on optimizing the synthesis, surface modification, and
integration of these materials to enhance their electrochemical performance in
supercapacitors.

4. More research on the enhancement of the Rotary-Jet Spin device is required as to
fabricate fiber with better uniformity. As we know change in fiber dimensions also

has an effect on available surface area so the specific capacitance.
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