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Dedicated to my family

ABSTRACT




Entropic contributions to the stability of solids are very well understood and the mixing
entropy has been used for forming various solids, for instance such as rocksalts. A particular
development was related to high entropy alloys in which the configurational disorder is
responsible for forming simple solid solutions and which are thoroughly studied for various
applications especially due to their mechanical properties, electrical properties, hydrogen
storage, magnetic properties. Many unexplored compositions and properties still remain for
this class of materials due to their large phase space. In this thesis, it was shown that to
prepare five equimolar binary oxides yield, after heating at high temperature and quenching,
an unexpected rock salt structure compound with distribution of the cations in a face centered
cubic lattice. Following this seminal study, here that these high entropy oxides can be
substituted by aliovalent(Li - 5%,7.5%,10%) elements with a charge compensation
mechanism. This possibility largely increases the potential development of new materials by
widening their phase space. Here the aliovalent substitution of 7.5% lithium doped HEOx
composition exhibits colossal dielectric constants of 1 x 10° order at 423k around 70Hz, which
could make it very promising for applications as large-k dielectric materials.

Keywords- Colossal Dielectric constant, aliovalency, fcc lattice, charge compensation
mechanism
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CHAPTER 1: INTRODUCTION

1.1. Definition of Nano Science & Technology

The prefix 'nano' refers to a Greek prefix that means 'dwarf' or very small and represents one
thousand millionths of a metre (10° m). We must differentiate between nanoscience and
nanotechnology. Nanoscience is the study of structures and chemicals on nanometer scales
ranging from 1 to 100 nm, and nanotechnology is the technology that uses in practical
applications such as devices. In comparison, a single human hair is 60,000 nm thick and the

DNA double helix has a radius of 1 nm.
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Figure 1: A comparison of sizes of nanomaterial.

Nanotechnology is one of the most promising 21st-century technologies. It is the ability to
apply nanoscience theory by viewing, measuring, manipulating, assembling, regulating, and
creating materials on a nanoscale scale. Nanotechnology is defined by the National
Nanotechnology Initiative (NNI) in the United States as "a science, engineering, and
technology conducted at the nanoscale (1 to 100 nm), where unique phenomena enable novel
applications in a wide range of fields, from chemistry, physics, and biology, to medicine,
engineering, and electronics." Nanoscience is the application of physics, materials science,
and biology to the manipulation of materials at the atomic and molecular levels, whereas
nanotechnology is the ability to observe, detect, modify, construct, regulate, and manufacture

matter at the nanometer scale [3].




Properties of Nanomaterial

1. Dimension: at least one dimension ranging from 1 to 100 nanometres (nm).

2. Methodology: developed with approaches that demonstrate fundamental control over the

physical and chemical properties of molecular-scale formations.

3. Building block property: They can be merged to construct larger structures. In general,
nanoscience is relatively natural in microbiological sciences because the sizes of many

bioparticles dealt with (such as enzymes, viruses, and so on) fall within the nanometer range.

4. Large area/volume ratio: The surface area/volume ratio has a greater impact on certain

properties of nanoparticles than on bulk particles.

5. Interfacial layer: The interfacial layer created by ions and molecules from the medium that
are within a few atomic diameters of the surface of each particle for nanoparticles dispersed
in a medium of diverse compositions can conceal or change its chemical and physical

properties.

That layer is, in fact, an essential component of each nanoparticle.

Applications of Nanotechnology

Nanotechnology is being applied in a wide range of scientific domains, with a wide range of
unique applications. When a particle is shrunk to the nanoscale, the properties of the
substance change proportionally to its size. As a result, it creates new opportunities in a range
of industries. There is greater surface area to react when the surface-to-volume ratio grows
with size. The diameter or size of particles influences a variety of optical and mechanical

qualities.
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Electronics: In electronics, nanotechnology allows for faster, smaller, and more portabl
systems. Nanoelectronics improves electrical device capabilities, boosts memory chip density,

and reduces power consumption and transistor size in integrated circuits.

Energy storage: Nanotechnologies, such as novel ceramic, heat-resistant, and still flexible
separators and high-performance electrode materials, can significantly improve the capacity

and safety of lithium-ion batteries [4].

Biomedical and drug delivery: Nanotechnology applications in several biologyrelated
domains, such as diagnosis, medicinal delivery, and molecular imaging, are being extensively
explored and yield promising results. In the realm of nano-oncology, remarkable progress has
been made in enhancing the efficacy of standard chemotherapeutic medications for a variety

of aggressive human tumours [5,6].

Defence and security: Nanomaterials have the potential to make firearms lighter and with
more ammunition. When these new technologies are combined, they may lead to guns that
can automatically target and fire self-guided rounds if an attacker is identified. Nanorobots

are capable of attacking and destroying weaponry, metals, and other objects [7].

Fig. 1.2 - Applications of Nanotechnology




1.2. Introduction to High Entropy Materials

High-entropy alloys (HEAs), also known as multi-principal element alloys, emerged into the
academic literature in 2004 and have grown in applications and understanding since. They are
multicomponent solid solution materials that contain five or more elements in
near-equiatomic proportions to stabilize their structures by maximizing the configurational
entropy. These unconventional structures provide opportunities for achieving unprecedented
combinations of phase stability and mechanical performance, especially overcoming the
strength-ductility trade-off. Although there are still arguments on if these multicomponent
alloys are really stabilized by entropy or not, we here call it HEAs for its popularity in the
literature . It is believed that the excellent performances of HEAs are promoted by four “core
effects”: the high-entropy effect, the lattice distortion effect, the sluggish diffusion effect, and
the “cocktail” effect, all of which are pivotal to structure-property studies in this field. HEAs
are defined from a signature concept, the high-entropy effect, which highlights that when five
or more elements are combined they may favor forming of a solid solution over an

intermetallic compound .

For our view, the most unique structural character of HEAs is the antisite disordering of
atomic types within an ordered crystal. This character could be extended to compounds and
other applications. Rost et al. have synthesized rock-salt (NiCoCuZnMg)O, solid solution
oxide and these oxides are named as high-entropy oxides (HEOs) because they are also
stabilized by high configurational entropy. Up to now, numerous functional HEOs,
high-entropy metallic glass (HEMGs) nanoparticles (NPs) , high-entropy borides (HEBs) ,
high-entropy sulfides (HESs) , high-entropy carbides (HECs) , and high-entropy nitrides (HENs)
have also been developed. High-entropy materials (HEMs) including above compounds, are defined
as any solid solution materials that consist of quasi-equimolar multicomponent . Recent works show
that HEMs can be utilized for various energy-related applications, as catalysts for ammonia oxidation
and decomposition as electrocatalysts for oxidation (methanol)], carbon monoxide, evolution
(oxygen], hydrogen), reduction (carbon dioxide , oxygen ), and degradation (azo dye ]); as electrode
for batteries; as hydrogen storage; as supercapacitors; etc. The structural tunability of HEMs provides
them a great possibility for energy-related applications. For example, catalytic performances. HEMs
for energy-related applications are usually in the form of nanoporous alloys or NPs to maximize their
surface areas to prompt the reaction kinetics. Nanosized HEMs can be synthesized with wet-chemistry
(solvothermal, ultrasonicated-assisted wet-chemistry, sol-gel auto-combustion, etc.), pulsed laser

deposition (PLD), electrodeposition, carbothermal shock (CTS) methods, and so on, where processing
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temperature, heating, and cooling rates are key factors to form stable nanosized HEMs. In addition to
thermodynamic stability, the uniform configuration of elements with different sizes through a
singlephase solid solution also leads to severe lattice distortion, which then increases the activation
barrier of diffusion (the sluggish diffusion effect) and improves kinetic stability. The applications of
HEMs for catalysis or energy storage have been investigated for less than one decade, and lots of

explorations are needed for understanding well their structure-performance correlations.

In this work, we summarize the research progress of energy-related applications of HEMs. After a
survey on the syntheses of HEMs, we introduce the structure and theory of HEMs and then the
applications of nanosized HEMs, correlating with their structures, as shown in the roadmap of the
figure. To keep the article brief, we skip the background knowledge of each application and focus on
the structure-performance correlations of HEMs. In the last section, we present our perspectives on the

challenges and future research opportunities.

\-@- -0-

S a 4 ® _ |8
-@- ; |=
® i o
setete
- B R i
sesass T}
R Q@ P

Figure 1. Roadmap of HEMs for recent energy-related applications
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Figure 3. Typical structures of HEAs, HEOs, and other HEMs
(A) fcc lattice structure, (B) bec lattice structure, (C) hexagonal crystal structure, (D) rock-salt structure, (E)

spinel structure, and (F) perovskite structure.

HEOs with fcc lattice constitute a large portion of energy-related applications such as
catalysis and battery electrode materials. Among fcc structures, rock-salt HEO of
(MgCoNiCuZn)O, was synthesized. Extended X-ray absorption fine structure and scanning
transmission electron microscopy (STEM) analyses reveal that the first-near-neighbor
cation-to-anion distances of this compound are identical. With a substitution of Li" up to
16.6%, this HEO still keeps its rock-salt structure, shedding potential for energy-storage
applications. Recently, this kind of rock-salt HEO exhibits a long-range magnetic order
coexisted with the component disorder, and Zhang et al. found that the magnetic order in this

HEO might correlate with Cu®* Jahn-Teller distortions through neutron diffraction.

Study has been done on the distortion and atomic disordering of this HEO using X-band
electron paramagnetic resonance spectroscopy. They proposed that post-annealing treatment
can adjust the local environment of Cu*, from octahedral in air-quenched
Cu-sub-stoichiometric samples to rhombic in Cu-enriched HEOs, and then adjust the
Jahn-Teller distortion and the dielectric property . The results agreed with the density
functional theory (DFT) calculations by Ra’k et al. Splitting of the Cu d-states near the Fermi
level after relaxation suggests a Jahn-Teller distortion involving O-atom, which offers new

possibilities of tuning the dielectric, magnetic, superconductivity, etc., properties of HEOs.

HEOs composed of multicomponent rare earth elements as (Ce,La,Pr,Sm,Y),0;,, synthesized
by NSP method have CaF,-type structures. Interestingly, Djenadic et al. suggested that they
cannot maintain single phase without Ce (such as (Ga, La, Nd, Pr, Sm, Y)O) . In addition, it
has been found that (HfZrCeTiSn)O, with CaF, structure exhibits a single phase at high
temperature and multiphase at low temperature, which is believed as an evidence of entropy
stabilization. It seems that not only the entropy effect but also the compositions affect the

structural stabilization of HEOs in addition to the synthesis procedure and the crystal size

i Applications :

Mostly HEO is used in energy related applications, especially catalysis and energy storage.
HEMs provide a rich platform for tuning the antisite disordering of atoms within a crystalline
structure, for achieving an optimized performance. However, the understanding between the
performance and surface structure at atomic level is still not clear. The essential task for
developing HEMs is to achieve this structure-property relationship and precisely control their

structure and local electronic structure. We briefly list several challenges below. With the help
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of advanced calculations, synthesis, and characterization tools, these challenges also provide
huge opportunities to explore HEMs. Apart from this there are applications that can be given
as an breakthrough. As a property superalloys can be used in turbine blades. HEMs have
many opportunities in the field of thermal spray technology. The protection layer could
improve corrosion, oxidation, thermal, and/or wear resistance of structure parts. One
important application is HEA hot working dies which can sustain the extrusion temperature of
1200 °C. For Al alloy extrusion, the maximum extrusion temperature is 500 °C. But, for
steels, the typical extrusion temperature is around 1200 °C. High-entropy carbides have the
important application for cutting tools. Cutting tools used in machining demand less flank

wear and longer lifetime for dry cutting and high-speed cutting.




1.3. Introduction to Supercapacitors

With the rapid growth of the global economy, the depletion of existing fossil fuels and
increasing environmental problems, it is utmost important to develop new form of highly
efficient, sustainable and eco-friendly energy storage device. Presently electrochemical
supercapacitors (ES), rechargeable batteries, fuel cells have attracted considerable interest in
both academia and industry as important energy storage devices. Among these supercapacitor
is gaining huge attention because of their fast charging and discharging cycle, high power

density, moderate energy density and long cycle life.

In In today’s energy-dependent world, electrochemical devices for energy storage and
conversion such as batteries, fuel cells and electrochemical supercapacitors (ESs) have been
recognized as the most important inventions among all energy storage and conversion
technologies. The electrochemical supercapacitor, also known as a supercapacitor,
ultracapacitor or electrochemical double-layer capacitor is a special type of capacitor that
can store relatively high energy density compared to storage capabilities of conventional
capacitors. ES devices posses several high impact characteristics such as fast charging
capabilities, long charge- discharge cycles and broad operating temperature ranges. As a
result, their use in hybrid and electrical vehicles, electronics, aircraft and smart grids is
widespread. Although ES systems still face some challenges, such as relatively low energy
density and high cost, further development will allow ES to work as power devices in tandem
with batteries and fuel cells and also function as stand-alone high energy storage devices.
For energy storage devices, energy density and power density are very important parameters
for characterizing the performance of the devices. Energy density defines the amount of
energy that can be stored in a given volume of weight of the material. Power density defines
the total energy per unit time which can be stored into the device. So, the ideal storage
device should have both high energy density and high-power density. To compare the energy
and power capabilities a representation known as the Ragone plot or diagram has been
developed has been shown in the figure. Batteries have high energy density, but poor power
density. Fuel cells have the highest energy density and lowest power density. By contrast
with them, supercapacitors could posses high power density and notable increased high
energy density. Supercapacitor is also known as electric double-layer capacitor (EDLC), super
condenser, pseudo capacitor or ultracapacitor. Compared to conventional electrolytic
capacitors the energy density is typically in the order of hundreds of times greater in

supercapacitors. In comparison with conventional batteries or fuel cells, EDLCs also have
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much higher power density. The present energy crisis has created a growing demand for
efficient, portable and high-power energy storage devices. Super capacitors are fast

emerging as a promising potential solution to this problem.
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Fig. 1.6 - Ragone plot

Supercapacitors that are fabricated with carbon based electrode offer very low contact
resistance and large surface area. These kinds of electrode mainly store charges via the
formation of electrostatic double layer which increase the overall performance of the device
but cannot store huge amount of charges. However, metal oxides like RuO,, MnO,, NiO, CuO
etc. which store charges via faradaic mechanism, demonstrate very poor conductivity towards
electron conduction. This results in an increase of overall resistance of the electrode reducing
the power delivery. In order to address the issues of conductivity, cycling stability researchers
have tried to form Lithium doped multiple ion entropy stabilised oxide that give

superconductivity..




1.3.1 Fundamentals of Electrochemical Supercapacitor (ES)

Separator

Electrode Electrode

+

Activated Carbon

Fig. 1.7 - Design of supercapacitor (EDLC)

An ES consists of two electrodes, an electrolyte, a separator that electrically isolates the two
electrode and two highly conductive current collector to enhance electron transport. In
general, the ES electrodes are fabricated using nanomaterials which have high surface area
and high porosity. Fig.1.7 shows that the charges can be stored and separated at the
electrode-electrolyte interfaces which can be treated as a capacitor with an electrical double

layer capacitance is expressed as equation (1.1),

A& Er

C== (1.1)

where A is the area of the electrode surface, €, and g, is the dielectric constant of electrolyte

and free space respectively and d is the effective thickness of the electrical double layer.

i Parameters of ES :
a) ES Capacitance :
ES can be treated as two capacitors in series. Since both electrode-electrolyte interfaces

represent a capacitor. Total capacitance (C;) of the entire cell can be expressed as equation

(1.2),
1 1 1

cr ¢ G (1.2)

where C,, C, are the capacitance of the positive and negative electrode.

b) Energy Density :
The energy density of ES is the energy stored per unit volume which can be expressed as

equation (1.3),
10




d)

e)

f)

2)

E=1cyp?

(1.3)

Power Density :

Power density is the measure of power output per unit volume. It can be expressed as
equation,

VZ
4WrRs (1.4)

P =

where Rs stands for equivalent series resistance of ES, Wt is the total weight of the device

and V is the cell voltage.

ESR:

Equivalent series resistance (ESR) is the sum of intrinsic resistance of the electrode material
and electrolyte solution, mass transfer resistance of the ions and contact resistance between
current collector and the electrode. To achieve a high power density it is necessary to use an
electrolyte with high ionic conductivity (i.e. low ESR) and wide operating potential window.
Cycle Life :

Cycle life is a necessary indicator of the stability of the ES. Stability analysis compares the
initial and final capacitance of the electrode undergoing charge and discharge cycling in a
certain electrolyte.

Self Discharge Rate :

Self discharge rate is related to potential losses of a charged electrode over a period of
storage time. During the self discharge process, current leakage leads to a decrease of the cell

voltage, which in turn may restrict the use of ES.

Thermal Stability :
Currently ES has working temperature range of -30°C to 70°C, therefore widening the

operation temperature range allow us to introduce more application domain

1.3.2 Types of Supercapacitors & its Charge Storage Mechanism

Based upon present scenarios, supercapacitors can be divided into three general classes:
electrochemical double-layer capacitors, pseudo capacitors and hybrid capacitors. Each class
is characterized by its unique mechanism for storing charge. These are respectively,
non-Faradaic, Faradaic and a combination of the two. Faradaic processes,such as
oxidation-reduction reactions, involve the transfer of charge between electrode and
electrolyte. A non-Faradaic mechanism, by contrast, does not use a chemical mechanism.

Rather charges are distributed on surfaces by physical processes that do not involve the
11




making or breaking of chemical bonds. A graphical taxonomy of the different classes and

subclasses of supercapacitors is presented in the below figure.

HYBRID
EDLC SUPERCAPACITORS PSEUDOSUPERCAPACITORS
Charge Storage: Charge storage:
Electrostatically and Electrochemically (Faradaic
Electrochemically charge transfer)
Carbon Foam
Carbon Aerogels
Carbide-derived ! Asymmetric
Carbon (CDC) == Pseudo/EDLC Conducting Polymer
Graphene
~| Carbon Nanotubes
(CNT) Composite

Metal Oxides

- Activated Carbon

Rechargeable
Battery-type

a) EDLC : When an electrically conductive electrode is immersed in an ion conductive
electrolyte solution, a double layer spontaneously forms due to the accumulation of charges.
An EDLC (Fig.1.7) is the simplest supercapacitor, where the charge is physically stored by

transfer occurs.

The concept of the existence of the double layer at the surface of a metal being in contact
with an electrolyte was proposed by Helmholtz in 1879. It was the first theoretical model
which assumed the presence of a compact layer of ions in contact with the charged metal
surface. The Gouy and Chapman model suggested the involvement of a diffuse double layer
in which the accumulated ions, due to the Boltzmann distribution, extend to some distance
from the solid surface. In 1924, Stern suggested that the electrified electrode-electrolyte
interface includes both the Helmholtz layer and the diffuse layer. In 1947, Graham pointed
out the specific adsorption of ions according to their distance of closest approach at the metal
surface. In consecutive developments, it became clear that the dipolar solvent must interact

with the charged metal surface. Parsons showed that the dielectric constant of the solvent in

12
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the compact layer of adsorbed molecules is much lower compared to the outer region and

approaches the limiting Maxwell value.
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Fig. 1.8 - Change in the electric potential within the double layer

The change in the electric potential within the double layer is shown in Fig.1.8. Two planes
are basically associated with the double layer. The inner Helmholtz plane (IHP), passes
through the centers of specifically adsorbed ions and the outer Helmholtz plane (OHP), passes
through the centers of hydrated ions which are in contact with the metal surface. The electric
potentials linked to IHP and OHP can be written as ¥2 and ¥1 respectively. The diffuse layer
is developed outside the OHP. The concentrations of cations in the diffuse layer decreases
exponentially with the distance from the electrode surface. It is considered that the electrode
is charged negatively. The electric potential @u is practically constant throughout the metallic
phase except for the layers located near to the electrolyte solution, where a discontinuity in
the metal structure occurs and the wave properties of the electron are found (the jellium

model).

The thickness of the electric double layer is usually represented in terms of Debye Huckel

length (k™) :

k_l _ ( &r o kp T)l/z

2c° z7 e?

(1.5)

Where ¢’ is the bulk concentration of the z:z electrolyte, €, and g,is the dielectric constant of
electrolyte and free space respectively, T is the temperature, Ziis the ion charge, e is the
elementary charge. Higher concentration and ion charge results reduced thickness of the
double layer. The thickness of the double layer is also depend on the potential difference
between electrode potential and the potential of zero charge that means larger the potential

difference, smaller is the Debye Huckel length.

Limitations : Experimentally the specific capacitance of pure carbon based EDLC is small

due to the finite conductivity, unavailability of all of the surface sites and the limited ion

13




accessibility of the porous structure. As a result, supercapacitors based on EDLC electrode

materials can store energy in the range of 3-10 Wh kg .

b) Pseudocapacitor : To increase the capacitance of ESs , some electrochemically active
materials are investigated for electrode use to provide much higher pseudocapacitance than
double layer capacitance. For pseudocapacitance, a faradaic charge transfer in the electrode
porous layer occurs through a thermodynamically and kinetically favoured electrochemical

oxidation-reduction (redox) reaction. The strong dependency of the change in charge quantity

dq

(dq) on electrode potential (dv), represented as (dv) is called the pseudocapacitance created
by the redox reaction. The electrochemical reversibility of employed redox material in a
pseudocapacitor normally depends on the structural and chemical reversibility of the reaction

mechanism.

Three types of faradaic processes occur in the case of pseudocapacitor 1) Under potential

deposition (UPD) ii) Redox pseudocapacitance iii) Intercalation pseudocapacitance, shown in

Fig. 1.9.
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Fig. 1.9 — Pseudocapacitance charge storage mechanisms a) UPD b) Redox pseudocapacitance c) Intercalation
i) Under potential deposition : Under potential deposition is well known for the

adsorption of hydrogen atoms on catalytic noble metals such as Au, Pt, Rh, Ru, and Ir. The
electrodeposition of metal cations at potentials less negative than their equilibrium potential

for cation reduction can be described by equation (1.6),

Pb?* + 2e™ + 24u o 2Au — Pbyy, (1.6)

The above equation shows the redox reaction of Pb*" on Au electrode surface which is

entirely covered by a monolayer of Pb atoms.
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The good reversibility of the charge-discharge kinetics is a prime factor in obtaining
favourable specific capacitances and power densities for pseudocapacitive materials.
However, the operational potential ranges are usually small, only 0.3-0.6 V and the
capacitance values are potential dependent for the under potential deposition process. That

results limited energy density compared to other pseudocapacitive systems.

ii) Redox pseudocapacitance : Important requirements that should be followed by the
redox couples are a) It should exhibit multiple redox states and remain stable over a large
potential window. b) It should be very electrically conductive and have accessible structure
needed to support performance. c¢) a high diffusion rate of charge balancing ions within the
matrix. Pseudocapacitance based on redox reactions, uses electron transfer between an
oxidized species Ox (e.g., RuO,, MnO, or p-doped conducting polymers) and a reduced
species, Red (e.g., RuO, ,(OH),, MnO, ,(OH),, or n-doped conducting polymers). These
reactions are usually described as electrochemical adsorption of cations on the oxidized
species surface accompanying fast and reversible electron transfer across the interface

between the electrode and the electrolyte, as illustrated in equation (1.7),

Ox + zC* + ze~ © RedC, (1.7)

where C" (H" , K', Na" etc.) is the surface adsorbed electrolyte cation and z is the number of

transferred electrons.

iii) Intercalation pseudocapacitance : Pseudocapacitance can also occur in the case of

ion insertion or intercalation into layered crystalline materials as illustrated in equation (1.8),

MAy, + x Li* + xe™ & LiyMA, (1.8)

where MA, is the layer-lattice intercalation host material (e.g., Nb,Os, MoS,, TiS,) and x is
the transferred electrons number. The intercalation is accompanied by a change of metal
valence to maintain electrical neutrality. The cathode intercalation mechanism requires a
faradaic charge or driving force for the lithium cation to adsorb and deposit into the cathode
material lattice structure. The electrochemical performance of a cation intercalation
pseudocapacitor is described as “transitional” behaviour between Li-ion batteries and
supercapacitors. The intercalation pseudocapacitance is characterized by fast ion transport
kinetics, short charge time, high rate capability, and long cycling stability, whereas battery

materials are limited by solid-state diffusion, resulting in lower power density.

¢) Hybrid Capacitor : Hybrid capacitors attempt to exploit the relative advantages and

mitigate the relative disadvantages of EDLCs and pseudocapacitors to realize better
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performance of the devices. Utilizing both Faradaic and non-Faradaic processes to store
charge, hybrid capacitors have achieved energy and power densities greater than EDLCs
without sacrificing the cycling stability and affordability that have limited the success of
pseudocapacitors. Research has been focused on three different types of hybrid capacitors,
distinguished by their electrode configuration: composite, asymmetric and battery-type

respectively.

‘Battery’-side ‘Capacitor’-side

Fig. 1.10 - Design of hybrid capacitor

In designing hybrid ES devices, asymmetric configuration (e.g. one electrode consists of
electrostatic carbon material while the other consists of faradaic capacitance material) seems
feasible is shown in Fig.1.10. To obtain superior electrochemical performance characteristics,
it is important to select separate anode and cathode materials that exhibit extended voltage

stability, higher capacitance and higher energy, and power densities.

Application of Supercapacitors

e Automobile: One of the most important and widely industry-based application of
supercapacitor is automobile vehicles. Due to the crisis of fossil fuel, the world is now
directing towards electrical vehicles (EVs). Hybrid electric vehicles (HEV) and pure
electrical vehicles (PEV) have become popular and near main stream automobile industry
in recent years. Both of these vehicles contain an electrical machine for propulsion
purpose. When the vehicle starts to move off, some initial power is required by the
motor can be several times of average power demand. Because of this impulsive power,
both input and output power capability should be higher. High powered Li-ion batteries
are having great energy density but has limited output power capability. Supercapacitors
come into the scene as a solution due to its good input and output power density or
capability. Therefore, supercapacitors play a huge and important role in automobile

industry.

e Mobile Device - Supercapacitors can take on different physical forms so that it can be
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used in a smaller and thinner version of it. Some new generation mobile phones or
devices use xenon flash which is inbuilt into the phone camera to enable good quality
photo when light is dim. This flash requires huge power in an instant. If the mobile should
be capable of dealing with this power consumption it would have to be unnecessarily bulk
and heavy, failing to which leads to short battery life. To resolve this issue some of the
brand in mobile industry use supercapacitors to supply the surged power using voltage
from the existing battery which decrease the load of main battery and maintain the over
all load same as previous. For example, during the flash on situation, overall battery
current can be suppressed at 0.2A while the flash may have current up to 4A. As a result,

the battery does not have to be large to cater to temporal high-power demands.

Micro-Grid - The micro-grid is called as a possible next generation energy network. It
consists of electrical power generation units as well as electrical energy storage
components. Popular electrical power generator includes photovoltaic cell, wind turbine,
fuel cell and micro turbine while commonly used electrical energy storage units would be
the supercapacitor and batteries. As the micro-grids can be inter-connected to the power
grid, it is able to supply or demand power from the power grid. At times this
configuration is known as the smart grid. The micro-grid has the capability of reducing
carbon emission through green energy harnessing as well as having the capability of
providing self-sustainable energy. Thus, it is regarded as a contender for the next

generation energy network.
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i Discussions on different charge storage mechanism by the concept of Cyclic

Voltammetry (CV) and Galvanostatic Charge Discharge (GCD) analysis :

Faradaic and non-Faradaic both of these processes are characterized by a current (@) that is

directly proportional to the charge-discharge rate (V).
i=av? (1.9)

Here a, b are adjustable parameters. Whereas the value of b equals to 1 and 0.5 specifies

capacitive and diffusion controlled process respectively.

In the case of EDLC rectangular cyclic voltammogram with a voltage independent current

and a linear triangular shaped charge-discharge curve as shown in Fig.1.11 a),b),c).
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Fig. 1.11 — Schematic cyclic voltammogram & corresponding discharge curves for different energy storage materials

Fig.1.11 d),e),f) shows behaviour involving voltage dependent electrochemical charge
transfer i.e. faradaic reaction in pseudocapacitive material which signifies a charge storage

mechanism centered between EDLC and battery like ESs.

Fig.1.11 g),h) shows prominent and widely separated peaks associated with the oxidation and

reduction of the metal storage (i.e. battery type).

Fig.1.11 i) shows variation of potential with respect to time for the discharge of a battery. The

relation is found very nonlinear and characterized by plateaus of nearly constant potential.
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1.3.3 Choice of Electrode and Electrolyte

i Electrode :

ES device performance is strongly depends on the choice of the electrode materials and
electrolytes. Several materials, such as carbon materials (e.g., Activated carbon, Carbon
nanotubes, carbon aerogels and graphene etc.), faradaic materials (transition metal oxide,
metal hydroxides, metal sulphides and conducting polymers), have been widely investigated
as promising electrode materials for ESs. Additionally, metal coordination electrode

materials, such as MOFs, PB/PBAs and POMs have been introduced recently.

Carbon materials :

Carbon materials are the most used electrode materials in fabrication of supercapacitor owing
to their high surface area, high mechanical strength, high thermal and electrochemical
stability, low cost, availability, established electrode production technologies. Usually, carbon
materials store charges electrostatically in the double layer. Therefore the capacitance
primarily depends on the surface area accessible to the electrolyte ions. To improve the
specific capacitance of carbon materials it is essential to consider the effect of high specific
surface area and appropriate pore size distribution, pore shape and structure, surface
functionality and electrical conductivity. The presence of functional groups on the surface of
carbonaceous materials may introduce faradaic redox reactions, leading to a 5-10% increase
in the total capacitance. Usually the measured value of specific capacitance of carbon
materials in real ESs are in the range of 75-175 F g for aqueous electrolytes and 40-100 F g

for organic electrolytes.

Faradaic materials :

Pseudocapacitive materials store charge through fast, reversible surface redox reactions and
hence exhibit considerably large capacitance values (300-2000 F g'). This category usually
includes transition metal oxides, metal hydroxides, metal sulphides and metal nitrides, such as
RuO,, IrO,, MnO,, NiO, Co0,0;, SnO,, V,05;, MoO and NiCo,0,, MoS,, Ni(OH),, Co(OH),
and conducting polymers (CPs) such as Polyaniline (PANI), Polypyrrole (PPy),
Polythiophene (PTh).

In general, metal oxides can provide higher energy density than conventional carbon

materials and better electrochemical stability than polymer materials. They not only store
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charge electrostatically like carbon materials but also exhibit electrochemical faradaic
reactions between electrode materials and ions within appropriate potential windows. RuO, is
the most studied material because of its wide potential window of 1.2 V, highly reversible
redox reactions having three distinct oxidation states, high proton conductivity, remarkably
high specific capacitance(720 F g') and a long cycle life but their costliness prevents their
practical application in ES. But majority of these metal oxides demonstrate very poor
conductivity towards electron conduction, which results in an increase of overall resistance of

the electrode hampering the power delivery.

The redox reaction in the conducting polymer occurs throughout its entire bulk. During
oxidation the ions are transferred to the polymer chain and during reduction the ions are
released from this polymer chain into the electrolyte. The processes are highly reversible
because the charging and discharging reactions do not involve any structural alterations such
as phase changes. Unfortunately, swelling and shrinking of CPs may occur during the
intercalating or de-intercalating process which lead to mechanical degradation of the
electrode and fading electrochemical performance during cycling, and then limits their usage
as electrode materials. To reinforce the stability as well as maximize the capacitance value
nanocomposite based electrode materials such as carbon-carbon composites, carbonmetal

oxide composites, carbon-conducting polymer composites can also be used.
Metal coordination materials :

Metal coordination materials, including metal-organic frameworks (MOFs), Prussian blue
(PB) and its analogues (PBAs), Polyoxometalates (POMs) materials, etc., have been widely
used in the field of ESs. They are formed by coordinate bonding between ligands and metal

ions.

Metal organic framework (MOF) :

MOF materials are crystalline comprising metal containing units and organic ligands.
Inorganic salts (sulphates, chlorides, and nitrates) and organic ligands (carboxylates, nitriles
or azoles) are typically utilized for the metal ion precursor and the organic ligands,
respectively. MOFs have higher specific surface areas, larger porosity, variety of structures
and functions, as compared with traditional inorganic porous materials. Basically, all sorts of
functional materials have been integrated with MOFs to further improve its property. A large
number of MOF composites have been successfully synthesized via assembling MOFs
combined with carbon materials, conducting polymers, metal doping, hydroxide metal salts,

nickel oxalate etc. Thus, MOF (e.g, Co-MOF, Ni-MOF, ZIF 67 etc.) holds great promise as
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electrode materials in ESs owing to their controlled pore sizes (0.6-2 nm) as well as their

ability to incorporate redox-metal centres.

Prussian blue (PB) and its analogues (PBAs) :

PB and PBAs have been studied as possible electrode candidates for highly efficient ESs due
to their structural superiority, high specific surface area, high porosity, low framework density
and high thermal stability as they can realize fast charge and discharge as well as high cycling
stability. The chemical formula of PBA materials can be described as AP[R(CN)g];—,
Y,,nH,O (where A is alkali metal or alkaline earth metal, P and R represent the transition
metals, Y is the [R(CN),] vacancies, and 0 < x < 2, y <1) in which the N-coordinated P

cations and C-coordinated R cations in an open framework bridged by cyanide groups.

Thus, the structures and electrochemical properties of PBA materials can be modulated via
selecting various combinations of P and R transition metals. There exist two type of transition
metal ions in the lattice framework. When P is a transition metal such as Ni, Cu, Zn,
N-coordinated P is electrochemically inert, and only C-coordinated Fe* can undergo redox
conversion. Owing to the single active redox site (one electron transfer Fe*'/Fe*"), this type of
PBAs shows a low theoretical specific capacity, excellent electrical conductivity, good
cycling stability and rate performance. When P is Fe, Co, Mn, etc., there exists two types of
redox reaction sites (two electron transfer), i.e., Fe*'/Fe** and P*/P*", leading to higher
capacity delivery but with poor cycle stability. To achieve both higher cycling stability and
capacity delivery PBA based composite materials (i.e., CONiHCF, MnFeHCEF etc.) are used.

Polyoxometalates (POMs) :

A new class of faradaic electrode materials known as POMs is emerging as a prime candidate
in the field of energy storage systems. POMs are nanometric oxide clusters with reversible
redox activities that can be used as building blocks for energy storage applications. These
materials comprise a 3D framework of redox active molecular clusters that combine oxygen
and transition metals (Mo, V, Nb, Ta and W) at their highest oxidation states. Mainly POMs
are well suited to achieve a high capacity for energy storage applications because of their fast

and reversible multi electron redox reactions.

ia Electrolyte :
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The electrolyte is a significant constituent in supercapacitors. Electrolyte is the conducting
solution of electrolyte salt and solvent which plays an important role in transferring and
balancing charges between two electrodes in the cell. The electrolytes are classified into

various categories (Fig.1.12).
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Fig. 1.12 — Types of electrolytes

The interaction between the electrolyte and electrodes in all electrochemical processes
significantly influences the electrode-electrolyte interface and internal structure of active
materials. The factors influencing the overall performance of supercapacitors are ionic
conductivity and mobility, diffusion coefficient, radius of hydrated spheres, solvation,
dielectric constant, electrochemical stability, thermal stability and dispersion interaction etc.
So the requirements for ideal electrolyte are as follows — a wide electrochemical stable
potential window (ESPW), high ionic conductivity, high chemical and electrochemical
stability, high chemical and electrochemical inertness to ES components, a wide operating
temperature range, well matched with the electrolyte materials, a low volatility and

flammability, environmental friendliness, low cost etc.

Aqueous electrolytes :

Aqueous electrolytes have been used extensively in research and development due to their

low cost and user friendliness in ES fabrication. Normally, aqueous electrolytes exhibit high
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conductivity higher than that of organic and IL electrolytes. It is advantageous for lowering
the ESR, leading to a better power delivery of ESs. Aqueous electrolytes are classified into
three categories: (a) alkaline, (b) neutral, and (c) acidic solutions. Often used aqueous
electrolytes are KOH, NaOH, LiOH, Na,SO,, H,SO,, (NH,),SO,, K,SO,, Li,SO,, MgSO,,
CaS0O,, BaSO,, KCl, NaCl, LiCl, HCI, CsCl, CaCl,, KNO;, LiNO;, Na,HPO,, NaHCO;,
Na,B,0; etc. The main disadvantage of aqueous electrolytes is their relatively narrow ESPW

(1.0 Vto 1.3 V).

Organic electrolytes :

Organic electrolyte based ESs are currently dominating owing to their high operation
potential window (2.5 V to 2.8 V) which can provide a significant improvement in both the
energy and power densities. Typical organic electrolytes consist of the conductive salts (e.g.,
tetracthylammonium tetrafluoroborate (TEABF,)) dissolved in the acetonitrile (ACN),

acetone, g-butyrolactone (GBL), and propylene carbonate (PC) solvent.

ESs with organic electrolytes usually offer smaller specific capacitance, lower conductivity,
and safety concerns related to the flammability, volatility and toxicity. Basically it requires
complicated purification and assembling processes in a strictly controlled environment to
remove any residual impurities (e.g., water) that can lead to large performance degradation
and serious self-discharge issues. The disadvantage of organic electrolytes is their higher

resistivity due to their large size molecules which require a large pore size in the electrodes.

Ionic liquids :

The salts composed of ions (organic cations and organic/inorganic anions) with melting
points below 100°C are called ionic liquids (ILs). Due to their unique structures, physical and
chemical properties, ILs have received significant importance as alternative electrolytes. The
supercapacitor performance can be improved by the tuneability properties of ILs due to their
large variety (virtually unlimited) of combinations of cations and anions. Ionic liquids have
various advantages such as non-flammability, higher thermal and electrochemical stability,
high voltage window (3.5 V to 4 V) and insignificant volatility as compared to organic

electrolytes.

ILs can be classified into protic, aprotic and zwitter ionic types based on their composition.
ILs used for ESs are based on ammonium, sulfonium, imidazolium, pyrrolidinium and
phosphonium  cations and hexafluorophosphate (PFy), tetrafluoroborate (BF,),

bis(trifluoromethanesulfonyl)imide (TFSI), bis(fluorosulfonyl)imide (FSI), and dicyanamide
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(DCA) anions. The solvent free ILs may have an advantage in solving the safety problems
associated with those organic solvents, making IL-based ESs favourable for hightemperature
applications. Unfortunately, there are several main drawbacks with most ILs, such as high

viscosity, low ionic conductivity and high cost, which can limit their application in ESs.

Solid and quasi-solid state electrolytes :

There are three types of polymer based solid electrolytes - solid polymer electrolytes (SPEs),
gel polymer electrolytes (GPEs), and polyelectrolytes. GPE based ESs currently dominate due
to their higher ionic conductivity than dry SPEs. The weak mechanical strength of some
GPEs may lead to internal short circuits, causing safety issues. Dry SPEs normally have lower
ionic conductivity and higher mechanical strength than GPEs. The limited contact surface
area between solid state electrolytes and electrode materials especially for the nanoporous
materials is the main issue which increases the ESR value, reduces the rate performance and

results low specific capacitance of ESs.

Redox active gel electrolytes :

A superior method to improve the electrochemical performance of an ES device is to add
redox active species to the electrolyte. That maximizes the capacitance and the energy density
of the device through reversible faradaic reactions and fast electron transfer at the
electrode-electrolyte interface. Numerous redox couples, such as iodides (KI), K;Fe(CN)g and
Na,MoO, ; organic redox mediators, such as hydroquinone, P-phenylenediamine (PPD) and
p-benzenediol ; and methylene blue (MB) ; anthraquinone2,7-disulfonate (AQDS) ; and
indigo carmine (IC) have been investigated in solid state gel electrolytes. This approach of
adding redox species in gel electrolytes effectively improves the performance of the ES

device.
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1.4. Introduction to Cyclic Voltammetry

Cyclic voltammetry (CV), a widely used potential-dynamic electrochemical technique, can
be employed to perform qualitative and quantitative analysis about surface and solution
electrochemical reactions including electrochemical kinetics, reaction mechanism, reaction

reversibility and effects of electrode structures on these parameters.

The CV measurement is normally conducted in a three electrode configuration or
electrochemical cell containing a working electrode (W), counter electrode (C) and reference
electrode (R) as shown in Fig.1.13. In the case of symmetric cell CV measurements can also
be performed using a two electrode test cell by connecting both the reference and counter
electrode probes of the potentiostat to one electrode of the test cell, while connecting the
working electrode to the other electrode of the test cell. The electrolyte in the three electrode
cell is generally an aqueous or non-aqueous liquid solution. The basic principles of three

electrode electrochemical cell for cyclic voltammetric experiments are :

Potentiostat

Reference Working
electrode electrode

Counter
electrode

Electrolyte -===-=--===

Fig. 1.13 — Electrode configuration for CV experiments

Reference electrode (R) :
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The excitation signal is simultaneously applied across the working and reference electrode.
The reference electrode circuit has large resistance so that no current is present in the
electrode, therefore providing a stable and reproducible voltage to which the working
electrode potential may be referenced. The current that is measured in response to applied
potential. Commonly used reference electrodes are aqueous Ag/AgCl, standard hydrogen

electrode (SHE) and calomel half cells.

Counter electrode (C) :

The auxiliary electrode provides the current required to sustain the electrochemical reaction
at the working electrode. It is also used to prevent large current from passing through the
reference electrode. It is basically non-reactive high surface area electrode, commonly

platinum gauze.

Working electrode (W) :

The working electrode is the electrode through which the potential is “cycled.” It is where the
electrochemical reaction takes place and therefore, where the current response is also
recorded. The working electrode dimensions are kept small to enhance concentration

polarization.

Supporting electrolyte :

A purified supporting electrolyte must be highly soluble in the solvent chosen. It also has to

be chemically and electrochemically inert in the conditions of the experiment.

i Analysis of CV Curve :

The CV measurement records the current flowing through the working electrode as a
function of the applied potential and a plot of current versus potential is observed, which is

known as a ‘voltammogram’.
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Fig. 1.14 — Typical a) cyclic voltammogram curve and b) galvanostatic charge discharge curve

In the forward scan of working electrode (Fig.1.14.a) the potential first scans positively,
from left to right (to positive potential) and later from right to left (to negative potentials) and
the current response is measured. The positive scan caused an oxidation of an analyte where
the voltage reaches maximum is known as the anodic peak potential (E,,) and results in
anodic current (i,,). The reverse negative potential scan caused a typical reduction reaction at

the cathodic peak potential (E,.) and results in cathodic current (i,.).

/12

Ip - 0.446n4 Cy (“2)

RT (1.10)

For electrochemically reversible electron transfer process the Randles-Sevcik equation (Eq.
1.10) describes how the peak current/p(A) increases linearly with the square root of the scan
rate v (V s'), where n is the number of transferred electrons in the redox event, Ais the
electrode surface area, D is the diffusion coefficient of the oxidized analyte and Co is the bulk

concentration of the analyte.

To evaluate material capacitance, we have to measure this working electrode in the chosen
electrolyte using electrochemical CV to record cyclic voltammogram of the particular
material from which the capacitance (Ci) can be calculated. Where m is the mass of

electroactive material and v is potential scan rate.

i

Cn = 2w (1.11)

And the current (£ which represents the total charge transferred during forward or backward
direction CV scanning is obtained by calculating the enclosed area of the CV curves using

equation (1.12),
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"2 . fvl i(v) dv

(vp—v1)
(1.12)

where V1 and V2 are the lowest and highest ends of the potential range.

As mentioned above, the voltage scan rate can affect measured capacitance. At lower scan
rate complete redox transition also occurred at inner active sites producing high specific
capacitance whereas, the capacitance value decreases at higher scan rate due to limited

diffusion effect of electrolyte ion within the electrode layer.

i Analysis of GCD Curve :

Galvanostatic charge discharge (GCD) curve is one of the most reliable technique to

determine capacitance energy density, power density, equivalent series resistance and cycle

life of a supercapacitor.

It can be seen that the charge discharge profile (Fig. 1.14.b) deviate from typical linear

variation of voltage with time. It is mainly due to the IR drop that increases with the increase

of current rate.

The specific capacitance can be calculated from the GCD profile using equation (1.13),

Cn = 7~
(-2) (1.13)

. dv .
where (1) s the applied current density (A g™) and dt is the average slope of the

discharge curve.

The energy density E (Wh kg-') and power density P (W kg™) of the supercapacitor can be

calculated from the GCD profiles at different current densities using the following two

equations (1.14) and (1.15).
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Here Cm is the specific capacitances of the device as obtained from the GCD at different

current densities, Av is the working potential window and AT represents different discharge

times at different current densities.

Different charging and discharging rates can provide some information about the mass

transfer kinetics of an electrode layer. The decrease in specific capacitance with the increasing

in current density is due to limited number of interface charges.

i Kinetics of Electrochemical Reaction
In this section a quantitative explanation for the influence of the electrode potential on the
electrochemical reaction kinetics has been represented.

The following electrochemical reaction determines the dependence of current on electrode

potential -
(1.16)

Ox +ne- < Red™™

Where Ox and Red are the oxidized and reduced forms of redox couple and n is the number

of electrons participating in redox reaction.

The Nernst equation relates the potential of an electrochemical cell (E) to the standard

potential (E°®) and the relative activities of the oxidized (0%) and reduced (Red) analyte in

the system at equilibrium.
E = E°+ 2303 log 1o (Ox/Red)

(1.17)
In the equation (1.17), F is Faraday’s constant, R is the universal gas constant, n is the

number of electrons, and T is the temperature.

The rate of reduction and the rate of oxidation which is related to the current density ( J =

I/A i.e, current per unit surface area of electrode) can be written as Vred » Voxrespectively.
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Vred = kpog Co(0,t) = —Jc/MF

(1.18)

Vox = kyy Cr(0,) =Ja/NF

(1.19)

Where Jcand Jaare the partial cathodic and anodic current densities, respectively and
Co(0,t) and Cr(0,t)are the surface concentrations of the oxidized and reduced species at

the electrode respectively, at time t.

For any chemical reaction, the rate constant (k) is related to the Gibbs free energy of
activation (4G) by
AG

k=7Ze &rr
(1.20)

Where Z is given by kgTd/h within the framework of the activated complex. Here o is
basically reaction length and kg is Boltzmann constant, R is universal gas constant and T'is

the temperature.

In order to overcome the activation barrier and to enhance the desirable reaction an

overpotential has to be applied. The reversible behaviour depends on the relative value of

standard rate constant (Ks) and mass transport coefficient (Km).

It has already seen that the electrode reaction is an interfacial reaction that necessarily
involves all the processes occurring at the electrode or its vicinity while current flows through
the cell. Electrode processes consist of the electrode reactions such as chemical reaction,
structural reorganization, adsorption and also the mass transport processes (Fig.1.15) such as

diffusion, migration and convection.

- | -

Diffusion

. . q'—_.
Mlgratmn Convection

Fig. 1.15 — Different mass transport processes
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Mass transport to an electrode can be described by the Nernst-Planck equation (Eq. 1.21).

For one-dimensional mass transport along the x -axis, it can be expressed as

aCi iF od
Ji (x) = —D; Fr (:_T)Dici ™ + ¢; v(x)

(1.21)

Where Ji (X) is the flux of species i, Di is the diffusion coefficient, ®( x) is the potential at
a distance x from the electrode surface, and V(%) is the velocity of a volume element of the
solution moving in the x direction. The first term contains the concentration gradient related
to the diffusion, the second one expresses the migration related to the motion of charged
species forced by the potential gradient and the third term expresses the convection due to the

stirring of the solution.

Diffusion should always be considered because concentration gradients between the vicinity
of the electrode and the bulk solution originate, which will lead the reactant species to move
in the direction of the electrode surface and product molecules (ions) to leave the interfacial

region.

1.5. Introduction to Electrochemical Impedance Spectroscopy

As a powerful method, electrochemical impedance spectroscopy (EIS) is used to analyse
electrical characteristics of the electrochemical system. Any electrochemical supercapacitor
(ES) can be represented in terms of an equivalent electrical circuit that comprises a
combination of the double layer capacity (C,), the impedance of the faradaic or non-faradaic
process and the high frequency resistance (Rg), constant phase element and Warburg
impedance (W) corresponding to the diffusion of the charged particles. A quasi-reversible
charge transfer is considered with the equivalent Randles circuit in EIS measurement as

shown in Figure 1.16.a.
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Fig. 1.16 — a) Scheme of the Randles equivalent circuit and b) the corresponding Nyquist Plot

EIS measurement is collecting the ES impedance data at the open circuit potential by
applying a small perturbation of amplitude (£5 mv to £10 mv) over a wide frequency (f)
range from ImHz to 1MHz. Normally, amplitude and phase shift of the response signal is
measured. Capacitance can be calculated using a linear portion of a log|z| vs log|f] curve,
which is called the Bode Plot. EIS can also be expressed as a Nyquist diagram (Figure
1.16.b), where the imaginary part of the impedance, Z(f"’) is plotted against the real part of
impedance, Z(f").

For an ideally polarized electrode, the impedance consists of the double-layer capacity C, and
the solution resistance Ry, in series. In the impedance plane plot, a straight vertical line results
intersecting the Z(f”) axis at Ry, at an angle smaller than 90° to the real axis. When a charge
transfer proceeds at the electrode, the equivalent circuit consists of C, and the charge transfer
resistance R, in parallel. So the corresponding Nyquist impedance plot represents a

semicircular arc.

The complete Nyquist plot shows the Randles impedance with the semicircle at higher
frequencies and the straight line at an angle of 45° to the real axis at lower frequencies.

Therefore, from the diameter of the semicircle on Nyquist plot, charge transfer resistance can

be obtained. The charge transfer resistance Ret is defined as equation (1.22)

RT
Tleo

Ret

(1.22)

where Jo is the exchange current density, F is Faraday’s constant, R is the universal gas

constant, n is the number of electrons, and T is the temperature.
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1.6. Objectives

The HEOAs has attracted much attention due to its open 3d network framework with large
space and 3d diffusion channels which are conductive to the insertion or extraction of cations.
(MgCuNiCoZn),,Li,O  undoped and doped with Li- 5%,7.5%,10% has robust framework
and exhibits electrochemical activity which is mostly applied to energy storage device like

supercapacitors and batteries.

The aim of this thesis is to investigate the recent progress in the field of electrolytes

supercapacitor and batteries based on HEO (MgNiCuZnCo)O and its lithium analogues.
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The objective can be summarised as :

Synthesis of (MgNiCuZnCo)O (Li0) and its lithium analogues (Li5,Li7,Li10) and
characterizations of the synthesized samples in detail.

In depth study of dielectric properties of prepared samples which can be used to develop
supercapacitor and batteries

Comparison between prepared samples based on their dielectric performance (relative
permittivity, impedance etc.) with the variation of temperature ranging from room

temperature to 150°C.
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CHAPTER 2: LITERATURE REVIEW

To achieve better electrochemical performance of supercapacitors, development of new
electrode materials, especially nanostructured materials, with exceptional charge storage
properties and rate capability is essential. MOF compounds such as HEO & HEOAs are a
new class of electrode materials prepared by chemical interaction of organic linkers and metal
ions or clusters owing to their properties such as tuneable pore sizes, high surface area,
remarkable porosity, and ordered crystalline structures. Now after attaining good space in the
electrode spectrum the electrolyte segment is been advanced for new prospectus. Due to the
promotion of charge transfer inside its open framework structure and redox behaviour of their
metal cations, these nanostructures shows superior electrochemical performance in energy
storage device, such as aqueous ion batteries and supercapacitors. Here some of the reviews

of past work as electrode on this topic have been discussed briefly.
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Berardan et al. in 2016 reported by Impedance spectroscopy measurements evidence
superionic Li" mobility (>107 S cm™) at room temperature and fast ionic mobility for Na* (5
x 10 S cm™) in high entropy oxides, a new family of oxide-based materials with the general
formula (MgCoNiCuZn),_,_,Ga,A,O (with A = Li, Na, K). Structural investigations indicate

that the conduction path probably involves oxygen vacancies.

Berardan et al. again in 2017 reported the influence of the synthesis conditions,
stoichiometry and  post-annealing treatments on the crystal structure of
(MgCoNiCuZn)O-based high-entropy oxides have been investigated in details. The particular
role of copper in the emergence of a distortion and a disordering of the randomly-distributed
rocksalt structure has been evidenced by electron paramagnetic resonance and X-ray
diffraction studies. An evolution of the local environment of copper from octahedral in
Cu-sub-stoichiometric samples to rhombic in Cu-enriched samples leads to a deviation of the
crystal structure from the ideal rocksalt one, which depends on the thermal history of the
samples. Besides giving new clues to understand the behavior of this new class of materials,
this controllable evolution of the crystal structure offers new possibilities of tuning the

functional properties of the (MgCoNiCuZn)O-based compounds.

Sarkar et al. in 2018 shown us that high entropy oxides are very promising materials for
reversible electrochemical energy storage. The variation of the composition of the oxides
allows tailoring the Li-storage properties of the active material. The incorporation of different
elements into HEO offers a modular approach for the systematic design of the electrode
material. Additionally, it is shown that entropy-stabilized oxides have high capacity retention
and exhibit a de-/lithiation behavior, which is drastically different from classical conversion
materials. The new effect is attributed to configurational entropy stabilization of the lattice,
which conserves the original rock-salt structure while serving as a permanent host matrix for
the conversion cycles. Based on these—necessarily limited—first, but promising results,
further investigations toward high entropy oxide electrode materials should be pursued to

explore their full potential for energy storage applications.

Qiu N. et al in 2018 has considered Mg,,Co,,Ni,,Cu,,Zn,,0O as an anode material for
lithium ion batteries. The HEO anode provides a high initial discharge specific capacity of
about 1585 mAh g-1 and exhibits superior cycling stability. A reversible capacity of 920 mAh
g -1 was achieved at 100 mA g-1 after 300 cycles. Ex situ scanning electron microscopy
(SEM) and selected-area electron diffraction (SAED) revealed that the surface morphology
and microstructure of the HEO anodes were still stable even after long term cycling. The

well-mixed cations together with an inactive material (MgO, formed after the initial discharge
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process) in the HEO anodes result in a remarkable cycling, rate performance and an
applicable reversible capacity with an average voltage of ~0.85V. This work may provide a
convenient method for obtaining component-controlled oxide nanostructured materials with

high electrochemical performance.

Kheradmanfard et al. had concentrated on the synthesis duration and in hhis study, a novel
ultrafast facile green microwave-assisted method was developed for the synthesis of high
entropy oxide (HEO) (Mg, Cu, Ni, Co, Zn)O nanoparticles for the first time. The results
indicated that all the five metallic elements were uniformly distributed in the single-phase
rocksalt structure of the HEO nanoparticles. The particle-size distribution was within the
range of 20—70 nm, with the average size of 44 nm. When used as anode materials for Li-ion
batteries, the HEO nanoparticles exhibited remarkable lithium storage properties with the
impressive stability as was demonstrated during 1000 cycles at 1 A/g. The exceptional
advantages of the proposed method in this work, including ultrafast speed (few minutes),
low temperature, nanoscale and high-purity products, and low cost, make it an excellent
synthesis technique for application in newly developed high-entropy ceramics, particularly

for Li-ion batteries.

Triolo C. et al synthesized Mg, ,Co,,Ni,,Cu,,Zn,,0, is gaining significant interest as novel
anodes for lithium-ion batteries (LIBs) due to their stable crystal structure and robust
lithium-storage properties. In his work, Mg,,Co,,Ni,,Cu,,Zn,,O oxides with different
morphologies are prepared by electrospinning and solvothermal method and are applied as
anode active materials for LIBs. It is found that different morphologies possess different
characteristics, namely particle size, particle size range, and defect density, which have a
significant effect on the electrochemical behavior. The most active (Mg, Co, Ni, Cu, Zn) ESO
shows outstanding electrochemical properties in terms of high reversible capacity (480 mAh
g ' at 20 mA g), superior rate capability (206 mAh g at 2 A g'), and excellent cycling
stability (390 mAh g' at 500 mA g after 300 cycles). The strategy demonstrates the

importance of engineering microstructures in tailoring the electrochemical performance.

Hong c. et al. continued the work with Qiu N. in extension where extreme fine crystalline
materials have been extensively investigated as high-rate lithium-storage materials due to
their shortened charge-transport length and high surface area. The pseudocapacitive effect
plays a considerable role in electrochemical lithium storage when the electrochemically active
materials approach nanoscale dimensions, but this has received limited attention. Herein, a
series of (Mg,,Co,,Ni,,Cu,,Zn,,)0 electrodes with different particle sizes were prepared and

tested. The ultrafine (Mg,;,Co,,Ni,,Cu,Zn,,)O nanofilm (3—-5 nm) anodes show a
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remarkable rate capability, delivering high specific charge and discharge capacities of 829,
698, 602, 498 and 408 mA h g! at 100, 200, 500, 1000 and 2000 mA g, respectively, and a
dominant pseudocapacitive contribution as high as 90.2% toward lithium storage was
revealed by electrochemical analysis at a high scanning rate of 1.0 mV s™'. This work offers
an approach to tune the lithium-storage properties of (Mg,,Co,,Ni,,Cu,,Zn,,)O by size
control and gives insights into the enhancement of pseudo capacitance-assisted

lithium-storage capacity.

Mostly works has been done taking this high entropy oxide/ entropy stabilized oxide as
a anode material and also the research has gained immense attention due to high
desirable and anticipated values of electrochemical energy storage. Very less excavation
in done in the electrolyte spectrum. First started with conductivity which has shown
great results that directly started a new era of all solid state storage system. If every
aspect of being a ideal electrolyte is sufficed it can be estimated that this new spectrum

of material has lot of potential to change the energy storage dynamics of the world .
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CHAPTER 3: CHARACTERIZATION TOOLS AND TECHNIQUES
3.1 XRD (X-ray Diffraction)

X-ray diffraction methods are the most effective methods for determining crystal structure of
materials including lattice constants and geometry, identification of unknown phases,

orientation of single crystals, preferred orientation of polycrystals, defects, stresses etc.

The interaction of the incident monochromatic X-rays with the crystal lattice produces

constructive interference when condition satisfy Bragg’s law,
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nd = 2d sinf
(3.1)

This law relates the wavelength of X-ray to the diffraction angle (6) and inter-planar spacing
(d) in a crystalline sample. By scanning the sample through a range of 26 angles, all
possible

diffraction peaks to be recorded of the powder sample. Conversion of the diffraction peaks to
inter-planar spacing (4) allows identification of the crystalline sample because each of them
has a unique d-spacing. Generally, this is achieved by comparison of obtained d-spacings

with standard reference patterns (JCPDS, ICDD files etc).

Working Principle :

The basic function of a diffractometer is to detect diffracted X-ray beam from sample and to
record the diffraction intensity as a function of the diffraction angle (26).Figure 3.1
demonstrates the geometrical arrangement of X-ray diffractometer which consist of three

basic elements an X-ray tube, sample holder and an X-ray detector.

Detector
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Fig. 3.1 - The geometrical arrangement of X-ray diffractometer

The X-rays are generated by an X-ray tube passes through special slits which collimate the
Xray beam. The commonly used Soller slits are made from a set of closely spaced thin metal
plates parallel to the figure plane to prevent beam divergence in the direction perpendicular to
the figure plane. A divergent X-ray beam passing through the slits strikes the sample. Xrays
are diffracted by the sample and form a convergent beam at receiving slits before they enter a

detector. The diffracted X-ray beam needs to pass through a crystal monochromator before
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being received by a detector. Monochromator is used to eliminate wavelengths other than K,
radiation and also decrease the background radiation originating within the sample. As the

sample stage and detector are rotated, the intensity of the reflected X-rays is recorded.

Determination of lattice parameter :

As we know that unit cell of a crystal lattice represented by the a,b,c (length) and @ B,Y
(interfacial angles) are known as lattice parameters. Knowing the spacings of crystallographic

planes by diffraction method, we can determine the crystal structure of materials.

The inter-planar spacing of cubic crystal relates to the lattice parameter (a) by the following
equation,

a

At = rereese
(3.2)

Where Arki’ is the inter-planar distance, ‘a’ is the lattice parameter, ‘h’, ‘k’, ‘I’ is known as

Miller indices.

Determination of the crystallite size :

In reality, diffraction from a crystalline sample produces a peak with a certain width. The

peak width can result from the size effect of the crystals and strain etc.

The average crystallite size can be calculated according to Debye-Scherrer’s equation

092
- [ cos@

(3.3)

Where D is average crystallite size, B corresponds to line broadening in radians (FWHM), 0

is the Bragg angle, A is X-ray wavelength (0.154 nm).

Basically, Peak width is inversely related to crystal size that means peak width increases with

decreasing crystal size.
3.2. FESEM (Field Emission Scanning Electron Microscopy)

The field emission scanning electron microscopy (FESEM) is the most widely used
technique to visualize very small topographical details by scanning the sample surface. It also

examines morphology and microstructure of bulk and nanomaterials and devices.
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Working Principle :

A scanning electron microscope consists of an electron gun and a series of electromagnetic

lenses, apertures, scanning coils and detectors as shown in Fig. 3.2.

A typical FESEM systems use a field emission electron gun for generating an electron beam.

The acceleration voltage for generating an electron beam is typically ~30 kV.

The optical path goes through several electromagnetic lenses, including condenser lenses and
one objective lens in a FESEM system. The electromagnetic lenses are for electron probe
formation. The two condenser lenses reduce the crossover diameter of the electron beam and

the objective lens focuses the electron beam as a probe with a diameter of 1-10 nm.

Fig. 3.2 - Schematic diagram aof FESEM

Probe scanning is operated by a beam deflection system which is controlled by two pairs of
electromagnetic coils. The first pair of scan coils bends the beam off the optical axis of the
microscope and the second pair of scan coils bends the beam back onto the axis at the pivot

point of a scan. The apertures are mainly used for limiting the divergence of the electron

beam in its optical path.

The deflection system moves the probe over the sample surface along a straight line and then
displaces the probe to a position on the next line for scanning, so that a rectangular raster is

generated on the sample surface. The signal from emitted electrons are collected by a detector

for imaging purpose.
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Digital imaging generates an image by averaging multiple scans for the same area which

helps to reduce the background noise in imaging.

The magnification of an FESEM is determined by the ratio of the linear size of the display
screen to the linear size of the specimen area being scanned. The size of the scanned

rectangular area can be varied over a wide range.

Incident Beam

Backscattered
Electrons

Secondary
Electrons

X-rays

Auger
Electrons &N

Fig. 3.3 — Electron-sample interaction and type of signal generated

To understand signal detection, knowledge of electron signal types that are useful in FESEM
is necessary : backscattered electrons and secondary electrons. When highly energized
electrons impart onto a sample, they produce either elastic or inelastic scattering. Elastic
scattering produces the backscattered electrons (BSEs) and inelastic scattering produces
secondary electrons (SEs). BSEs are typically deflected from the sample surface at large
angles and essentially possess the same energy as the incident electrons. However, SEs are
typically deflected at small angles and show considerably low energy compared with incident
electrons. Inelastic scattering knock off electrons from the atoms constituting the sample

itself, these are known as secondary electrons.

SEs are useful for achieving topographic contrast and BSEs are useful for formation of
elemental composition contrast. Additionally X-ray mapping can also be observed which

have been used for chemical characterization.

3.3. FTIR (Fourier Transform Infrared Spectroscopy)

Fourier transform infrared spectroscopy is a technique to analyse the structure of molecules
by examining the interaction between IR radiation and vibrations in molecules. When a

molecule is irradiated by electromagnetic waves within the infrared frequency range, one
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particular frequency may absorbs the vibrational frequency of the molecule. These absorption
frequencies represent the excitation of vibrations of chemical bonds, and thus specifies the

type of the bond and the functional groups that are present in a molecule.

In Fourier transform infrared (FTIR) spectroscopy experiment, the intensity of a beam of IR
radiation is measured after it interacts with the sample as a function of light frequency which
is subjected to Fourier transform to convert infrared spectrum (intensity vs frequency) to
intensity-time output. The identity of a pure compound or to detect the presence of specific
impurities, atomic arrangement and concentrations of the chemical bonds that are present in

the sample can be determined.

Working Principle :

The schematic diagram of an FTIR spectrophotometer is shown in Fig. 3.4. The basic
components of FTIR spectrophotometer are Light Source (IR), Interferometer, sample holder,

a detector, signal processor and readout.

Sty e

Fig. 3.4 - Schematic diagram of FTIR spectrophotometer

1. The source : Infrared energy is emitted from a black body source. Commonly used

sources are Globar filament and Nernst glower.

2. The interferometer : The beam of radiation enters the interferometer where the

“spectral encoding” occurs.

Interferometer employs a beam splitter which divides the incoming infrared beam into two
optical beams. One beam reflects off of a mirror which is fixed in position and the other beam

reflects off of a moving mirror. The two beams reflect off of their respective mirrors and are
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recombined to a single beam when they return at the beam splitter. Depending on the relative

path lengths, these two beams interfere with each other.

The interferometer produces interferogram signal which include all of the infrared

frequencies “encoded” into it.

3. The sample : The beam enters the sample chamber where it is transmitted through or
reflected from the sample surface, depending on the type of analysis being performed. This is
where specific vibrational frequencies which are uniquely characteristic of the sample, are

absorbed.

4. The detector : The beam passes to the detector for final measurement. The detector

measures the interferogram signal.

5. The computer : The digitized signal is sent to the computer to carry out Fourier
transformation. Finally the sample infrared spectrum is presented to the user for

interpretation.

3.4. UV-Visible Spectroscopy

Ultraviolet—Visible spectroscopy is a widely used analytical method for the quantitative and

qualitative characterization of nanomaterials and nanostructures. This method is important to
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both determine the concentration and study the electronic structure. UV-Visible spectral study

is also used to determine the optical band gap.

The basic principle of quantitative UV-Vis spectroscopy lies in comparing the extent of
absorption of a sample solution with that of a set of standards under radiation of selected
wavelength through the application of Beer-Lambert law. The Beer-Lambert law states that
the absorbance of a solution is directly proportional to the concentration of the absorbing

species in the solution and the path length.

According to Beer-Lambert’s law,

A = logqg (170) = écl
(3.4)

Where, A is measured absorbance, /o is the intensity of light passing through reference cell,
I is the intensity of light passing through sample cell, € is the molar extinction coefficient, ¢

is the concentration of the light absorbing substance and [ is the path length of the sample.

Extinction coefficient or the integral absorption over an absorption band gives the magnitude

of the transition dipole moment and are also dependent on geometry and molecular structure.
Working Principle :

UV-Visible spectrophotometers consist of a number of fundamental components : Light
Sources (UV and VIS), monochromator, sample holder, a detector, signal processor and
readout. The radiation source used is often a tungsten filament, a deuterium arc lamp which is
continuous over the ultraviolet region, and more recently xenon arc lamps for the visible
wavelengths. The commonly used detector is a photodiode or a charge coupled device (CCD).
Photodiodes are used with monochromators, so that only light of a single wavelength reaches
the detector. When measuring absorbance at the particular region, the other lamp has to be

turned off. Fig. 3.5 shows schematic diagram of UV—Vis Spectrophotometer.

The light source is a monochromator which splits the incident beam of light into two equal
intensity beams (sample and reference beam) by a half mirrored device before it reaches the
sample. The sample beam, passes through a cuvette containing a solution of the compound
being studied in a transparent solvent and the reference beam, passes through an identical
cuvette containing only the solvent. Quartz or fused silica cuvettes are required for UV—Vis

spectroscopy.
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Fig. 3.5 - Schematic diagram of UV=Vis Spectrophatometer

The light sensitive detector measures the intensity of light transmitted from the cuvettes and
passes the information to a meter that records and displays the value to the operator on an
LCD screen. The sample beam and reference beam both are measured at the same time. The
intensity of the sample beam is defined as I and the intensity of the reference beam is defined
as I,. Over a short period of time, the Spectrometer automatically scans all the component
wavelengths in the manner described. The ultraviolet (UV) region scanned is normally from
200 to 400 nm, and the visible region is from 400 to 800 nm. A complete spectrum of the

absorption at all wavelengths is recorded.
Band gap determination :

Using the recorded data of absorption spectrum in the whole range of wavelength, we can calculate the

absorption coefficient (@) of the material.

The relation between absorption coefficient and photon energy was deduced by Tauc and is

represented as,

(ahv)/" = A (hv — E,)
4.2)

Where a is the absorption coefficient, nassumes values like 2 and 1/2 in accordance with

E

indirect and direct allowed transitions and , hv is photon energy,”g is band gap and A is

proportionality constant.

According to equation (4.2), the plot of (@hv)*™ versus hv must be a straight line and from

its intercept on the hv axis, band gap of the material can be determined.
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CHAPTER 4: SYNTHESIS AND CHARACTERIZATION OF

(MgNiCuCoZn),Li,0 AND ITS ANALOGUES
4.1. Detailed Synthesis Procedure

Chemicals :

Analytical graded Magnesium nitrate[ Mg(NOs),.6H,O ; Merck Chemicals] , Copper
Nitrate [Cu(NO;),.3H,0 ; Merck Chemicals] , Nickel nitrate [N1(NO;),.6H,0 ;
Merck Chemicals] , Cobalt nitrate [Co(NO;),.6H,O ; Merck Chemicals] , Zinc
Nitrate [Zn(NO;),.6H,0 ; Merck Chemicals] , Potassium carbonate [K,CO; ; Merck
Chemicals], Lithium Nitrate [LiNO;.H,0 ; Merck chemicals] , Ethanol [Merck

Chemicals] and deionized water (DW) were used for this experiment.

Svynthesis of (MgNiCuCo0Zn)O :

1. The proper amount of salts was dissolved in de-ionized water to obtain a first
solution (A) with 0.1 M total cationic concentration (0.02 M for each cation) . Here
salts were taken dissolve in 80ml DI.

Mg(NOs),.6H,0 —410.256 mg

Cu(NO;),.3H,0 —386.56 mg

Ni(NOs),.6H,0 — 465.264 mg

Co(NO;),.6H,0 —473.0368 mg

Zn(NOs),.6H,0 —475.984 mg

Stirring was carried out for about 45min to form an homogenous mixture.

2. K,CO; was dissolved in de-ionized water to form 0.15 M solution (B). Here salt

was taken For 80ml DI.
K,CO;— 1660 mg

3. The co-precipitation was carried out in reverse mode, i.e., by slowly adding

solution A to solution B drop wise, under vigorous stirring.

4. The mix was kept under continuous stirring for 45 min and, finally, the gelatinous

co-precipitate was obtained of olive green colour with pH - 9,
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5.The the entire sample was repeatedly washed with de-ionized water and
centrifuged at 4500 rpm and then the precipitated sample was mixed with ethanol

and dried overnight at 60°C and collected a olive green sample.

6. Then the powder was pelletized with approx. 1.4 — 1.6gm and was sintered with

1100°C for 15h and air-quenched immediately. This is classified as Li0.

Synthesis of (MgNiCuCoZn),4sLi 5O :

1. The proper amount of salts was dissolved in de-ionized water to obtain a first
solution (A) with 0.1 M total cationic concentration (0.02 M for each cation) . Here

salts were taken dissolve in 80ml DI.

Mg(NO,),.6H,0 — 410.256 mg
Cu(NO;),.3H,0 — 386.56 mg
Ni(NO,),.6H,0 — 465.264 mg
Co(NO),.6H,0 — 473.0368 mg
Zn(NO,),.6H,0 — 475.984 mg
Li(NO);.H,0 — 52.4mg

Stirring was carried out for about 45min to form an homogenous mixture.

2. K,CO; was dissolved in de-ionized water to form 0.15 M solution (B). Here salt

was taken For 80ml DI.
K,CO;— 1660 mg

3. The co-precipitation was carried out in reverse mode, i.e., by slowly adding

solution A to solution B drop wise, under vigorous stirring.

4. The mix was kept under continuous stirring for 45 min and, finally, the gelatinous

co-precipitate was obtained of olive green colour with pH - 9,

5.The the entire sample was repeatedly washed with de-ionized water and
centrifuged at 4500 rpm and then the precipitated sample was mixed with ethanol

and dried overnight at 60°C and collected. collected a olive green sample.

6. Then the powder was pelletized with approx. 1.4 — 1.6gm and was sintered with

1100°C for 15h and air-quenched immediately. This is classified as Li5

Synthesis of (MgNiCuCoZn), s,sLi 70 :
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1. The proper amount of salts was dissolved in de-ionized water to obtain a first
solution (A) with 0.1 M total cationic concentration (0.02 M for each cation) . Here
salts were taken dissolve in 80ml DI.

Mg(NOs),.6H,0 —410.256 mg

Cu(NO;),.3H,0 — 386.56 mg

Ni(NO;),.6H,0 — 465.264 mg

Co(NO;),.6H,0 —473.0368 mg

Zn(NOs),.6H,0 —475.984 mg

Li(NO);.H,O — 78.6mg

Stirring was carried out for about 45min to form an homogenous mixture.

2. K,CO; was dissolved in de-ionized water to form 0.15 M solution (B). Here salt

was taken For 80ml DI.

K,CO,— 1660 mg

3. The co-precipitation was carried out in reverse mode, i.e., by slowly adding

solution A to solution B drop wise, under vigorous stirring.

4. The mix was kept under continuous stirring for 45 min and, finally, the gelatinous

co-precipitate was obtained of olive green colour with pH - 9,

5.The the entire sample was repeatedly washed with de-ionized water and
centrifuged at 4500 rpm and then the precipitated sample was mixed with ethanol

and dried overnight at 60°C and collected. collected a olive green sample.

6. Then the powder was pelletized with approx. 1.4 — 1.6gm and was sintered with

1100°C for 15h and air-quenched immediately. This is classified as Li7
Synthesis of (MgNiCuCoZn), 4Liy 0O :

1. The proper amount of salts was dissolved in de-ionized water to obtain a first
solution (A) with 0.1 M total cationic concentration (0.02 M for each cation) . Here
salts were taken dissolve in 80ml DI.

Mg(NOs),.6H,0 —410.256 mg
Cu(NO;),.3H,0 —386.56 mg
Ni(NOs;),.6H,0 — 465.264 mg
Co(NO;),.6H,0 —473.0368 mg

52




Zn(NO;),.6H,0 — 475.984 mg
Li(NO),.H,0 — 104.8mg

Stirring was carried out for about 45min to form an homogenous mixture.

2. K,CO; was dissolved in de-ionized water to form 0.15 M solution (B). Here salt

was taken For 80ml DI.

K,CO,— 1660 mg

3. The co-precipitation was carried out in reverse mode, i.e., by slowly adding

solution A to solution B drop wise, under vigorous stirring.

4. The mix was kept under continuous stirring for 45 min and, finally, the gelatinous

co-precipitate was obtained of olive green colour with pH - 9,

5.The the entire sample was repeatedly washed with de-ionized water and
centrifuged at 4500 rpm and then the precipitated sample was mixed with ethanol

and dried overnight at 60°C and collected a olive green sample.

6. Then the powder was pelletized with approx. 1.4 — 1.6gm and was sintered with

1100°C for 15h and air-quenched immediately.This is classified as Lil0
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4.2. Characterization of Prepared Samples

The as-synthesized samples were characterized by X-ray diffraction (XRD, Rigaku Ultima
III) using Cu-K, radiation of wavelength A = 1.54 A for the structural information.
Identification of the phases were done with the help of the Joint Committee on Powder
Diffraction Standards (JCPDS) files. The Fourier transformed infrared spectra were recorded
on a Shimadzu-8400S FTIR spectrometer using KBr pellets method. The DRS spectra was

also recorded with Ba,SO, integrating sphere .

4.2.1. XRD Analysis

The crystal structure of the as-synthesized (MgNICuZnCo)O and its Lithium analogues was
analyzed by X-ray diffraction (XRD), shown in Fig. 4.2. The prepared samples Li0, Li5, Li7,

Lil0 were scanned in 20 mode from 30°— 80°.

Intensity(a.u)

30 35 40 45 50 35 60 65 70 75 80
26°

Fig. 4.2a - XRD pattern of synthesized sample Li0

The four highly intense diffraction peaks at 20 = 36.87°, 42.79°, 62.02°, 74.36° and 78.13°
corresponds to the ( ), ( ), ( ), ( ) and ( ) planes of Li0. All
reflections can be well indexed into face centered cubic (MgNiCoZnCu)O with a space group
of Fm3m. The lattice constant obtained is a=b=c=4.212 A° and o=B=y=90°, which agrees
well with the existing JCPDS card no. 780430. There is no evidence in the XRD pattern for

the presence of other phase or impurities in Li0 sample (Fig. 4.2.a).
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Li5

Intensity (a.u.)

20 (Degree)

Fig. 4.2 b- XRD pattern of synthesized sample Li5

—— 7

Intensity (a.u.)

MV

20 30 40 50 60 70 80
20 (Degree)

Fig. 4.2 ¢ - XRD pattern of synthesized sample Li7

Lil0

Intensity (a.u.)

30 40 50

26 (Degree)

60 80

Fig. 4.2 d- XRD pattern of synthesized sample Lil0

The XRD pattern of the sample Li5, Li7 and Lil0 are shown in the Fig. 4.2 (b),(c),(d)

respectively. The three highly intense diffraction peaks at 20 = 36.89°, 42.85°, 62.02° and low
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intensity peaks at 74.68° and 78.30° corresponds to the (1 1 1), (2 0 0)and (2 2 0) planes
and (3 1 1)and (2 2 2) planes of Li0. The three highly intense diffraction peaks at 26 =
36.82°, 42.85° 62.40° and corresponds tothe (1 1 1), (2 0 0)and (2 2 0) planes of Li7.
The three highly intense diffraction peaks at 20 = 36.74°, 42.36°, 62.82° corresponds to the (1
1 1),(2 0 0)and (2 2 0) planes of Lil10. With increase in the lithium amount the intensity
of peaks has reduced slightly above 70°.

The XRD pattern for each sample shows corresponding sets of peaks characteristic
(MgNiCuZnCo),,Li,O like face centered cubic lattices. The required is a single phase
rocksalt structure and that is what received in every sample powder XRD corresponding to

MgO data of JCPDS.

The average crystallite size is calculated according to Debye-Scherrer’s equation

091
" PBcos@

(4.1)

Where, D is average crystallite size,  corresponds to full width at half maxima (FWHM) of
the diffraction pattern, 0 is Bragg angle, A is X-ray wavelength (0.154 nm).

Sample code Average crystallite size(D)
(nm)
Li0 24.801
Li5 21.510
Li7 18.927
Lil0 16.550

Table 1 - Average crystallite size of synthesized samples Li0, Li5, Li7, Li10
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4.2.2. FTIR Spectra Analysis

FTIR spectrum was recorded to understand the chemical bonding and molecular structure of

Li0, Li5, Li7 and Li10 sample shown in Fig.4.5.

According to the group factor analysis theory, a rocksalt lattice with O°, symmetry has two
F,y IR active modes. The rocksalt lattice has 4 equivalents points for the cation and the anion
with each set of equivalents points giving rise to F,y peaks, one being acoustic and the other
optical. The FTIR spectra of Li0,Li5,Li7,Lil0 are shown inFig. 4.5. The observed
broadening of the peaks at 469 cm™, 496 cm™, 505 cm™' and 514 cm™ for Li0, Li5, Li7, Lil0
respectively were attributed to the presence of different cations in the lattice as each would
result in a different relaxation behaviour. When the structure symmetry is preserved, the peaks
produced would be extremely close, but even a little shift would result in a broadened peak,
as is observed when substitutional doping is done in the lattice. Pure Li,O exhibits a peak at
1110 ¢cm™ which was not observed in the FTIR spectra, hence ruling out the possibility of
Li,0 being present as a minor second phase and confirming that the synthesised compound

was phase-pure rocksalt.
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Fig. 4.5 - FTIR spectra of synthesized samples Li0, Li5, Li7, Lil0

4.2.4. UV- Visible DRS Spectra Analysis

Ultraviolet—Visible DRS spectral study was recorded to understand the electronic structure

and the optical band gap of Li0, Li5, Li7 and Li10 sample shown in Fig.4.6.

Obtained band gap (E,) of Li0 from Tauc plot is 0.129¢V (Fig.4.7.a).
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The relation between absorption coefficient (@)and photon energy (V) was deduced by
Tauc and is represented as,
(ahv)*™ = A (hv — E,)

(4.2)

1
2

Where «a is the absorption coefficient, =7 for direct allowed transitions, hv is photon

energy, Eg is band gap and A is proportionality constant. Using equation (4.2) band gap of the

prepared samples can be calculated.

[—Lio

Fg=1.423 eV

(F(R)hv)"*2 (a.u)

v T .
0 2 4
Energy (eV)

—Li5

Eg=1.410 eV

(F(R)h¥)*2 (a.u)

0 2 4
Energy (eV)
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o

Eg = 0.912eV

(F(R)hv)*2 (a.u)

3 T T T
0 2 4
Energy (eV)

Eg =0.8%9 eV

(F(R)hv)*2 (a.1)

T T T T
0 4 8
Energy (eV)

Fig. 4.6 - Tauc plot of samples a) Li0, b) Li5, c)Li7, d)Li10

Obtained band gap (E,) of Li0, Li5 from Tauc plot is 1.423 eV and 1.410 eV respectively
and E, of Li7 and Li10is 0.912 eV and 0.89 eV ............ (Fig.4.6).

For all HEOx samples the resistance changes in an exponential manner as in a semiconductor
with electrical band-gaps of about ~1.5 eV, gap that decreases with Li substitution. This band
gap can be correlated to the absorption mechanism that can be observed in the UV-Vis
absorption spectra. When undoped the band gap is very less. As soon as Lithium came into
the scenario there is huge change in the band gap also with increase in lithium percentage the
band gap considerably decreases. Hence we can assume that more the doping or moving

charge for transportation lesser the band gap.
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CHAPTER 5: STUDY OF DIELECTRIC PROPERTIES OF (MgNiCuZnCo)O
AND ITS LITHIUM ANALOGUES

5.1. Dielectric Sample Preparation

Samples used for measurements were as obtained bars, thinned to about 2 mm, and with a
surface of about 20 mm2 to 30 mm2 . The large parallel faces were painted with silver paste
for making electrical contacts. The contact resistance was of the order of a few Ohm, several

orders of magnitude smaller than the resistance exhibited by the samples.

Scan impedance analysis was performed with a HIOKI impedance meter , by scanning
samples from 3 MHz to 4 Hz with 30 measurements per log value and applying an AC signal

amplitude of 1 V peak to peak.
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5.2. Dielectric spectroscopy Study of as-Synthesized Samples

5.2.1 Frequency dependence. The dielectric spectroscopic study provides insights into the
structure of compounds, grain boundary, grain, transport properties and charge storage
capabilities of dielectric material. The dielectric properties depend on several factors,

including the chemical composition and the method of preparation.

The frequency dependence of the real part (¢') of permittivity of HEOLI, (x = 0.00, 0.05
and 0.075) at different temperatures is shown in below figures. The dielectric constant (&)
decreased rapidly with the increase in frequency. This decrease is due to the reduction of
space charge polarization effect. Then, it remained nearly constant but, increased with
increasing temperature at a given frequency. However, at low frequency the dielectric
constant was high. This is due to the presence of space charge polarization at the grain
boundaries, which generates a potential barrier. Then, an accumulation of charge at the grain
boundary occurred, which led to higher values of the real part of permittivity. The dielectric
dispersion can be explained by the dominance of grain boundaries' effect rather than by the
grains. This is attributed to Maxwell-Wagner type of interfacial polarization in accordance
with Koop's phenomenological theory.
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Fig. 5.1a - Frequency dependence of Real and imaginary permittivity of Li0
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Fig. 5.1c - Frequency dependence of Real and imaginary permittivity of Li7

The relative permittivity (¢) is very large for all samples with no maximum observed in
the temperature range of the measurement. The relative permittivity at 423K measured at
71.23 Hz with a EIS meter is close to 1 x 10° for HEOx-Li7 , making these samples colossal
dielectric constant (CDC) materials.

The dielectric loss tangent, tan(o), is related to the dielectric relaxation process and is
given as the ratio of the imaginary part ¢ and the real part ¢, i.e., tan(d) = &''/¢'. The dielectric
loss represents the energy loss and occurs when the polarization shifts behind the applied
electric field caused by the grain boundaries.

In general, the dielectric loss of dielectric materials originates from three distinct factors:
space charge migration (interfacial polarization contribution), direct current (DC) conduction,
and movement of the molecular dipoles (dipole loss).

To explain the decrease of the real part of permittivity at higher frequencies, we supposed
that the dielectric structure is composed of low resistive grains separated by poor conducting
thin grain boundaries. As a result of the applied electric field, we obtained a localized
accumulation of charges, which led to the interfacial polarization.

The frequency dependence of the dielectric loss tangent at different temperatures is shown
in below figure. The curve shows the same behaviour of the dielectric constant (¢'). The high
value of tan(d) at a low frequency can be attributed to the high resistivity of grain boundaries
which are more effective than the grains.
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Fig. 5.2 — Grain and Grain Boundary of pellet and electroding

Grain and grain boundary play a vital role, lesser the gaps within the grain boundary
better is the structure and density. As per literature, the diameter also has an important
attention. As per study, the dielectric losses remain constant whatever the diameter value.
Density measurements have been performed on each sample and values are nearly the
same for each of these pellets of different diameters, showing that sample densification is
not responsible for the observed differences. One obvious factor that may influence the
changes in the material permittivity with the electrode diameter is a different grain size.
Spectroscopy observations conducted on a 9.98-mm diameter sample (Li0) did show

significant differences in grain size compared to a 6.74 mm(Li5) and 6.41 mm(Li7) diameter
pellet.
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Fig. 5.3 - Frequency dependence of loss factor of Li0, Li5 and Li7

All the above data indicate that Li-doping influences the variation of temperature. It also
can be seen that ¢, decreases with the increase of Li concentration. Literature proposes
that ¢, strongly depends upon the size of the grains.

In fact, the dielectric constant of the materials is linearly proportional to the average value
of grain size. Therefore, the decrease of dielectric constant and loss tangent as a function of
Co doping is due to the decrease of grain size, which is in agreement with the previous results
(conduction mechanism). This indicates that there is a strong relation between the conduction
process and the dielectric polarization in these Li doped HEO. In addition, Percentage of
Lithium seems also to have an effect on the processing of HEO ceramics since the grain
boundary mobility decreases with Li doping due to the segregation, at the grain boundaries,
of defects induced by doping.

5.2.2 Temperature dependence. The variation of the real part (¢) of the dielectric
permittivity as a function of temperature at various frequencies (20 to 3 x 10°Hz) of
HEOLi, with 0.00 <x <0.075 samples is carefully examined and shown in figure below. It is
observed thate¢’ is frequency and temperature independent at low temperature. Then, it
increases gradually with increasing temperature to its maximum value (¢',,) around 423K
forx= 0.00, 0.05 and 0.075, respectively, which corresponds to the transition from a
ferroelectric to a paraelectric phase. The study of the dielectric constant indicates that for x =
0.00 (Fig 5.4a), the transition temperature value has no variation as a function of frequency,

which confirms that these compositions are of classical ferroelectric type.
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Fig. 5.5 shows the dielectric loss (tan o) as a function of temperature at various frequencies.
The variation of tan ¢ with frequency shows a similar nature as the variation of ¢’ with
frequency. It is seen from the figure that the dielectric loss initially decreases rapidly with
increasing frequency, exhibiting a dispersion at lower frequencies, and then remains fairly
constant at higher frequencies. However, with the increase in the frequency of the applied
field the mechanisms of polarization such as space charge, orientation, and ions start lagging
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behind the field and, thus, dielectric loss decreases. Meanwhile, the variation of the dielectric
loss with temperature exhibits the same nature as that of the variation of dielectric constant
with temperature and could be explained in the same way as that used for discussing the
dielectric constant. It is found that with the increase in temperature, the dielectric loss
increases. The mobility of charge carriers increases with temperature which increases the
polarization and leads to high dielectric loss. The observed higher value of dielectric loss at
high temperature is due to charge accumulation at grain boundaries.
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If we summarize as a whole analysis, the direct action of lithium, in this class of materials,
can also be seen. Without Li, this parameter remains also equal to unity in a large range of
temperatures, whereas it noticeably decreases with the lithium content and becomes sensitive
to temperature increase. This is probably related to a larger disorder of the structure, due to
the defects that originates from Li substitution(assumption of Schottky defect), leading to a
frequency dispersion. We can calculate the “ideal” permittivity. It should be pointed out that
the lithium content has again a large impact on the observed values. The less lithium the
sample contains, the higher is its intrinsic Impedance and the higher is also its maximum
permittivity. Moreover, this maximum is observed at lower temperatures, when the amount of
lithium in the material is increasing, which allows, once again, to tailor the dielectric
behaviour of these compounds by adapted/controlled lithium doping, opening a wide variety
of different uses for example in energy storage or electronic devices. The representation of
the real part of the” permittivity , as well as the evolution of dielectric loss (tand) as function
of the frequency, gives some information about the dielectric behaviour of the materials in
real/practical conditions. We can observe that the permittivity remains unusually high and
stable on a wide range of frequencies (2.3 MHz-1000 Hz), especially for low lithium content
samples, and noticeably increases at lower frequencies (<100 Hz) to finally reach large values
under DC solicitation. Data for HEOx-Li0, for HEOx-Li5 and for HEOx-Li7 are shown in
Fig. 5.1,5.3, 5.4, 5.5 It is noteworthy that & remains larger than €=500 in the kHz range while
keeping a low dielectric loss, of the order of 0.001. We underline that measurements with
different blocking electrodes (Cu/sample/Cu) gave similar values of relative permittivity.
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CHAPTER 7 : FUTURE STUDY

In this work four different samples as Li0, Li5, Li7, Li10 were synthesized via reflux method.
Some of the characterization procedures such as XRD, FTIR, UV-Vis Spectroscopy (for all
samples) and EIS(Dielectric Spectroscopy) (all but Lil10 sample) were performed. According

to the results obtained from above mentioned procedures were interpreted thoroughly.

Due to inaccessibility of some equipment, few characterization related to my objective was
not accomplished. In future, upon accessibility of such instruments I believe the remaining

measurements can be acquired with ease.
The remaining measurements of my future studies are as follows :

Field Emission Scanning Electron Microscopy (FESEM) : To study the morphology and

microstructures of Li0, Li5, Li7, Lil10 sample.

High Resolution Transmission Electron Microscopy (HRTEM) : To analyse the

crystallographic structure, particle size and defects of synthesized samples.

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) : To know weight%
of the chemical composition present in the synthesized samples to evaluate their chemical

formula.

Thermogravimetric Analysis (TGA) : To study the thermal stability, decomposition kinetics

and water content of the synthesized samples.

X-ray Photoelectron Spectroscopy (XPS) : To study surface chemical properties and bonding

natures of the prepared samples.

Raman Spectroscopy : To study structural analysis of the prepared samples.

PL (Photoluminescence) Spectroscopy : To investigate optical and electronic properties of

prepared samples.

Electrochemical Analysis : To Study the CV, GCD, EIS properties of as-prepared samples
formulating in a coin cell and see the characteristics in case of Supercapacitor and battery

separately.

Liquid Nitrogen : For temperature dependence, negative temperatures below room

temperature needs to be done using liquid nitrogen.
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CHAPTER 8 : CONCLUSIONS & FUTURE SCOPES
Conclusions :

In the present work, the HEO — (MgNiCuZnCo)O (Li0) and its analogues (Li5,L17,Li10)
materials have been synthesized using co - precipitation procedure. The synthesized samples
after being sintered were characterized by X-ray diffraction (XRD), Fourier transform

infrared spectroscopy (FTIR), UV-Visible spectroscopy.

The structural study was conducted for XRD in a 20 mode from 10° to 80°. The XRD pattern
for each sample showed corresponding sets of peaks characteristic of Single-phase rocksalt
like face centered cubic lattices. The framework crystalline structure constructed with M-O
ligands was verified using FTIR analysis. Ultraviolet—visible spectral study was recorded to

understand the electronic structure and the optical band gap of the prepared samples.

For the application purpose or being specific dielectric property we choose the dielectric
spectroscopy of those prepared samples. The EIS Dielectric Spectroscopy of Li0, LiS, Li7
sample was performed. Li7 delivered the highest dielectric constant of order 1 x 10° at 423k
around 70Hz. The higher value of lithium doping, higher is the value of dielectric constant.
From this, we can conclude that HEOx and its analogues can be an excellent candidate for

future energy storage devices for its excellent storage mechanism

Future Scopes :

HEO & HEOAs have proved itself such an excellent material in the field of energy storage
device for its different novel properties. Some of the newest approaches in this topic can be

done in future are as follows :

By varying synthesis condition of (MgNiCuZnCo)O and its lithium analogues, we can
perform Rietveld refinement of the prepared samples to obtain its structural information and

to study their electrochemical properties in non-aqueous electrolyte.

. By incorporating conducting polymer (PANI, polypyrrole) material with (MgNiCuZnCo)O
and its lithium analogues, we can design asymmetric supercapacitor to investigate

improvements on its electrochemical performance.

After dielectric measurement there are more aspects to be judged before we certify as a
perfect solid electrolyte. Such as electrolyte conductance and dissociation, Ion Solvation, Salt

effect, thermal stability,etc.
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