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Preface

Development of sustainable and clean energy sources and the associated
technologies is currently having high priority to reduce the impact of fossil fuels on
our ecosystem. Renewable energy sources are highly dependent on the time of day
and local weather conditions. Efficient methods for energy harvesting, conversion
and storage need to be developed in order to efficiently utilize the intermittent,
renewable energy sources. Batteries, electrochemical supercapacitors and fuel cells
are all recognized as the most important electrochemical energy
storage/conversion devices. These storage devices find widespread applications in
consumer electronics ranging from mobile phones, laptops, digital cameras,

emergency doors and hybrid vehicles.

There has been an ever increasing and urgent demand for environmental
friendly high-power energy resources to meet the requirements of portable
electronic devices and for the development of hybrid electric vehicles. Extensive
research is being carried out for the development of next generation electrode and
electrolyte materials with superior electrochemical energy storage properties. The
main objective of the work presented in the thesis is the development of solid
polymer electrolytes with appreciable ionic conductivity for designing all solid
state Li ion and Na ion cells capable of giving safe and stable operation at room
temperature and higher temperatures. Gel polymer electrolytes based on redox
mediators, endowed with high ionic conductivity and excellent electrochemical
performance characteristics are also expected to be developed for realizing solid

state supercapacitors with high power density.

The term electrolyte in batteries refers to an ion- conducting solution
comprising of a salt in a mixture of organic solvents. Stability of the electrolyte is
an important factor determining the irreversible capacity loss by means of passive
film formation due to electrolyte decomposition at the surfaces of the electrodes.
The anticipated characteristics of good electrolyte materials encompass high ionic
conductivity, excellent chemically stability, large window of electrochemical
stability, non-toxic nature, low cost and environment friendliness. Conventionally
used electrolytes in lithium ion cells are liquid electrolytes having quite high ionic

conductivity in the range of 1033 to 1025 cm™ along with good surface contact area



for the electrodes. However, the issues related to the possibility of electrolyte
leakage, narrow range of operation temperature and limited potential window
range put limitations on the use of liquid electrolytes. The possible electrolyte
leakage can lead to internal short circuiting problems, raising many safety
concerns. The use of liquid electrolytes also makes it mandatory to have robust
sealing for the whole device. These limitations of liquid electrolyte usage call for
approaches towards identifying suitable materials to serve as solid electrolytes
with the ultimate aim of realizing all solid state energy storage devices with
improved safety and simplicity in the device architecture. Among the solid
electrolytes, gel-type polymer electrolytes (GPEs) and solid polymer electrolytes
(SPEs) are being extensively investigated to serve as solid electrolyte materials,
owing to the meritorious characteristics they are endowed with. The thesis entitled
“Development of solid polymer electrolytes for applications in all solid state
energy storage devices with high energy density and improved safety” is a
complete report of the experiments conducted on the lithium and sodium based
cells and the supercapacitors in order to attain higher harmony between the energy

density and the power density.

The thesis is divided into seven chapters. The first chapter gives a brief
introduction to the present day energy scenario, the need for the development of
renewable energy sources and the associated energy storage systems and evolves
into emphasising the significance of solid state energy storage systems as the next
generation storage systems for the efficient and safe storage of the energy
generated from renewable power sources. The following chapters are dedicated to
the studies on the development of three different types of solid polymer electrolyte
films for applications in all solid state rechargeable batteries and a gel polymer
electrolyte film for realizing solid state supercapacitors with high power density
and good cycling stability. One of the chapters, in particular deals with the
assembling of all solid state lithium ion half cells using eco- friendly cathode active
materials and the developed solid polymer electrolyte film serving both as the

separator and the electrolyte.

The details of the development of the solid polymer electrolyte (SPE) films
based on the polymer blend of PEO and PVdF and treated with lithium nitrate as

the Li source, using solution casting technique from the focal theme of the second



chapter. The SPE films are found to be transparent, flexible and freestanding and
the crystalline nature of the films gets lowered with the increase in the amount of
lithium nitrate added. These films are electrochemically characterized using cyclic
voltammetry and electrochemical impedance spectroscopy techniques. The SPE
films obtained are found to have quite impressive electrochemical properties,

expected for good solid electrolytes.

The attempts carried out to develop SPE films with much higher Li ion
conductivity close to that of the liquid electrolytes and having good
electrochemical stability, are detailed in the  third chapter. Here, the only
difference from the synthesis route adopted in the previous case is that, instead of
PVdF, PVP is used to make the polymer blend with the semi-crystalline and rigid
polymer, PEO. The polymer PVP, owing to its amorphous nature is expected to
improve the flexible nature of the PEO-PVP blend system, which in turn can
facilitate better Li ion transport through the resulting SPE film. The PEO-PVP-
LiNOs based SPE films are also obtained as free standing and flexible films. These
films are subjected to detailed structural, thermal and electrochemical
characterisations. However, there is a limit for the increase in the lithium nitrate
concentration, beyond which, the concentration increase is found to affect the
quality of the films formed. The most fascinating feature of these SPE films is the
observation of room temperature Li ion conductivity around 1.13 x 103 S cm in
these films, which is quite close to that of liquid electrolytes. The most significant
result of the whole research work is the identification of the PEO-PVP-LiNOs based
SPE film with quite remarkable electrochemical features for applications as one of

the most promising solid polymer electrolyte films.

The fourth chapter deals with the practical realization of solid state Li ion
half cells using LiFePO4 and LiNiMnOy as the cathode active materials, Li foil as
anode and the PEO-PVP-LiNOs based SPE film serving both as the solid electrolyte
and the separator. The cathode active materials are subjected to detailed structural
and morphological characterization. The electrochemical performance of the solid
state Li ion half cells is assessed in terms of specific capacity and cycling stability.
This work is an initiative towards realizing all solid state Li ion cells and more
investigations to understand the interfacial effects between the solid electrolyte

and the electrodes are necessary to achieve better results.



The work presented in chapter five highlights the realization of the Na ion
conducting solid polymer electrolyte (SPE) films, based on the polymer blend of
PEO and the plasticizers , ethylene carbonate (EC) and propylene carbonate (PC)
and treated with NaNOs salt and modified with the addition of the nano-filler
material, ALOs. The SPE films obtained using the simple solution casting
technique are found to be free standing, flexible and transparent. The enhanced
amorphous nature of the SPE films facilitates easier ion transport which in turn
leads to high Na ion conductivity. The most striking result of the present work is
concerned with the superb effect of the ALOs filler, in enhancing the ionic
conductivity of the SPE films. These results highlight the application prospects of
the SPE films in the design of all solid state Na ion cells, capable of stable operation

at temperatures well above room temperature.

The studies on the solid-state supercapacitor, developed with activated
carbon as electrodes and the redox mediated, polyvinyl alcohol (PVA)--potassium
hydroxide(KOH)--hydroquinone (HQ) based gel polymer electrolyte (GPE) as the
separator and the electrolyte form the central theme of chapter six. Presence of the
redox mediator ‘HQ in the GPE film is found to improve the electrochemical
performance of the assembled supercapacitor. From the electrochemical analysis, it
can be concluded that the presence of the redox mediator HQ in the GPE can
significantly influence the electrochemical performance of the solid-state
supercapacitor by improving the ionic conductivity and the pseudo-capacitance
behaviour. Redox mediators offer excellent prospects for improving the
performance of energy storage devices and the GPE films of the present study can
be used for the development of solid supercapacitors with high capacitance, high

power density, excellent cycle life and good safety standards.

The salient features of the work presented in the thesis are summarized in
the concluding chapter. The important results are highlighted and the inferences
drawn are explained with logical reasoning. The prospects for future

investigations, based on the present results, are also emphasized in this chapter.
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Chapter 1

Introduction

The work presented in the thesis is focused on the development of solid
polymer electrolytes for rechargeable energy storage devices such as
batteries and supercapacitors. Recent developments in the field of energy
storage devices and their impact on the betterment of existing appliances
are addressed in detail. Current investigations cover the relevance of
different materials for electrode and electrolyte applications. The
introduction chapter gives an overview of existing developments in
energy harvesting and storage systems. The motivation and objectives of
the presented work serve as the main attractions of this chapter.

1.1 Introduction

Nowadays, the aggravating energy and environmental issues
related to the use of fossil fuels, environmental pollution and global
warming are ringing alarm bells, even to the survival of human society.
It is high time to resort to renewable energy sources with the associated
requirements of efficient energy storage and conversion materials and
devices. Conventional energy production depends heavily on fossil fuels,
such as coal, crude oil, and natural gas as primary energy source to
power most of the electronic appliances. However, energy production
from fossil fuels is associated with toxic emissions and this has a
devastating impact on human health and the natural environment. The

challenges related to the generation of pollution free renewable energy



2 Introduction

and its storage can be addressed in many ways. Energy generated from
sustainable sources, such as the sun and the wind can be stored by
converting them to appropriate forms like electricity or fuel [1]. Due to
the abundant natural fuel reserves of sun and wind, energy can be
harvested using novel power conversion devices and many promising
approaches are already in practice for solar and wind energy harvesting
and storage. Energy available from sources like sunlight and wind faces
limitations due to its interim availability as sun does not shine during
night and wind doesn’t blow on demand. For an efficient use of
sustainable energy sources, techniques based on fuel cells, solar cells
and water splitting are of most concern [2-4] and energy storage systems
such as batteries play a key role to have an efficient back up of the
harvested energy. Considering the sporadic nature of our renewable
energy sources, it is important to develop environmentally benign, cost
effective, and efficient energy storage systems to ensure that the
generated energy is properly stored and made available upon demand.

Modern civilization is becoming increasingly dependent on
portable power sources for continuous internet access and for working
with people across the world [5]. The developments in portable energy
storage technologies are facing limitations to meet the needs of rapid
advancements in electronic devices [6]. Power generation using fossil
fuels is causing damage to the environment due to the emission of large
amounts of CO, [7,8]. In addition, natural reserves of fossil fuels are
limited and not sustainable regardless of governmental policies or the
fluctuation in price and supply. Concept of generating clean energy

mainly includes three steps: production and conversion of energy from
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sustainable sources such as sun, wind, mechanical vibration, and waste
heat, followed by electrochemical energy storage in batteries, hydrogen,
and biofuels. Efficient management of stored energy is important and
this can be achieved by developing smart buildings and use of efficient

lighting systems as presented in figure 1 [9-10]
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Figure 1: The energy utilization chain. Efficient harvest, storage, and
management are the three essential segments to energy
consumption in modern society [5,11].

In major energy storage devices, such as fuel cells, batteries, and
electrochemical capacitors, the energy is stored in the form of chemical
potential and can be converted in to electrical energy when connected to
a load [12-13]. Batteries can be classified in to primary and secondary
batteries. Primary batteries can only be used once, whereas secondary
storage batteries can be repeatedly charged and discharged, making them

the most popular and efficient storage systems. Rechargeable batteries
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are widely used in portable electronic devices such as laptop computers
and mobile phones as efficient, portable power sources. To meet the
future demand, methods of making cost effective, energy efficient and

light-weight portable batteries need more attention.

In the evaluation of the performance of electrochemical energy
storage devices, the energy density and power density are the two most
important parameters, besides the charge-discharge cycling stability. The
relationship between these two important parameters can be expressed

by the Ragone plot [12, 14] as shown in figure 2.
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Figure 2: Ragone plot of energy density versus power density for
various energy storage devices

Electrochemical energy storage systems mainly consist of
batteries and supercapacitors. In batteries, electrical energy is stored and
released by conversion of chemical energy via redox reactions at the
anode and cathode [12] and in supercapacitors, exchange of electrical

energy (charge—discharge cycling) is mainly via electrostatic, capacitive
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interactions. Batteries constitute the most promising type of devices for
energy storage purposes owing to their high energy density and cycling
stability. Rechargeable batteries have the advantage of higher energy
density due to discharging at a steady, flat rate until being almost
exhausted, at which point energy drop-off increases the pace as shown in
figure 3. On the other hand, high power density devices are mainly
constituted by supercapacitors, capable of storing and releasing energy at

much faster rates.
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Figure 3:  Supercapacitors can be charged and discharged rapidly.
Batteries get discharged at a steady, flat rate, until almost

exhausted, at which point energy drop-off increases pace.
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1.2 Electrochemical cells and batteries

A cell is the basic electrochemical unit providing the source of
electrical energy by direct conversion of chemical energy. Main
components of a cell consist of an assembly of electrodes, separators and
electrolyte. A battery consists of one or more of these electrochemical
cells connected in series or parallel, or both, depending on the desired
output voltage and capacity [12]. Electrodes are mainly classified in to
anodes and cathodes. Anode (negative electrode) is oxidized during the
electrochemical reaction by releasing electrons to the external circuit and
the cathode (positive electrode) accepts electrons from the external
circuit and is reduced during the electrochemical reaction. The
electrolyte (the ionic conductor) provides the medium for transfer of
charge, as ions, inside the cell between the anode and the cathode. Role
of separator is to avoid the internal contact between cathode and anode
to avoid a short circuit. An ideal separator should be electrically

insulating and ionically conducting.

Electrochemical cells and batteries are recognized as primary
(nonrechargeable) [15] or secondary (rechargeable) [16], depending on
their capability of being electrically recharged to be used for multiple
times. Primary batteries are not capable of being effectively recharged
electrically and, hence, are discarded after single use. Primary cells in
which the electrolyte is contained by an absorbent or separator material
(there is no free or liquid electrolyte) are also known as ‘‘dry cells.”’

Primary batteries are usually inexpensive, lightweight energy sources
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finding applications in devices such as photographic equipment, toys and
memory backup. Secondary batteries can be used for multiple times
owing to the fact that, they can be effectively recharged after every use
to their original condition by passing current through them in the
opposite direction to that of the discharge current. They belong to most
widely used storage devices for electric energy and are known also as
‘‘storage batteries’” or ‘‘accumulators’’. Their applications range from
portable electronic devices to automotive and aircraft systems, hybrid
electric vehicles and stationary energy storage (SES) systems for electric

utility load levelling.
1.2.1 Electrochemical operation of a cell

During discharge of the cell, when the cell is connected to an
external load, electrons flow from the anode, which is oxidized, through
the external load to the cathode, where the electrons are accepted and the
cathode material is reduced. Completion of electric circuit is only
through the electrolyte by the flow of anions (negative ions) and cations
(positive ions) to the anode and cathode, respectively which is depicted
in figure 4 [17]. Assuming a metal as the anode material and a cathode

material such as chlorine (Cl,), the discharge reaction can be written as,
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Electron flow
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Electrolyte

Figure 4: Electrochemical operation of a cell (discharge).

Negative electrode: anodic reaction (oxidation, loss of electrons)
Zn — Zn** + 2e
Positive electrode: cathodic reaction (reduction, gain of electrons)
Cly+2e — 2CI
Overall reaction (discharge):
Zn + Cly — Zn®* + 2CI(ZnCl,)

During the recharge of a rechargeable or storage cell, the current
flow is reversed and oxidation takes place at the positive electrode and
reduction at the negative electrode, as shown in figure 5. As the anode is,
by definition, the electrode at which oxidation occurs and the cathode

the one where reduction takes place, the positive electrode is now the
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anode and the negative electrode, the cathode. In the example of the

Zn/Cl; cell, the reaction on charge can be written as follows:

Negative electrode: cathodic reaction (reduction, gain of electrons)
Zn* +2e —> Zn

Positive electrode: anodic reaction (oxidation, loss of electrons)
2ClI' - Cl, + 2e

Overall reaction (charge):

Zn** + 2CI" — Zn + Cl,

- DC +
Power supply

- Eléctron flow

Flow of anions

Cathode
Anode

Flow of cations

Electrolyte

Figure 5: Electrochemical operation of a cell (charge).

The development of advanced materials for the next-generation
rechargeable ion batteries is critical for understanding of material

behaviour under complex electrochemical environment [18]. Nowadays,
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considerable attention has been paid to battery technology for
overcoming global energy and environmental concerns. Because of the
safety problems, the use of inflammable organic solutions as electrolytes
prevents the realization of large-scale batteries. An attractive alternative
approach to focus on overcoming these safety issues is the development
of all solid-state lithium ion cells. In many studies, considerable efforts
have been devoted to develop solid polymer electrolytes with high
lithium ion conductivity to overcome these safety problems [19]. In
addition to lithium ion cells, attempts are being carried out to develop all
solid state sodium ion cells because of the abundant nature of sodium on
the earth’s crust. Much attention has also been focused on the
development of solid state supercapacitors since they have the ability to
meet the requirements of end users in many applications especially

where one needs high power density and desirable energy density [20].
1.3 Lithium ion cells

Lithium ion cells are currently the most widely used power
sources in portable electronic applications owing to the high storage
capacity, high energy density and excellent cycling stability, they offer.
The cells with non-aqueous electrolytes, lithiated carbon anodes and
LiCoO, cathodes are first commercialised by Sony in 1991 [21]. They
have outstanding properties in comparison with conventional secondary
batteries such as nickel / cadmium, nickel / metal hydride and lead-acid

batteries. Main advantages of Li ion cells are,
1) High operating voltage,

2) High energy density (both gravimetric and volumetric),
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3) Low self-discharge rate (less than 10% per month),
4) Absence of memory effect,
5) Operation over a wide temperature range.

Attempts have been carried out incessantly to improve further the
performance of Li ion cells, which boost them into the most suitable
power sources for portable devices like cellular phones and notebook
computers. Pictures of basic battery types are shown in figure 6.

ey

Coincell Cylindrical cells Cellsin vehicles

Figure 6: Pictures of basic battery types
1.3.1 Working of lithium ion cells

The lithium ion cell consists of two electrodes, the anode, of an
insertion compound like graphite and the cathode of a lithium metal oxide
and, an electrolyte [22], as shown in figure 7. There is also a separator,
which prevents physical contact between the anode and the cathode.
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Figure 7: Schematic illustration of the first Li ion cell (LiCoO,/Li"
electrolyte/graphite) [23].

During charging/discharging of the cell, electrodes allow lithium
ions to move in and out of their structures with a process called insertion
(intercalation) or extraction (deintercalation), respectively. During
discharge, the lithium ions move from the anode to the cathode through
the electrolyte while the electrons flow through the external circuit in the
same direction. When the cell is being charged, the reverse process
occurs with the lithium ions and electrons moving back into the anode in
a net higher energy state. The electrodes are separated by a microporous
separator film which is made up of polyethylene or polypropylene and
soaked with the electrolyte [24]. Electrolytes provide a conductive
medium for lithium ions to move between the electrodes. The capacity,
specific energy, voltage and energy density are governed by the
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properties of bulk electrode materials. The cycle life is mostly dependent

on the quality and stability of the diverse interfaces present.
1.4 Sodium ion cells

The limited availability and increasing cost of lithium with
worldwide commercialization are posing challenges for the widespread
use of Li based electrochemical cells. It is a difficult task to identify new

approaches as replacements for the well-established Li-ion technology.
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Figure 8: Schematic illustration of Na-ion cell

Currently, the possibilities of developing sodium as a supplement
to lithium for future energy storage applications are being pursued,
considering the high electrochemical reduction potential E° (Na*/Na= -
2.71V), [25,26] of sodium, the possibility of intercalation in both the

cathode and anode materials along with its earth abundance, low cost and
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non-toxic nature. In contrast to lithium, sodium resources are unlimited
everywhere, and sodium is one of the most abundant elements in the
earth’s crust. Due to the material abundance and standard electrode
potential properties, sodium is an appropriate alternative to lithium [27].
Additionally, sodium is the second-lightest and smallest alkali metal next
to lithium and sodium ion cells are considered as potential alternatives to
lithium ion cells. Working Li-ion cells and sodium ion cells shares the
same principles for energy storage applications. Schematic illustration of
Na-ion cells is given in figure 8. Electrochemical intercalation chemistry
similar to that of lithium makes this element strategic in the innovative

research of energy storage systems.
1.5 Supercapacitors

Compared to batteries, supercapacitors are devices capable of
managing high power rates [28]. They have attracted considerable
attention because of their long cycle life and high power density [14, 29].
They are potential candidates to meet the growing power demands of
energy storage systems due to the high power capability and relatively
large energy density compared to conventional capacitors. They are
widely used in industrial power and energy management systems,

consumer electronics and memory back-up systems [30].

Depending on the basis of the energy storage mechanism or cell
configuration, supercapacitors can be classified into electric double-layer
capacitors (EDLCs), pseudo-capacitors, and hybrid capacitors. All these
types of supercapacitors can function simultaneously depending on the

nature of the electrode materials used for their making.
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1.5.1 Electric double-layer capacitors (EDLCs)

In EDLCs, the capacitance is generated via a non-faradaic process
due to the formation of an electrochemical double layer at the electrode-
electrolyte interface [31]. Electrodes for EDLCs are usually based on
highly porous carbon materials [32,33,34] like activated carbons which
serve as ideal materials for the rapid storing and release of energy [35].
Wide availability, low cost, good electrical conductivity, and high surface

area are the main advantages of porous carbon materials.

During charging of a supercapacitor, the electrons are forced to
go through the external circuit from the positive electrode to the negative
electrode. The cations within the electrolyte concentrate in the negative
electrode and anions in the positive electrode forming an electric double
layer that compensates the external charge unbalance. During
discharging, electrons travel through the external circuit from the
negative electrode to the positive electrode, and both types of ions in the
pores become mixed again until the cell is discharged [28].The process
is schematically depicted in figure 9.

porous carbon  current collect

discharge

charge

Figure 9: Schematic illustration of working of electric double layer capacitor
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Advantages of EDLCs are as follows:
v" Longer cycle life

Without any reduction in its storage capacity, an EDLC can be
charged and discharged for more than a million times. It can
be used in combination with a battery to increase the battery
life.

v' Lighter and safer

They are generally light in weight and do not have harmful

metals inside and are environmental friendly.
v’ Faster charging times

They store energy by the movement of ions, and in situations
requiring rapid energy, they form a much better choice.

v" Fast Release

They release the stored charge much faster than rechargeable

cells.

They are used in electric motor cycles, cell phones, digital

cameras, radio control cars and video projectors.
1.5.2 Pseudo-capacitor

In pseudo-capacitors, the capacitance is generated from fast
faradaic processes due to charge transfer reactions between the electrode
and the electrolyte ions [31]. Conducting polymers, metal oxides and
functionalized porous carbon based electrodes are mainly used for

pseudo-capacitive charge storage. These materials can acquire much
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higher specific capacitance, compared to EDLCs, with the charge
storage mechanism relying on fast redox reactions occurring on the
electrode surfaces [28]. In pseudo-capacitive electrodes, different charge
storage mechanisms can be distinguished based on redox reactions of
transition metal oxides, intercalation pseudo-capacitance and reversible
electrochemical doping and de-doping in conducting polymers [36].
Faradic processes occurring together with EDL charge storage increase
the specific capacitance of the electrode. The advantages of pseudo
capacitors over the EDLCs are their high capacitance, which is 10-100
times higher than that of an EDLC and the possibility of obtaining
higher energy densities. However, the power performance of a pseudo-
capacitor is usually lower than that of EDLCs, due to the slower

Faradaic processes involved.
1.5.3 Hybrid capacitors

The EDLCs offer good power performance and cyclic stability
while the pseudo-capacitors offer better specific capacitance. In hybrid
capacitors, both the electrical double-layer (EDL) and the pseudo-
capacitance (faradaic mechanisms) are responsible for energy storage
process. Hybrid systems with correct electrode combination can increase
the cell voltage, which in turn leads to an enhancement in power and
energy densities [37]. Usually, the faradaic electrode gives rise to an
increase of energy density and capacitance at the cost of cyclic stability,
which is the main problem of hybrid devices compared to EDLCs.
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1.6 Electrolytes

Electrolytes play a key role in transporting the positive ions between
the cathode and the anode. During charging, electrolytes promote the
movement of ions from the cathode to the anode and in the reverse
direction, during discharge. The ions are electrically charged atoms that
have lost or gained electrons during reactions. The electrolyte of a battery
consists of soluble salts, acids or other bases in liquid, gel and solid forms.
Lead acid battery uses sulfuric acid as the electrolyte where as in nickel-
cadmium (NiCd) and nickel-metal-hydride (NiMH) batteries, the electrolyte
is an alkaline solution of potassium hydroxide. Lithium ion cells use liquid,
gel or solid polymer electrolytes. Schematic representation of conventional

and all solid state cell is given in figure 10.
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Figure 10: Schematic representation of conventional and all solid state cell

Electrolytes have important role in deciding the energy density
and safety level of supercapacitors. For charge storage in
supercapacitors, the aqueous, organic and ionic liquid electrolytes are

commonly used. To overcome the leakage, internal shorting and
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corrosion issues of the liquid electrolytes, current research is focussing
on the introduction of solid or quasi-solid electrolytes which can
enhance the safety aspects of supercapacitors [38]. Solid electrolytes
based electrochemical energy storage devices have high application
prospects in portable electronics, micro-electronics, wearable electronics
and especially flexible electronics. High ionic conductivity, wide
potential window, wide operating temperature range, low cost, high
chemical and electrochemical stability and environment friendly nature
are some of the mandatory characteristics of ideal electrolytes. Each

electrolyte has its own advantages and shortcomings.
Properties of ideal electrolytes can be listed as follows:

% Good ionic conductors (facile ion transport)

R/
L X4

Electronic insulators (to avoid self-discharge)

R/
L X4

Chemically inert (no reactions with other cell components)

X/
o

Large window of electrochemical stability
% Non-toxic and cost effective
% Environmentally friendly / bio-degradable
1.6.1 Liquid electrolytes

Current energy storage systems have solid electrodes, separated
by liquid electrolytes. Due to the high ionic conductivities in the range
of 10° -10° S cm™* and good contacts with electrodes, liquid
electrolytes have played essential roles in electrochemical energy storage
devices for several decades. They are mainly categorized in to liquid
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organic electrolytes which are electrolyte salts dissolved in organic
solvents, liquid inorganic electrolytes and ionic liquids. Important
properties of liquid electrolytes are high ionic conductivity, good
dissociation of electrolyte salt in electrolyte solvents, low viscosity, high
Li* transport number, ability to stay as liquids over a wide temperature
range, chemical stability towards all cell components, electrochemical
stability over wide potential range and high thermal stability.

Safety issue is the main drawback of liquid electrolytes in energy
storage devices. They are flammable and internal cell pressure caused
by overheating will lead to explosion. With liquid electrolytes, robust
sealing of the device is mandatory to avoid leakage problems and
generally, the sealing is expensive. Liquid electrolytes get easily
subjected to internal shorting and leakage problems and will involve in

combustible reactions at the electrode surfaces.

The cathode and anode are the building blocks of a battery and
these two electrodes are isolated by a separator. The separator is
moistened with liquid electrolyte and forms a catalyst that promotes the
movement of ions and must be permeable and porous. The ions pass
freely between the electrodes through the separator, which is an isolator
with no electrical conductivity. Separators are made of rubber, glass fiber
mat, cellulose and polyethylene. Commercially available Li-ion cells
use polyolefin as the separator which has excellent mechanical
properties, good chemical stability and is cost effective. Regarding
lithium ion cells with high energy density, safety is one of the prime

issues to be addressed which makes solid polymer electrolytes (SPESs) ,
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serving as both the separator and the electrolyte, the highly sought after

ones to replace the potentially dangerous liquid electrolytes [39].
1.6.2 Gel polymer electrolytes (GPEs)

Gel polymer electrolytes (GPEs) can function not only as
electrolytes but as separators as well and have attracted increasing
attention. Due to the ease of processability of polymers, adjustable
shapes and high flexibility, the GPEs can endow the energy storage
devices with features promising for portable and wearable electronics
[40]. Among the various electrolytes for the electrochemical energy
storage devices, GPEs have come up as the most desirable alternatives
and significant progress has been made in their applications in lithium-
ion cells, supercapacitors (SCs), sodium-ion cells, lithium—sulfur cells
and fuel cells. Typical polymer components used to synthesize GPEs are
poly (vinyl alcohol) (PVA), poly (vinylidene fluoride) (PVdF), poly
(acrylonitrile) (PAN) and poly (methylmetacrylate) (PMMA).

1.6.3 Solid polymer electrolytes (SPES)

Solid polymer electrolytes are solvent-free electrolytes providing
opportunities to tackle the safety issue and prohibit the growth of lithium
dendrites. The SPEs based on polymers have high application prospects
in the next-generation lithium ion cells and other energy storage devices.
However, the ionic conductivity of solid polymer electrolytes have to be
further improved for applications in commercial batteries. Attempts are
being carried out to design strategies for improving their ionic

conductivity and understanding the mechanisms of lithium transport.
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Since the SPEs are free of liquid solvents, the interface properties
towards electrodes differ from those of classical organic liquid
electrolytes. The SPEs can be grown as free-standing, stable, flexible
films without any electrolyte leakage and internal shorting issues. There
is no need for any separator, since the SPEs can serve as both the
electrolyte and the separator. Typical host polymers used to synthesize
SPEs are poly (ethylene oxide) (PEO) and poly (propylene oxide)
(PPO). They can simplify the cell design and improve the safety and
durability of the cells

The semicrystalline, rigid polymer PEO polymer is capable of
forming complexes with alkali metal salts, exhibiting good room
temperature ionic conductivity and PEO based materials are at the centre
stage of lithium electrolyte research for more than a decade [41,42].
The ion conduction in PEO and other similar polyether based media
mainly occur in the amorphous phases. The ion conductors are closely
associated with certain local structural relaxations related to the glass
transition of the polymers. A model describes a microscopic sequence in
which lithium ions are coordinated by the ether oxygen atoms on the
segments of the polymeric chain. Long-range net displacement of
lithium ions results due to the continuous segmental rearrangement
accompanied by the gradual replacement of the ligands in the solvation

sheath of lithium ions, as shown in figure 11.
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Figure 11: Schematic illustration of lithium ion transport in polyether
media [42]

Due to chain entanglement of the polymer host and the local
segmental motion of the polymer, these polymer-salt complexes may
exhibit mechanical properties. The glass transition temperature (Tg) of
the polymer, which to a great extent determines the mechanical strength
and hence processability of the polymer material is another important

parameter.
1.6.4 Composite polymer electrolytes

In certain case of SPEs, such as complexes between PEO and
metal salts, higher ionic conductivities are reported at temperatures
above the transition from the crystalline to the amorphous phase [43]. To
improve the morphological characteristics and the ionic conductivity of
the solid polymer electrolytes, the addition of inert fillers to the
electrolyte appears to be quite useful. The filler provides a support
matrix for the conductive amorphous polymer complex, and it retains a

complete solid structure even at high temperatures.

Addition of nano-sized inorganic components such as ceramic filler

materials can act as plasticizers to further improve the electrolyte properties.
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Some of the common examples for ceramic additives are AlLO,, TiO, and

SiO,. The advantageous aspects of composite polymer electrolytes include
significant enhancement of conductivity, improvement of interfacial
stabilities with anode and cathode, improvement of mechanical stability,
suppression of polymer chain motion and decreasing anion transport,
introduction of grain boundaries with high defect concentration which allow
fast ion transport and good interaction between filler and electrolyte salt
resulting in higher degree of dissociation.

1.7 Definitions

The following definitions are used during the course of

discussions on rechargeable cells and electrochemical capacitors.

%+ Open circuit voltage (OCV) - Woltage across the terminals of a
cell when no external current flows. It is usually close to the

thermodynamic voltage of the system.

% Closed circuit voltage (CCV) - Voltage of a cell, when the device

is giving current into the external circuit (operating voltage).

% Discharge is the operation in which the cell delivers electrical
energy to an external load.

% Charge is the operation in which the cell is restored to its original

charged condition by reversal of current flow.

% Active mass is the material that generates electrical current by

means of a chemical reaction within the cell.
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¢ Internal resistance or impedance is the resistance or impedance

that a cell offers to current flow.

X/
°e

Capacity or capacitance represents specific energy in ampere-
hours (Ah) or Farads (F).

«» A load defines the current that is drawn from the cell.

% Energy density is the total electrical energy obtained from unit
mass of the active material of the cell. It defines cell capacity in
weight, expressed as Wh kg™,

R/
A X4

Power density is the power provided by unit mass of the active

material of the cell and is expressed in W kg™

X/

% The C-rate specifies the speed at which the cell can be charged or
discharged and expressed in h™.

1.8 Objectives of the present work

The current studies are mainly focused on identifying the suitable
solid polymer electrolyte materials for realizing the Li-ion and Na-ion
rechargeable cells and high power supercapacitors. The objectives of the

present work can be summarized and listed as follows.

» To investigate the ionic conducting properties and the
electrochemical characteristics of the free standing and flexible
solid polymer electrolyte (SPE) films grown by treating the
polymer blend of poly (ethylene oxide) (PEO) and poly
(vinylidene fluoride) (PVdF) with the lithium salt, lithium nitrate
(LINOg3). The application prospects of these SPE films for

developing solid state Li ion cells will be assessed.
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» To develop a promising SPE film with room temperature lithium

ion conductivity in the range of 10° S cm™ based on poly
ethylene oxide (PEO) and poly (vinyl pyrrolidone) (PVP) and
treated with lithium nitrate (LINO3) as the lithium source.
Detailed studies on the structural aspects, the impedance
characteristics and the electrochemical behaviour of these
flexible SPE films will be carried out to assess their prospective

applications in energy storage devices.

Investigations to practically accomplish the assembling of two
different types of all solid state Li ion half cells for 3.2 V and 5
V using the eco-friendly materials LiFePO,4 and LiNiMnOy as the
cathode active materials respectively, lithium foil as the anode
and the developed SPE film with the highest Li ion conductivity
serving as both the solid electrolyte and the separator. Detailed
investigations will be carried out on the electrochemical
performance of the assembled, solid state Li ion cells using
cyclic voltammetry and charge-discharge studies to assess the

charge storage capacity and the cycling stability of these cells.

The development of solid polymer electrolyte (SPE) films with
high ionic conductivity suitable for the realisation of all solid
state Na ion cells, forms another prime objective of the present
investigations. The sodium ion conducting SPE films are
obtained by the solution casting technique using the blend
solution of poly (ethylene oxide) (PEO) with ethylene carbonate
(EC) and propylene carbonate (PC) and treated with sodium



Chapter 1 27

nitrate as the sodium source. The suitability of the addition of
nanostructured Al,Os, as the filler material to enhance the room
temperature, Na ion conductivity of these SPE films will be

studied in detail.

To assemble a solid-state supercapacitor with high power density
and capacitance, using the redox mediated gel polymer as the
electrolyte and separator and activated carbon as the electrodes.
The gel polymer electrolyte (GPE) film is based on poly (vinyl
alcohol) (PVA) - potassium hydroxide (KOH)- hydroquinone
(HQ) combination and obtained using  solution casting
technique. The assembled, solid- state supercapacitors will be
subjected to detailed electrochemical characterization.
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Chapter 2

Poly (ethylene oxide) and poly (vinylidene fluoride)
based solid polymer electrolyte films for
applications in Li ion cells

Solid polymer electrolyte (SPE) films based on poly (ethylene oxide)
(PEO), poly (vinylidene fluoride) (PVdF) and lithium nitrate (LiNO3) are
grown by solution casting technique. These films are flexible, free-
standing and transparent. The maximum ionic conductivity of these
SPEs is around 8.245 x10° S c¢cm* for optimum concentration of the
lithium salt. The PEO-PVdF-LINO; based SPE films have excellent
thermal stability, ideal ion transport number and good electrochemical

properties, suitable for applications in all solid state lithium ion cells.
2.1 Introduction

Solid polymer electrolytes (SPES) are currently being extensively
investigated to assess their numerous application prospects in lithium ion
cells, supercapacitors, fuel cells and sensors [1,2]. Lithium ion cells are
in strong demand in day to day life owing to the high energy density and
the excellent energy storage capacity offered for applications in portable
electronic devices, power supplies and hybrid electric vehicles [3]. The
research on Li ion cells has recently been intensified in identifying novel
materials to serve as solid electrolytes. The use of liquid electrolytes in

conventional Li ion cells has many inherent difficulties. The possibility
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of electrolyte leakage and the associated short circuiting and fire hazards
make it mandatory to have robust sealing for the cells. This makes the
cell design more complicated especially for bigger ones. These
limitations can be totally avoided if the liquid electrolytes can be
replaced by suitable solid ones. The solid electrolytes when used can
serve both as the electrolyte and the separator, thus eliminating the need
for using distinct separator material. Their use in Li in cells makes the
cell design compact and simple and guarantees the overall safety of the
cells. Among solid electrolytes, solid polymer electrolytes (SPEs) have
attracted much research attention for applications in energy storage
devices especially due to their flexible nature and the possibility of
growing them as free standing films and membranes [4,5].

Generally high molecular weight, dielectric polymers like poly
(ethylene oxide) (PEO), seem to be the most suitable hosts for the
synthesis of SPEs. [6]. High mechanical and chemical stability of PEO is
quite attractive for a variety of applications. It can easily solvate a wide
variety of salts. At room temperature it is a semi-crystalline polymer
consisting of both  crystalline and amorphous phases phase. This
multiphase nature of PEO is considered as a major problem in many
practical situations, especially requiring high ionic conductivity.

In PEO, the ionic conduction has been shown to take place
mainly in the amorphous phase. For achieving better ionic conduction,
one of the main criteria is to improve the polymer chain mobility
through the suppression of the crystallinity of the polymer chain. The

most viable way to increase the amorphous phase of PEO is to blend it
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with other suitable polymers, which will improve the ionic conductivity

and the dimensional stability of the resulting polymer electrolytes [7,8].

Designing and development of new polymeric materials with
different application prospects are the driving factors of polymer
blending technique [9, 10]. Many polymers are suitable for making good
blends with PEO. In the present work, poly (vinylidene fluoride) (PVdF)
is used as the polymer to make the blend with PEO to reduce the
crystallinity and enhance the ionic conduction. Due to the excellent
electrochemical stability, good compatibility with PEO and high
dielectric constant around 8.4 [11], PVdF is specially selected to
synthesize PEO-based electrolytes [12,13,14]. It has a strong electron
withdrawing group, (-CF»-) in the back bone of the polymer chain which

can facilitate better intermolecular interactions.

The present work is aimed to check the compatibility of the
lithium salt, LiNO3 with the PEO-PVdF polymer blend and the solvation
of the lithium salt by the polymer blend to yield flexible solid polymer
electrolyte films, suitable for applications in all solid state Li ion cells.
Lithium nitrate can be handled under ambient conditions and polymer
systems treated with LiNO3 have already been identified to be of much
application prospects as biodegradable polymers. The structural aspects
and the complex formation of the synthesized SPE films are established
from X-ray diffraction (XRD), Fourier Transform Infra-Red
Spectroscopy (FTIR), and Field Emission Scanning Electron
Microscopy (FESEM) analysis. Thermo-gravimetric analysis (TGA) is

used to assess the thermal stability of the synthesized SPE films. The
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ionic conductivity of the films at different temperatures is measured
using the impedance analyzer. The total ion transport number of the SPE
films is estimated using Wagner’s dc polarization method. Linear
sweep and cyclic voltammetry studies of the SPEs are carried out to

understand the electrochemical activity.
2.2 Experimental details

2.2.1 Materials

The poly (ethylene oxide) (PEO: bought from Aldrich), poly
(vinylidene fluoride) (PVdF; bought from Sigma-Aldrich, India) and
lithium nitrate (LiNO3; obtained from Sigma-Aldrich, India) were used
as received. The solvent, dimethyl formamide (DMF) was obtained from

Alpha Chemicals, India, and was used as received.
2.2.2 Growth of solid polymer electrolyte films

Fixed concentrations of PEO (70 %) and PVdF (30%) were
dissolved in dimethyl formamide (DMF) with continuous stirring to get
the PEO-PVdF polymer blend solution. Different weight percentages of
the lithium salt, LINO3 (4, 6, 8 and 10) were added to the solution and
stirred vigorously for 12 hours. The resulting solution was poured onto a
teflon petri-dish for drying under vacuum for 24 hours at 50 °C. After
the complete evaporation of the solvent, the SPE films were peeled out
from the petri-dish. In order to avoid moisture absorption, the flexible,
freestanding and transparent SPE films were stored in an evacuated

desiccator. Flexibility and transparency of the films indicate the



Chapter 2 39

favourable compatibility of the components in the composite electrolyte.

The photograph of the SPE films is shown in figure 1.

Figure 1: Transparent, flexible and freestanding SPE film

2.2.3 Characterization studies

2.2.3.1 Structural, morphological and thermal characterization

X-ray diffraction (XRD) and Fourier transform Infra-Red
Spectroscopy (FTIR) techniques were used to study the structural
features of the SPE films. The XRD analysis was carried out using
Rigaku Max C diffractometer with Ni filtered Cu Ka radiation of 1.54 A
at 30 KV and 20 mA at a scanning rate of 5° per minute from 10° to 50°.
The FTIR spectroscopic studies were done using the FTIR
spectrophotometer, SHIMADSU in the range of 400-4000 cm™.
Scanning electron microscopy (SEM) was used to analyse the surface
morphology of the SPE films using Carl Zeiss Sigma FESEM

instrument. Thermal characterizations were done by thermo-gravimetric
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analysis (TGA) using the Perkin Elmer STA 6000 machine in the
temperature range from room temperature to 700 °C under controlled
nitrogen atmosphere.

2.2.3.2 Electrochemical characterization

The ionic conductivity of the solid polymer electrolyte films was
measured using AC impedance analysis, employing the HP4192A
impedance analyser with an electrochemical cell (Swagelok cell)
consisting of the SPE film being sandwiched between two blocks of
stainless steel (SS) electrodes. The ionic conductivity is calculated using

the following equation.

o=— Q)

where Ry is the bulk resistance obtained from the complex AC
impedance plot, A the area of the SPE film and t the thickness of the
film [15].

The temperature dependence of the ionic conductivity of the SPE
films was studied in the temperature range from 300 K to 340 K. The
slope of the linear fit of the resulting Arrhenius plot gives the thermal
activation energy of the films. The Arrhenius plot contains linear
variation in log ¢ against 1000/T which suggests a thermally activated

process represented by

0 = 0y exp(—=2) 6

where oy, IS a constant, T stands for the absolute temperature, Ea is the

thermal activation energy and k, the Boltzmann constant [7].
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The total ionic transport number, ti,, of the SPE films was
measured using Wagner’s DC polarization method. Applying a fixed d.c.
voltage (0.5 V) across the SS/SPE film /SS structure, where SS, the

stainless steel, acts as the blocking electrode, the equation for t;q is,
tion = (it — le)/ir 3)

where it is the total current and i, the residual current [16].

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
studies were carried out using Biologic SP 300 unit to investigate the
electrochemical properties and fix the stability window of the SPE films.
The CV technique is the most common one to obtain preliminary
information about an electrochemical process. This technique is used to
analyse the rate of current generation against a range of the applied
voltage. One of the most general applications is the LSV technique,
where the potential is linearly scanned over time in either the negative or

the positive direction.
2.3 Results and Discussion

2.3.1 XRD Analysis

The influence of lithium salt concentration in PEO- PVdF
polymer blend is analysed using XRD studies and the plots are shown in
figure 2. Crystalline peak of LINO3z at 26 = 35.59° [9] is quite clear in
the XRD pattern shown in figure 2. The characteristic peaks of PEO are
found at 26 = 18.11° and 22.31° which confirm its semi-crystalline
nature [7]. The peaks at 18.4° and 20.07° correspond to the characteristic
ones of PVdF. The crystallinity of the polymer blend decreases with the
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addition of LiINO;3 at various weight percentages of 4, 6, 8 and 10,
denoted by A,B,C and D respectively in the figure. The presence of the
lithium salt induces a significant disorder in the polymer blend structure
as evident from the XRD patterns. The lithium salt gets completely
dissolved in the polymer blend and the corresponding crystalline peak
is absent in the XRD pattern of the PEO-PVdF-LINO;3 system or the
SPE. This implies the better miscibility of the polymer blend and the
lithium salt. The miscibility is referred to as the ability to be mixed at
molecular levels in order to achieve good interaction between the
functional groups of the polymers and the lithium salt. Excellent
miscibility often results in the generation of newer systems with
enriched properties [17]. The XRD patterns reveal that the peaks of the
PEO-PVdF-LINO3 based SPEs are mainly the ones corresponding to
PEO and PVdF, but with much less intensity, implying decreased
crystallinity of the SPEs with increase in the concentration of the lithium
salt, as evident from the patterns A to D in figure 2. The decrease in the
crystalline nature results in enhanced ion diffusion through the SPEs
with higher ionic conductivity. The flexible backbones associated with
amorphous polymers help to attain high ionic mobility. On adding
LiNO;3 to the polymer blend the 10wt% sample D has more amorphous
than that of others. Upon the addition of salt to the blend suggesting a
decrease in the degree of crystallinity of the complexes and intensity of
all crystalline peaks of PEO and PVdF are decreases gradually. The
lithium salt will disrupt the semi-crystalline structure of the film is the
reason for this decreased crystallinity. The reduction of the crystalline

phase of polymer chains is due to the dissolution of LiNOj in the
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polymer blend and the interaction between PEO-PVdF polymer matrix
and LiNO; leads to a decrease in the intermolecular interaction among
the polymer chains [18]. The intensity of the XRD peaks corresponding
to PEO and PVdF in the SPEs decreases gradually with the addition of
the lithium salt to the polymer blend matrix and the maximum intensity
reduction is observed for 10 weight %of LiNOs. Further increase in the
lithium salt concentration is found to affect the quality of the SPE films.
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Figure 2: The XRD patterns of pure LiNOs, pure PEO, pure PVdF and
the SPE films represented by A to D, corresponding to 4,6,8
and 10 weight % of LiNO; in the polymer blend.
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2.3.2 FTIR spectroscopic analysis

The FTIR transmittance spectra of pure PEO, PVdF, LiNO3 and
the SPEs with various LiNO3 concentrations are shown in figure 3. The
presence of ether oxygen group of PEO is observed at 1799 cm™ which
is a small intensity peak [9]. The peak at 1100 cm™ is assigned to the C-
O-C stretching mode of pure PEO. The vibrational bands of PEO at
1236, 1282, 1342 and 1480 cm* correspond to CH, symmetric twisting,
asymmetric CH; twisting, CH, bending and C-H bending of CH,,
respectively [9,11]. The strong peak at 845 cm™ is the anti-symmetric
stretching vibration of the CH, group and the one at 947 cm™ is
attributed to C-O stretching vibration. The absorption peak of PVdF at
1402 cm! is assigned to the C—F stretching vibration [11, 19]. The
vibrational bands at 1175 and 1216, cm™ correspond to the stretching
frequencies of CF, and C—F, respectively and the mode at 874 cm™ is
ascribed to the vinylidene (-C=CH;) group vibration. [20]. The
crystalline and amorphous phases of PVdF are represented as the peaks
at 1067 and 828 cm™ [21] respectively. The absorption bands of LiNO;
at 1051,1384 and 827 cm™ are attributed to the symmetric stretching
mode, asymmetric stretching mode and the out of plane deformation

mode of NOjs" ions respectively [9].

On the addition of LINO3 to the PEO-PVdF blend, significant
changes are observed for the characteristic vibrational peaks of PEO and
PVdF, as depicted in the spectra of the SPEs titled as A, B,C and D.

These changes confirm the perfect miscibility through effective
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intermolecular interactions between the polymers and the lithium salt.
The intensity of the characteristic peaks of PEO and PVdF are found to
get enhanced in the SPEs upon the increase in lithium salt concentration
from 4 to 10 weight %, as seen in the spectra, A,B,C and D Subsequent
to the incorporation of the lithium salt, the structure of PEO is
completely distorted because the intensity of the peaks at 1100, 947 and
845 cm ' of PEO gets enhanced in the SPEs due to the stretching of the
helical confirmation of PEO [22]. The peak at 1067 cm™ of PVdF
vanishes from the spectra of the PEO-PVdF-LINO; based SPEs
indicating that PEO has blended well with PVdF and it is the crystalline
peak that disappears. The effects of the Li salt incorporation on the
vibrational modes of the PEO-PVdF polymer blend system are observed
as the changes in the intensity of the peaks, broadening of the peaks and
the shifting of the peaks to lower wave numbers. The FTIR
spectroscopic studies support the formation of the PEO-PVdF-LINO;3
based solid polymer electrolyte system with reduced crystallinity,

enhanced amorphous nature and good flexibility.
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Figure 3: The FTIR spectra of (a) PVdF (b) PEO (¢) LiNOjand the
SPEs denoted by A,B,C and D corresponding to 4,6,8 and 10
weight % of LiNO; in the polymer blend

2.3.3 FE-SEM Analysis

The FE-SEM micrographs of PEO, PVdF, PEO-PVdF blend and
PEO-PVdF-LINO3z based SPE sample D, corresponding to 10 weight
percentage of LiNOjs in the polymer blend are shown in figure 4. Due to
the rigid nature of PEO, several micro cracks are seen on its rough micro

structure, as shown in figure 4 (a) [9]. Micro porous membrane of PVdF
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[23] is observed in figure 4(b). After the formation of the polymer blend
PEO-PVdF, the micro cracks of PEO disappear and the polymer blend
surface becomes more porous, smoother and flexible, as shown in figure 4
(c), due to the increase in the amorphous nature of the polymer blend [24].
On the addition of LiNO; salt to the polymer blend, in addition to
retaining the smooth appearance of the blend, several micro pores are also
formed, as seen from figure 4 (d). One of the desirable characteristics of
the separator membranes used in rechargeable cells is the presence of such
micro pores on the membrane surfaces [16]. The LiNO; salt in the PEO-
PVdF polymer blend improves the flexibility and porosity of the PEO-
PVdF- LIiNO3; based SPE membrane and consequently, the room
temperature ionic conductivity also gets greatly enhanced due to the easy

penetration of ions through the porous structure.

Figure 4: FE-SEM images of (a) PEO (b) PVdF (c) PEO- PVdF blend
and (d) PEO- PVdF-LiNO; based SPE sample D.
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2.3.4 Thermal characterization
2.3.4.1 Thermo gravimetric analysis

Thermal stability of the SPE film was studied using thermo-
gravimetric analysis. The thermal curves of PEO, PVdF, PEO-PVdF
blend film and the SPE film D (PEO-PVdF-10 weight % of LiNO3) are
shown in figure 5. The decomposition temperature of PEO and PVdF
starts from 340 °C and 443 °C respectively. Therefore these two
polymers are stable up-to those temperatures. After the temperature of
425 °C, PEO gets gradually decomposed and completely decayed at 730
°C. The polymer, PVdF has 68% weight loss at 502 °C and thereafter
gets gradually decomposed. It is seen that the TG curve of PEO-PVdF
blend shows a characteristic two step weight loss, with the first short
peak at a temperature of 340 °C and the longer peak at 443 °C
corresponding to the decomposition temperatures of PEO and PVdF
respectively [12]. After the second weight loss, the PEO-PVdF blend
gets gradually decomposed at the same temperature as that of PVdF, at
502 °C. There is an initial 11% weight loss observed at 85 °C for the
SPE film due to the moisture content accumulated on the film surface
during the process of sample loading [25]. After the initial weight loss,
the SPE film is stable upto 334 °C and thereafter the second
decomposition starts due to the degradation of the lithium salt. The
thermal stability of the SPE film is slightly less than that of the polymer
blend, due to the presence of the lithium salt [9]. The polymer blend
with the lithium salt or the SPE film acquires higher flexibility and
consequently shows comparatively lower degradation temperature. The
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presence of the lithium salt makes the SPE film more flexible and
porous, compared to the PEO-PVdF blend and brings about the observed
reduction in the thermal stability [26]. In the TG curve of the SPE film,
the plateau region between 85 °C and 334 °C indicates that the SPEs are
stable in this temperature range and the presence of the lithium salt does

not significantly affect the thermal stability.
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Figure 5: TG curves of PEO, PVdF, PEO-PVdF blend and the SPE film
D (PEO-PVdF-10 weight % of LiNO3)

2.3.5 A C Conductivity studies

2.3.5.1 Impedance analysis

The impedance analysis of the SPE films was carried out by
sandwiching them between two stainless steel discs which act as blocking
electrodes for Li* ions under an applied electric field. The room
temperature impedance plots for the SPE films are shown in figure 6. Two
well defined regions are observed in the complex impedance plots, with
the semi-circular region in the high frequency range, related to the ionic
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conduction process in the bulk of the electrolyte and the linear region at
low frequency range, attributed to the effect of blocking electrodes [27].
The plot at low frequency region shows a straight line parallel to the
imaginary axis. The intercept at the higher frequency side on the Z' axis
gives the bulk resistance Ry,. The ionic conductivity of the four SPE films
A,B,C and D is calculated as explained earlier, where the sample codes A
to D refer to the PEO-PVdF polymer blend with 4, 6, 8 and 10 weight %
of LiINO3; added. Maximum ionic conductivity obtained is 8.245 x10° S
cm " for 10 weight % of lithium salt in the polymer blend matrix. The
ionic conductivity values of the SPE films are tabulated in Table 1. It
increases with increase in the concentration of the lithium salt in the SPEs
as shown in figure 7. This increase in ionic conductivity can be related to
the increase in the concentration of mobile charge carriers in the SPE
films brought about by the enhancement in the flexibility and the porosity
of the SPE films with the presence of the lithium salt [28].
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Figure 6: Room temperature complex impedance plots for SPE films of
sample codes A to D
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Table 1: Room temperature ionic conductivity of the SPE films

Weight Percentage of . .
Sample Code LiNOs |OnIC(CSO(r:lr(?11_11§tIV|ty
(%)
A 4 5.07 x10°
B 6 7.025 x10°
¢ 8 3.49 x10°
D 10 8.245 x10°
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Figure 7: The variation of ionic conductivity of the SPE films with the
concentrations of LiNO; in the polymer blend at room
temperature.

2.3.5.2 Thermal activation energy measurement

The variation of ionic conductivity as a function of temperature in
the range 300-340 K for the SPE films is shown in figure 8. With the
increase in temperature, an enhancement in the magnitude of ionic
conductivity is observed [9], mainly due to the increase in ionic mobility

and the concentration of carrier ions. When the temperature is increased,
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the polymers expand to produce free volume. Consequently the ionic
mobility and the polymer segmental mobility [29] get enhanced, which in
turn facilitate the increase in ionic conductivity. The plot given in figure 8
follows the Arrhenius behaviour throughout the temperature range. The
activation energy calculated as explained earlier, for the sample D with
the highest ionic conductivity is found to be 0.0815 eV. The energy
required to provide the suitable conductive conditions for the smooth
migration of the ions through the electrolyte is referred to as the activation
energy [30,31]. The activation energy values for different SPE film
samples are shown in Table 2. Among the SPE films, the sample D with
the highest ionic conductivity has the smallest value of the activation
energy which indicates the possibility of the smoother and easier

migration of ions through this SPE film, compared to the other films.
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Figure 8: Arrhenius plots for SPE film samples
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Table 2: Activation energy values of the SPE films.

Weight Percentage of Activation energy
Sample Code LiNO; (&V)
(%)
A 4 0.1
B 6 0.198
C 8 0.123
D 10 0.0815

2.3.6 lon transport number measurement

The total ion transport number tjo, is obtained from the variation

of current with time for the SPE films and the plot is given in figure 9.

For the SPE film with the highest ionic conductivity, the value of tjo,

obtained is 0.9942, which is close to the theoretical value, unity. It is

evident that the conductivity of the SPE films is mainly ionic [9] and the

electron influence is quite negligible.
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Figure 9: The variation of current with time of the SPE film sandwiched
between two stainless steel (SS) blocking electrodes.
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2.3.7 Electrochemical stability

Electrochemical stability window of the SPE films is assessed
using linear sweep voltammetry technique (LSV) in the configuration of
SS/SPE/Li (SS: stainless steel blocking electrode) Swagelok type cell
[32] as shown in figure 10. The LSV studies are carried out at a scan rate
of 5 mV s within the potential window of 0 to 6 \V (versus Li/Li*). A
rapid increase of current at around 4 V is observed indicating the anodic
break down of the electrolyte film due to the decomposition of the
electrolyte. The PEO- PVdF-LiNO3 based solid electrolyte is stable up
to at least 4 V versus Li/Li".
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Figure 10: Linear sweep voltammetry of Li/SPE film D/SS

Cyclic voltammetry (CV) response of the SPE film D in
SS||SPE||SS (SS: stainless steel blocking electrode) arrangement at a
scan rate of 5 mV s™ from 0 to 4 V is shown in figure 11. It is observed

that the CV curves of three cycles present in the figure do not have any
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distinct peaks up to 4V, which indicates that there is no electrolyte
decomposition up to 4V. The electrochemical stability of the SPE film
can be established by the reproducible and clear nature of the CV curves
[16]. The stability window of the SPE film is found to be in the voltage
range0to 4 V.
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Figure 11: Cyclic voltammetry curves of the system, SS/SPE film D/SS

2.4 Conclusions

The work presented in this chapter introduces a simple and cost
effective technique to grow flexible and free standing solid polymer
electrolyte (SPE) films, using the polymer blend of PEO and PVdF as
the host matrix and LiNOj3 as the lithium source, for applications in all
solid state Li ion cells. As confirmed from the structural and
morphological studies using the XRD, FTIR spectroscopy and FE-SEM
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techniques, the addition of the lithium salt, LINO; facilitates the
enhancement of the amorphous nature, flexibility and the porosity of the
resulting SPE films, which ultimately results in significant increase of
the Li ion conductivity. Corresponding to the maximum concentration of
LiINO;3 in the PEO-PVdF blend, the resulting SPE films show the
maximum Li ion conductivity around 8.245 x10° S/cm at room
temperature. These SPE films have good thermal stability above 300 °C
and excellent electrochemical stability up to 4 V. These parameters,
combined with the flexible and porous nature of these SPE films are
quite favourable for their applications as the solid electrolyte and the
separator membrane in the design of all solid state Li ion cells, capable

of operation at higher temperatures.
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Chapter 3

Development of solid polymer electrolyte films with
enhanced ionic conductivity, based on lithium
enriched poly (ethylene oxide) (PEO)/ poly (vinyl
pyrrolidone) (PVP) blend polymer

In order to improve the room temperature ionic conductivity of the PEO
based, Li ion conducting SPE films, developed as described in the
previous chapter, the polymer PVdF is replaced by poly (vinyl
pyrrolidone) (PVP) to make the polymer blend with PEO. The details of
this modification and the studies on the PEO-PVP-LiINO; based SPE
films are described in this chapter. Here, the only difference from the
synthesis route explained in the previous chapter is that, instead of
PVdF, PVP is used to make the polymer blend with the semi-crystalline
and rigid polymer, PEO. The polymer PVP, owing to its amorphous
nature is expected to improve the flexible nature of the PEO-PVP blend
system, which in turn can facilitate better Li ion transport through the
resulting SPE films. The highlight of the present work is that these SPE
films exhibit room temperature ionic conductivity around 1.13x10° S
cm™ which is quite comparable to that of liquid electrolytes. Excellent
thermal stability, flexibility and wide electrochemical stability window
are the other meritorious aspects of these SPE films. They are of
profound application prospects for realizing all solid state Li ion cells

with excellent performance characteristics.
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3.1 Introduction

Among the various energy storage systems, lithium ion cells are
dominating as power sources for portable electronic applications owing
to the advantageous aspects like high energy density, high output
voltage, high storage capacity and long cycling stability [1-5]. Attempts
are going on to utilize them in hybrid electric vehicles requiring higher
energy density and improved safety features. Regarding high-energy
density lithium ion cells, safety is one of the prime issues to be
addressed which makes solid polymer electrolytes (SPEs) the highly

sought after ones [6] to replace potentially dangerous liquid electrolytes.

The SPEs are considered to be highly safe in Li-ion cells,
compared to liquid electrolytes, since they do not get easily subjected to
internal shorting and leakage problems and will not involve in
combustible reactions at the electrode surfaces. They are suitable to
make safer, durable cells with comparatively simple designs [7, 8]. They
are highly prospective for applications in electrochemical energy storage
devices including rechargeable batteries and supercapacitors. [9-
11].Solid state lithium ion cells utilize solid electrolytes instead of more
traditional liquid or gel electrolyte materials [12]. Solvent free
conditions, simple processing strategies and wide electrochemical
stability windows are the major advantages of SPEs [13-15]. They can
also act as separators in rechargeable cells [16], eliminating the necessity

for using alternate separator materials, as explained earlier.

Polymer blending technique has been widely used in developing

and designing new polymeric materials with a wide variety of
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application prospects [17]. Suitable control of physical properties by
compositional changes and the simplification of synthesis conditions are
two main advantages of polymer blending. Since poly (ethylene oxide)
(PEO) based electrolytes have good thermal and mechanical properties
along with good interfacial stability when used with lithium metal, they
have been widely studied and exploited as major components in solid
polymer electrolytes[18]. The structure of PEO, containing ether-oxygen
linkages at favourable inter atomic separation, facilitates segmental
motion of the polymeric chain and there by promotes facile ionic
conduction [19, 20]. The microstructure of PEO is a mixture of
crystalline and amorphous phases which has significant influence on the

ion transport properties as outlined earlier.

Electrochemical properties of PEO based systems have been
significantly improved by tailoring the final polymer structure with the
addition of other active materials. Poly (vinyl pyrrolidone) (PVP) has
some unique properties which support its selection as the second
polymer in the synthesis of polymer blend with PEO. Simple processing
techniques, moderate electrical conductivity, good environmental
stability and rich physics in charge transport mechanism are some of the
favourable properties of PVP, when compared with similar polymers.
Presence of the rigid pyrrolidone group in amorphous PVP helps to
provide better ionic mobility in these systems. The carbonyl group
(C=0) attached to the side chains of PVP helps in the formation of a
number of complexes with different inorganic salts [21-24].
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Treating with lithium salts is another important criterion to assess
the application of SPE films in Li-ion cells. The ionic conducting
properties of PEO, treated with different lithium salts like lithium
perchlorate (LiClO,), lithium bis(oxalato) borate (LiB (C,04),) [11,13],
lithium hexafluorophosphate (LiPFg) [25], lithium hexafluoroarsenate
(LiAsFg) [26] and lithium tetrafluoroborate (LiBF,) [27] have already
been reported widely in literature. In the present study, lithium nitrate
(LiNOg) is selected as the Li source for effecting Li enrichment of the
PEO/PVP polymer blend.. The present investigation is focused on
assessing the suitability of the solid film obtained by the reaction of
LiNO3 with the blended polymer of PEO and PVP, as a solid polymer
electrolyte in all solid state Li ion cells. The PEO/PVP polymer blend
system has been investigated in detail as an active polymer blend [16,
17, 24,28,29]. There are not many studies based on LiNO3 incorporated
PEO/PVP polymer blend system for the development of flexible and
freestanding SPE films. In the present work, the concentration of LiNO3
in PEO/PVP blend polymer is optimized to get good quality SPE films

with the desired characteristics for realizing all solid state Li ion cells.
3.2 Experimental

3.2.1 Materials

The polymer, PEO [(-CH,CH,O-) n], of average molecular
weight 200,000, poly (vinyl pyrrolidone) (PVP) of average molecular
weight 40000 and LiNO3 were purchased from Sigma-Aldrich, India and

used as received. The solvent methanol was purchased from Alpha
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Chemicals, India. A solution mixing approach was used to synthesize the
PEO/PVP/LINO3 based solid electrolyte with methanol as the solvent.

3.2.2 Synthesis of PEO/PVP/LINO; based solid polymer electrolyte

The initial concentrations of PEO and PVP in the PEO/PVP blend
were fixed to be approximately 90% and 10 % respectively. For a typical
SPE sample with 5 weight % of the PEO/PVP blend as the concentration of
the LiNO; salt, the total mass of the SPE would be 0.475 g out of which the
mass of PEO would be 0.4 g, that of PVP, 0.05 g and that of LiNO3, 0.025
g. The ratio of PEO/PVP was kept the same throughout the experiment
since PVP acts as a binder to facilitate the incorporation of the lithium salt
within the polymer blend matrix. The concentration of LiNO;3 in the SPE
samples was varied from 5 weight% to 25 weight% of the total mass 0.45 g
of the PEO/PVP blend. The polymers PEO and PVP were dissolved in
methanol at room temperature, followed by adding the required amounts of
LiNO; to the polymer blend. The quantity of LiNO3; was adjusted to be
5,10,15,20 and 25 weight percentages of the polymer blend in the final
product. The whole mixture was then stirred for 6 hours and the resulting
solution was poured onto a well cleaned teflon petri-dish for drying. The
solvent methanol was allowed to evaporate slowly at 60 'C for 24 hours by
keeping the petri dish in a vacuum oven. In the final step, free standing,
flexible films of the solid electrolyte material were peeled off the petri-dish
and stored in an evacuated desiccator to avoid moisture absorption and were
used for further investigations. Schematic representation of the formation
[30] of Li* ion incorporated blend polymer electrolyte film is given in

figure 1.
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PEO PVP PEO/PVP Blend

PEO/PVP Blend SPE (PEO/PVP/LINO3)

Figure 1: Schematic representation of the formation of Li* ion
incorporated blend polymer electrolyte film.

3.2.3 Characterization

3.2.3.1 X-Ray diffraction, FTIR spectroscopy, FE-SEM and thermal

analysis

Photograph of the freestanding and flexible SPE film is shown in
figure 2. The structural aspects of the SPE films were investigated by
XRD analysis with the help of a Rigaku Max C diffractometer with Ni
filtered Cu Ka radiation of 1.54 A” at 30KV and 20 mA at a scanning
rate of 5 per minute from 10" to 50°. The complex formation between
the polymer blend and the lithium salt was confirmed by FTIR
spectroscopic studies using the SHIMADSU spectrophotometer in the
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range of 400-4000 cm . Carl Zeiss Sigma FE-SEM instrument was
used to study the surface morphology of the SPE films. Thermal stability
of the films was studied by thermo-gravimetric analysis using the Perkin
Elmer STA 6000 instrument in the temperature range from room
temperature to 700 ‘C under controlled nitrogen atmosphere. Differential
scanning calorimetry (DSC) measurements were done for all the samples
at a heating rate of 10 'C min™ from -90 'C to 100 'C under nitrogen
atmosphere using the Mettler Toledo DSC 822E machine to find the
glass transition temperature and assess the flexibility of polymer chains.

Relative percentage of crystallinity was calculated using the equation,

AHsample
%e(%) = =25— x100% 1)

where, AH:™' s the experimentally obtained melting enthalpy and
AHY, the melting enthalpy for 100 % crystalline PEO, which is referred
to as 213.7 J g}[31].

Figure 2: Free standing and flexible SPE film.
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3.2.3.2 Electrochemical analysis

The ionic transport properties of the film samples were
investigated using HP4192A impedance analyzer in the frequency range
from 5 Hz to 1 MHz by sandwiching the SPE film across blocking

electrodes made of stainless steel (SS) using Swagelok cells.

lonic conductivity is calculated using the equation,

o= — )

RpA

where t stands for the thickness of the SPE film, Ry is the bulk
resistance obtained from the X-axis intercept of the complex AC

impedance plot and A is the area of the SPE film [20].

The variation of ionic conductivity of the SPE film with
temperature was studied in the temperature range from 288 K to 328 K.
Low temperature measurements were carried out using ice. The thermal
activation energy for ionic transport was calculated from the slope of the
linear fit of the Arrhenius plot. The linear variation in log ¢ against

1000/T plot suggests a thermally activated process represented by

o =cg exp(-E4/KT) 3

where op, the pre-exponential factor is a constant and E, is the
thermal activation energy. The parameter T stands for the absolute
temperature and k for the Boltzmann constant as explained in the

previous chapter

Wagner’s DC polarization method was used to calculate the total

ionic transport number, tioh,as mentioned earlier. By applying a fixed d.c.



Chapter 3 71

voltage (0.5 V) across the specimen with structure SS/ film sample/SS,
where SS stands for stainless steel which acts as the blocking electrode,
the dc current developed was observed as a function of time. The

following equation gives the value of tion,

tion=(i-ie)/it 4)

Here it is the total current and i. the residual current. The Li-ion
transference number was calculated using Evans and Vincent method
[32]. Symmetrical cells, with configuration Li/SPE film/Li, using
lithium metal electrodes in Swagelok type arrangement were assembled
in an argon filled glove box. The details of the transference number

calculation are given in the next section.

Linear sweep and cyclic voltammetry characteristics of the SPE

films were obtained using Biologic SP 300 unit.
3.3 Results and discussion

3.3.1 XRD analysis

The X-ray diffraction data of pure LiINO3z, PEO, PVP and the
PEO/PVP blend, complexed with LINO3 (SPE films) are shown in figure
3. The sample codes Al, A2, A3, A4 and A5 stand for the SPE films
with 5,10,15,20 and 25 weight percentages of LiNOj3 respectively. The
XRD pattern of LINO3 depicted in figure 3 (a) has an intense peak at 26
=35.59 " indicating the high extent of crystallinity of the ionic salt. The
semi crystalline nature of PEO is evident from the appearance of broad
peaks at 26 = 18.11" and 22.31’, as depicted in figure 3(b), which are the

characteristic peaks of PEO. The amorphous nature of pure PVP is clear
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from the XRD pattern shown in figure 3(c). The XRD patterns of the
SPEs with different weight percentages (5,10,15,20, and 25) of LiNO3
are shown in figures 3(d)—(h). The thorough dispersion of lithium nitrate
in the polymer blend matrix can be ascertained from the absence of
lithium nitrate peaks in the XRD patterns shown in figures 3 (d)-(h).
Absence of XRD peaks representing LiNOg3 in the final product confirms
the complete dissociation of LiNOs salt into Li* and NOs ~ ions in the
blended polymer system. Addition of LiNO3 to the PEO/PVP blend
results in the reduction of its crystalline nature and in the final XRD
pattern, only those peaks representing the semi-crystalline nature of PEO
appear. The relative intensity of the peaks corresponding to PEO is
found to be decreasing with the addition of LINO3 up to 15 weight %, as
evidenced from figures 3(d)-(f). Crystallinity of PEO is found to be
minimum for the sample A3 having a composition of 15 weight % of
LiNO3;. When the concentration of LiNOs is increased above 15 weight
%, the crystallinity of SPE films gets slightly increased as shown in
figures 3 (g) and (h). Maximum ionic conductivity is observed for the
SPE films, having the concentration of 15 weight % of LINOs;. With
further increase in the concentration of LiNOj3 ionic aggregation takes
place which results in the decrease of ionic mobility and ionic
conductivity. Rather than contributing towards ionic conductivity, the
Li* and NOs™ ions of the additional LiNOs interact with the polymer
back bone of PEO and improve the order/alignment of PEO structure.
This results in the observed small increase in the intensity of the
characteristic peaks of PEO with the increase in the LiINO3 concentration

beyond 15 weight %.



Chapter 3 73

2000 -

1500 3
1000 3 l‘ ' \ (h)
500 3 o
0 . . . - - — |
10 20 30 40 50
2000 -
1500
1000 ﬁ \ (9)
500 .
0 : . . ; ; ; - =
1 20 30 40 50
2000~
> 1500 3
> 10003 A (f)
. 5004 .
L 0 T T r T . ety
10 20 30 40 50
2 2000 4
B 1500 3 (e)
c 1000 3 ﬁ /\
g 5003 -
£ 0 . T . . . - |
- 10 20 30 40 50
1200 3
1000 3 (d)
500 3
0 T T -1 T
10 20 30 40 50
1000 3
800
600 3 ()
400 3
200 3
0 L) L) L)
10 20 30 40 50
2000
1500 b
1000 J (b)
500 3
- —'..Qﬂ"h g
0 . T . . . . .
10 20 30 40 50
30000
20000 (a)
10000 3
0
. T . . - - -
10 20 30 40 50

20 (degree)

Figure 3:  XRD patterns of (a) pure LiNOs (b) PEO (c) PVP and (d)-
(h) SPE films - [(d)-(h) correspond to sample codes (Al-
ADb) respectively]

3.3.2 FTIR spectroscopy studies

The FTIR transmittance spectra of pure LiNO3z, PEO, PVP and

SPE films are shown in figure 4. In the spectrum of pure LiNO3 shown
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in figure 4(a), a strong absorption band is observed at 1384 cm™
corresponding to asymmetric stretching mode of NO3 ions. The bands at
1051 and 827 cm™ are ascribed to the symmetric stretching mode and

out of plane deformation mode of NOj3” ions respectively [33].

The vibrational bands of PEO are depicted in figure 4 (b). The
CH,; bending and asymmetric twisting vibrations are observed at 1342
cm™ and 1282 cm™ respectively for pure PEO. The band at 1236 cm™ is
attributed to CH, symmetric twisting vibration [16]. Strong anti-
symmetric stretching vibrations of the CH, group [7] give rise to the
peak at 845 cm™. The C-O stretching vibration contributes towards the
peak at 947 cm™. At 1799 cm™, a small intensity peak is observed,
which corresponds to the presence of ether oxygen group of PEO [17].
The band at 2900 cm™ corresponds to C-H stretching of PVP as shown
in figure 4(c). Absorption peak at 1452 cm™ is attributed to CH,
wagging mode of PVP and those at 1650 cm™ and 1234 cm™
respectively are assigned to C=0 stretching and C-N stretching modes of
PVP. Due to the increase in basicity of C=0 group, the spectral
perturbation of the carbonyl band in PVP becomes more pronounced
[34]. The carbonyl group in PVP interacts with Li* ions of LiNO3, which
leads to the disruption of crystallization of the complex and
consequently the amorphous nature of the complex increases. The
vibrational bands of LiNOj3 are found to disappear completely in all of
the SPE films which confirms the complete dissolution of LiNOg in the

PEO/PVP blend. Characteristic peak positions of PEO and PVP are
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found to get slightly shifted with the variation of the amount of the
lithium salt in different film samples, as shown in Table 1. With increase
in the amount of LiINO; beyond 15 weight %, the width of the

vibrational bands decreases [16] corresponding to a decrease in the

amorphous nature of the SPEs.
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Figure 4: FTIR spectra of (a) pure LiNOs (b) PEO (¢) PVP and (d)-(h)

SPE films
respectively]

[(d)-(h) correspond to sample codes (Al-Ab5)
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Table 1: FTIR spectral data of PEO, PVP and SPE films [16, 35]

Wavenumber (cm™)
: PEO | PVP SPE films
Band assignments o o g\? '(:; ’(Af) @ ®)
3 A4 | A5

Symmetric C-H stretching - 2900 | 2891 | 2882 | 2885 | 2881 | 2882
C=0 stretching - 1650 | 1649 | 1650 | 1650 | 1648 | 1648
C-H bending of CH, 1480 - 1485 | 1483 | 1483 | 1482 | 1483
CH, wagging - 1452 | 1445 | 1458 | 1449 | 1457 | 1459
CH, bending 1342 - 1348 | 1349 | 1340 | 1345 | 1349
Asymmetric CH, twisting 1282 | 1284 | 1280 | 1283 | 1285 | 1282 | 1284
CH, symmetric twisting 1236 - 1236 | 1240 | 1248 | 1245 | 1243
C-N stretching - 1234 | 1223 | 1228 | 1222 | 1223 | 1220
Symmetric and asymmetric C-O-C| 1100 - 1097 | 1105 | 1096 | 1098 | 1101
stretching (Amorphous peak)
C-O stretching vibration with some | 947 - 954 953 954 | 959 | 957
CH, asymmetric rocking motion
CH, rocking in PVP and with some 845 845 846 838 847 845 | 839
C-O stretching in PEO

3.3.3 FE-SEM analysis

The FE- SEM images of PEO, PEO/PVP blend and SPE film A3
[PEO/PVP/15weight % of LiNOs] are shown in figure 5. The image of
PEO shows several micro-cracks on the sample surface [34] as shown in
figure 5(a). The surface roughness is related to the crystalline phase of
PEO [35,36]. The image of PEO/PVP blend shown in figure 5(b)
indicates a more porous surface morphology compared to PEO. On the
addition of lithium salt to the polymer blend PEO/PVP, the surface
morphology becomes more smoothened which represents the lowering
of PEO crystallinity as shown in figure 5 (c). This lowering of
crystallinity leads to the enhanced amorphous nature of the SPE films,
which is established from the XRD and FTIR analysis. The enhancement
in the porous nature of the PEO/PVP polymer blend and the
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PEO/PVP/LINO3 based SPE films can be observed in figures 5 (b) and
(c), due to the presence of PVP, which has been reported to be a pore-
forming agent [37]. The average pore size is in the range of ~ 1-2 um, as
seen in the magnified image given in figure 5(d). Porous nature of the
films facilitates easier ion penetration, improving total ionic conduction.
The presence of smoother and porous surfaces with enhanced

amorphous nature, makes SPE films more flexible.

3pm

—

Figure 5: FE-SEM images of (a) PEO (b) PEO/PVP blend, (c) SPE
film A3 (PEO/PVP/15weight % of LiNOs) and (d) magnified
image of SPE film A3.

3.3.4 Thermal characterization
3.3.4.1 Thermo-gravimetric analysis

Thermal analysis is crucial to investigate the thermal stability of
the SPEs when put to practical applications. Under working conditions
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of a cell, heat generated in the cell can degrade or melt the solid polymer
electrolyte within the cell [34], which in turn may cause internal short
circuit. Hence for safe and durable operation of the cell, thermal stability

of SPEs is a significant parameter.

The thermo-grams of PEO, PEO/PVP blend and the SPE film A3
are shown in figure 6. There is no initial weight loss observed in the
figure which indicates the absence of water absorbed on the surface of
the material. It is observed that PEO, PEO/PVP blend and the SPE film
A3 are thermally stable up to 340, 420 and 410 "C respectively with no
weight loss. It is also observed that PEO degrades at a comparatively
lower temperature than the other two. On adding the lithium salt to the
polymer blend, the weight loss curve slightly shifts towards the lower
temperature region. The presence of the lithium salt contributes to a
small decrease in the thermal stability of the polymer blend system [38].
However, this decrease is quite marginal and the SPE films can hence be

considered to exhibit good thermal stability above 400 "C.
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Figure 6: Thermo-grams of PEO, PEO/PVP blend and the SPE film A3.
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3.3.4.2 Differential scanning calorimetric (DSC) studies

The DSC curves of PEO, PEO/PVP blend and SPE films are
given in figure 7. The values of the glass transition temperature Tg, the
melting temperature T, and the percentage of crystallinity are given in
Table 2. Glass transition temperature, T, of a polymer is concerned with
the mobility of the polymer chain and the lowering of T value indicates
chain relaxation in the polymer system [31]. A shift in T4 value to lower
temperatures is observed for the PEO/PVP polymer blend and the SPE
film samples in comparison with PEO. For PEO, the Ty value is -65.22 °C
which is in accordance with previous reports [15,31]. In the PEO/PVP
blend, Ty shifts to -67.19 °C, and with the addition of LiNO3s, a
continuous shift in the Ty value is observed with the lowest recorded
value of -73.9 °C for the SPE film A3 ( PEO/PVP/ 15 weight % of
LiNOg3). Further addition of LiNO; results in the shift of Ty back to
higher temperatures. A similar trend has been observed in the case of the
crystallinity of the samples as well. Percentage of crystallinity decreases
up to the SPE film A3. For LiNOj3 concentration higher than 15 weight
%, the ion aggregation takes place resulting in a slight increase of
crystallinity. The change in percentage of crystallinity is attributed to the
interaction between the polymer backbone and LiNOs. The Li* and NO3”
ions interrupt the packing of polymer backbone and this in turn affects
the relative crystallinity. This points out to an increased amorphous
nature in the SPE films resulting in more flexible polymeric chains with

enhancement in the segmental motion of the polymer electrolyte.
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Figure 7: (a) DSC plots of PEO, PEO/PVP and the SPE films with

different LiINO; concentrations; (b) and (c) are the DSC plots
of PEO and PEO/PVP respectively indicating the onset of
glass transition and (d) is the DSC plot of SPE film A3,

showing the onset of glass transition.

An electrolyte with low Ty value always implies fast ion

conduction. The decrease in Ty and crystallinity leads to an increased

ion transport through the SPE films and this explains their improved

ionic conductivity.
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Table 2: Thermal properties of PEO, PEO/PVP blend and the SPE films

Sample T,(°C) Tn(°C) | AH,(Jg") % (%)
PEO -65.22 69.07 153.37 71.76
PEO/PVP -67.19 68.13 127.75 59.89
Al -68.21 66.23 102.32 48.08
A2 -70.01 64.12 92.89 43.46
A3 -73.09 58.35 74.75 34.04
A4 -71.23 63.24 84.82 40
A5 -69.15 66.41 99.12 44.80

3.3.5 A C Conductivity studies
3.3.5.1 Impedance analysis

The major challenge associated with solid polymer electrolytes is
the low ionic conductivity at room temperature. The present investigation is
hence directed towards identifying solid polymer electrolyte films with high
ionic conductivity comparable to that of liquid electrolytes at room
temperature. The impedance analysis of the SPE films was carried out using
SS/SPE/SS configuration, where SS stands for stainless steel discs which
act as blocking electrodes [12] for Li* ions under an applied electric field.
The complex impedance plots for the SPE films at room temperature are
shown in figure 8. The semi-circular portion in the high frequency region of
the plots indicates that the conduction is mainly due to ions. In the low
frequency region, the presence of the inclined line suggests the effect of the
blocking electrodes. The ionic conductivity of the SPE film depends on the
concentration of the conducting species and their mobility. High ionic
conductivity around 1.13x10° S cm™ is obtained for the SPE film A3 which
contains 15 weight % of LiNOg3 in the PEO/PVP polymer blend. The film
A3 has lower bulk resistance R, compared to the other SPE films. It is

evident that the low bulk resistance corresponds to high ionic conductivity



82  Development of solid polymer electrolyte films with enhanced ionic conductivity,. ..

as seen in figure 8(a). The room temperature ionic conductivity values for
the SPE films Al, A2, A3, A4, and A5 are tabulated in Table 3. The
observed room temperature ionic conductivity around 1.13x10° S cm™ for
the SPE film Ags is quite high compared to the previously reported ionic
conductivity data for solid polymer electrolytes [3,16,17,24]. 1t is also
observed from Table 3, that the ionic conductivity increases up to 15 weight
% of LINO3z and further increase in LiNO; concentration results in the
decrease of ionic conductivity. This decrease in ionic conductivity is due to
the increased ion aggregation which lowers the mobility of ions [39,40]. An
equivalent circuit is used to fit the impedance plot of the SPE film Az with
maximum ionic conductivity as depicted in figure 8 (b). The double layer at
the blocking electrodes causes an inclined line instead of a straight line
parallel to the imaginary axis. The interfacial impedance for the
configuration SS/SPE film/SS can be accounted for by the constant phase
element (CPE). The equivalent circuit shown as the inset of figure 8 (b)
consists of bulk resistance Ry [41, 42] in parallel with geometrical

capacitance Cg and in series with CPE.
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Figure 8: (a) Room temperature complex impedance plots. (b) The
fitting of impedance data for the SPE film A3. Inset of (b)
shows the equivalent circuit.
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3.3.5.2 Temperature dependence of ionic conductivity

The ionic conductivity of the SPE films was measured in the
temperature range of 288K to 328K. At room temperature, maximum
ionic conductivity has been observed for the SPE film A3 compared to
other compositions. The impedance plots of the SPE film A3 at different
temperatures are presented in figure 9 (a). An enhancement in the
magnitude of ionic conductivity is observed with increase in
measurement temperature [43]. This enhancement is mainly due to
increase in ionic mobility and the concentration of carrier ions. It is
observed that the real impedance parameter Z' (diameter of semi-circular
arc or Ry value) decreases with increase of temperature which is
characteristic of activation of charge carriers between the coordinating
sites and the segmental motion of polymeric chains [42]. In order to
construct the Arrhenius plot, the working temperature for the impedance

measurement has been gradually increased to 328 K.

The dependence of ionic conductivity on the lithium salt
concentration for the film A3 at different temperatures is depicted in
figure 9 (b). It is observed that ionic conductivity increases with increase
of the lithium nitrate concentration until an optimum concentration is
reached and there after decreases with further addition of the salt. Beyond
the optimum salt concentration, any further addition of the salt results in
the formation of ion pairs and ion clusters, which cause constraints to
ionic and polymeric segmental mobility [44,45]. The ionic conductivity
reaches the maximum value at the optimum concentration of 15 weight %

of LiNOs. Higher concentrations might result in the aggregation of free
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ions and the crystallization of LiNO3 in PEO/PVP blend system, which
results in the decreases of ionic conductivity of the SPE film. Moreover,
higher ionic conductivity is observed with decreased crystallinity as seen
in the case of the SPE film A3 shown in figure 3(f), with 15 weight % of
LiNO3, compared to other compositions. This result is in good agreement

with the X-ray diffraction studies [46].
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Figure 9: (a) Impedance plots of the SPE film A3 at different
temperatures. (b). Effect of salt concentration on the ionic
conductivity of the SPE film A3 at different temperatures.

3.3.5.3 Thermal activation energy measurement

The thermal activation energy is calculated from the slope of the
linear portion of the Arrhenius plots shown in figure 10. The energy of
defect formation and that of ion migration together is referred to as the
activation energy [47,48]. The calculated activation energy E, is the
energy that facilitates the conditions suitable for the migration of ions.
From the observed results, the SPE film A3 which has the highest ionic
conductivity has the lowest activation energy compared to other
samples. For the film A3, the softening and the melting of the crystalline

phase of PEO lead to the decrease in activation energy and the increase
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in ionic conductivity. The values of conductivity and activation energy
for different SPE film samples are shown in Table 3. The activation
energy of all the SPE films lies in the range 0.1 eV to 0.2 eV, which is
the optimum thermal activation energy estimated for good electrolyte

materials for Li ion cell applications.
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Figure 10: Arrhenius plots for SPE films

Table 3: Room temperature ionic conductivity and thermal activation
energy of the SPE films

Weight lonic conductivity Activati
ctivation energy,
Sample percentage of at room Ea
code LiNO; temperature (&V)
(%) (Scm™)
Al 5 1.20x10* 0.170
A2 10 3.7x10™ 0.158
A3 15 1.13x10°% 0.139
A4 20 2.6x10* 0.167
A5 25 1.22x10* 0.173
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3.3.6 lon transport number and transference number measurement

Wagner’s DC polarization technique is one of the important
methods to calculate the total ion transport number [23] and the
experimental data is given in figure 11. Theoretical value of total ion
transport number is unity. The value of the total ion transport number,
tion for the highest ionic conducting, SPE film A3 is found to be 0.9997
using equation (4). This result indicates that the overall conductivity of
the SPE films is predominantly ionic [49] and the ion transport number

is quite comparable with the theoretical value.
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Figure 11: The variation of current with respect to time across the cell
with configuration SS/SPE film A3/SS
Evans and Vincent method was used to find the lithium ion
transference number. On applying a potential of 1V to the assembled cell
with the configuration, Li/SPE film A3/Li, the initial current through the
cell was found to decrease with time until a steady state value [50] was

obtained as shown in figure 12 (a). The decrease in current is due to the
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formation of a concentration gradient across the cell. The number of
active charge carriers decreases and as a result current also decrease. The
current carried by lithium ions is the same at the beginning of the
experiment corresponding to t=0 and at steady state, t=infinity. They are
the only charge carrying species in the steady state and contribute
towards the steady state current. The Li ion transference number can
calculated using the equation,

tLi:isslio (5)

where i, is the initial current and iss , the steady state current. The above
equation representing ideal conditions has to be modified to account for
the possibility of the formation of passivation layers [32] on the surface
of the lithium electrodes. The reactions occurring on the electrode
surfaces affect the steady state current. Hence some additional terms are
included in equation (5), to calculate the lithium ion transference number

and the modified equation is,

- iss(AV_ioR{J)
i (AV ~issRis)

(6)

tLi

where AV is the applied voltage, also known as the polarizing voltage
and i is the current. The subscripts o and ss denote the initial and the
steady state values respectively. Sum of the charge transfer resistance R
and the passivation layer resistance Rsim gives the value of R'. R, and
Rs' can be obtained from the impedance plots given in figure 12(b),

before the polarization and after the steady state has been reached.

The equivalent circuit for deconvolution of the electrochemical
impedance plot is shown in the inset of figure 12(b), which consists of
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pure resistive and pure capacitive elements in parallel. The pure
capacitive elements are replaced by constant phase elements. From the
impedance plot, the diameter of the semicircle is approximately equal to
the sum of Rt and Ryiim. The Li ion transference number calculated from
equation (6) is 0.332. Theoretically predicted, lithium ion transference
number is less than 0.5 [51]. Hence the present calculation of lithium ion

transference number is in good agreement with the theoretical value.
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Figure 12: (a) Polarization curve of the cell. (b) Impedance plots of the
cell before polarization and after the steady state has been
reached. Inset of (b) represents the equivalent circuit for
deconvolution of the electrochemical impedance plot.

3.3.7 Electrochemical stability studies

Electrolyte stability is an important parameter that determines the
maximum potential limits possible for device applications [52].
Electrochemical stability defines a reliable potential window for the
electrolyte. Linear sweep voltammetry is used to study the
electrochemical stability window of the SPEs in the configuration of
SS/SPE film/Li, using Swagelok type cell at room temperature [3].
Measurements were carried out within the potential window of 1 to 6V

(versus Li/Li*) at a scan rate of 5 mV s™. Due to the decomposition of the
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electrolyte, a sudden increase of current is observed around 5V indicating
the anodic break down of the electrolyte film. The PEO/PVP/LINO; based
solid electrolyte film is stable up to at least 4.8 V versus Li/Li*, which is
clear from figure 13 (a). Previous reports on PEO based polymer
electrolytes show stability windows up to 4V (versus Li/Li") [3,4,53,54].
The synthesized SPE films of the present work, based on
PEO/PVP/LINO;3, are stable up to 4.8V, which highlights their prospective
applications as potential candidates in the design of high voltage, solid
state Li ion cells. The cyclic voltammetry (CV) study of the SPE film A3
was carried out for 5 cycles at a scan rate of 0.5 mV s, in which the SPE
film was placed between two stainless steel electrodes [55,56]. The CV
curves shown in figure 13 (b), establish the repeatability and the
electrochemical stability of the SPE film in the voltage range up to 5V.
The absence of oxidation-reduction peaks in the CV curves indicates good

electrochemical stability of the film.
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Figure 13: (a) Linear sweep voltammetry curve of Li/SPE film A3/SS.
(b) Cyclic voltammetry curves of the system, SS/SPE film
A3/SS
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3.4 Conclusions

The present study introduces a novel type of solid polymer
electrolyte (SPE), based on lithium enriched PEO/PVP polymer blend.
These SPE films are obtained as free standing and flexible films using
the simple technique of solution casting. Reduced crystallinity of the
PEO/PVP/LINO;3; based SPE films and the complex formation between
the polymer blend and the lithium salt are confirmed from XRD and
FTIR spectroscopic studies. The smooth surface morphology and the
porous nature of the SPE films are established from the FE-SEM
analysis. These SPE films are found to exhibit excellent thermal stability
above 400 ‘C. The maximum room temperature ionic conductivity
observed for these films is 1.13x10-® S cm™, which is quite close to that
of liquid electrolytes. They are electrochemical stable up to 4.8V. The
highlight of the work presented in this chapter is the identification of this
unique type of solid polymer electrolyte films with quite impressive
electrochemical characteristics. They are highly flexible and can be
obtained as free standing films. They offer excellent application
prospects in the development of all solid state Li ion cells, capable of
giving stable and safe operation at room temperature and at much higher

temperatures as well.
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Chapter 4

Realizing all solid state Li ion cells using solid
polymer electrolyte films

The work presented in this chapter deals with the attempts carried
out to practically accomplish the assembling of two different types
of all solid state Li ion half cells for 3.2V and 5V, using the eco-
friendly materials LiFePO,4 and LiNiMnQO, as the cathode active
materials respectively and lithium foil as the anode. The solid
polymer electrolyte films based on PEO/PVP/LINO3, possessing
the maximum Li ion conductivity at room temperature are used to
serve as the solid electrolyte as well as the separator. The
structural and electrochemical studies of the synthesized cathode
materials are carried out. The performance of the assembled Li ion

cells is assessed based on detailed electrochemical evaluation.

4.1 Introduction

The high gravimetric energy density and charge storage capacity
of the Li ion cells make them quite attractive for applications as the
power sources for lap-top computer and cellular telephone. However,
cost, safety, stored energy density, charge/discharge rates, and service
life are issues that continue to hinder their development for the potential
mass market of electric vehicles to alleviate distributed CO, emissions

and noise pollution. The choice of active materials in the individual cells
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of a secondary battery, which consist of the cathode (positive electrode),
the anode (negative electrode), and the electrolyte between the
electrodes is crucial in the design of cells with desired performance
efficiency [1]. One of the key challenges for adopting the lithium ion cell
technology for powering the electric vehicles (EV), hybrid electric
vehicles (HEV) and plug-in hybrid electric vehicles (PHEV) is the
development of suitable high energy density cathode materials [2,3].

High energy density can be achieved for the Li ion cells by
having either high voltage or high capacity. Many studies are going on
the development of future generation cathode materials because the
materials with promising theoretical properties have high potentials to
serve the purpose. [4]. For cathode materials like lithium iron phosphate
LiFePQOy,, significant property improvements have been achieved during
the past decade with the assistance of newly developed technologies.
This material can be reversibly charged and discharged at a stable
voltage of 3.2 V vs Li*/Li [5]. The most promising candidate among the
5 V cathode materials for Li cells is the high-voltage, lithium nickel
manganese oxide, LiNiMnO, [6]. Attempts are carried out, in the
present work to realize all solid state Li ion cells using LiFePQO, (3.2V)
and LiNiMnOy (5V) as the cathode active materials, lithium as the anode

and solid polymer electrolyte films as the electrolyte cum separator.

The material, LiFePO,4 has drawn attention as a potential cathode
material for lithium ion cells, since the pioneering work by Goodenough
and his co-workers due to its advantages of low cost, the relatively high
theoretical specific capacity around 170 mAh g™, good cycling stability and
nontoxicity [7, 8]. It is quite environmentally friendly compared to the
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already commercialized cathode material, LiCoO, which is highly toxic.
The other prospective cathode material LiMn,O, although less toxic and
much cheaper, suffers from Jahn-Teller distortion near room temperature,
which significantly reduces the specific capacity of the cell. LiFePOy, is free
from such inherent defects, is highly cost effective and environment
friendly [9]. Many synthesis methods have been reported to obtain LiFePO4
with fine particle size, including sol-gel technique, hydrothermal method
[7,10,11] and co-precipitation technique. In the present work, the easy, fast,
and cost-effective, sol-gel method [12] is used to synthesize LiFePO,.

High-voltage lithium-ion cells offer new possibilities for the next
generation rechargeable batteries with high energy density. The high
thermodynamic stability, moderate theoretical discharge capacity and
stable discharge platform are some of the advantages of the LiNiMnO,4
cathode [13,14]. With the spinel structure, it is considered as one of the
most promising cathode materials, due to the easier availability of the
raw materials for its synthesis, superior rate capability due to the rapid
three-dimensional lithium ion conduction, and most importantly its high
energy density because of the high discharge plateau of about 4.7 V vs
Li*/ Li [15, 16] and large specific capacity around 146.6 mAh g™ [6].
The progress in the development of high-voltage cathode materials and
the corresponding matched electrolytes is summarized by Hu and co-
workers in 2013 [17]. In 2017, XiaoLong Xu’s group has investigated
strategies for improving the cycling stability of high- voltage

LiNigsMny 50,4 cathode in lithium-ion cells [6].

For assembling all solid state Li-ion cells, solid polymer electrolytes
(SPE) are quite attractive to serve as the electrolyte and the separator.
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Polymer electrolytes offer pronounced advantages over conventional liquid
electrolytes. These include the flexibility in the shape design, high
mechanical strength and stable contact between the electrode and the
electrolyte interfaces. Solid electrolytes are much safer than liquid
electrolytes as the former do not have leakage problems and are non-toxic
and non-flammable [18-20]. Our group has developed a novel type of
solid polymer electrolyte for solid state lithium battery applications based
on lithium enriched poly (ethylene oxide) (PEO)/poly (vinyl pyrrolidone)
(PVP) blend polymer [9], the details of which are given in chapter 3. These
SPE films based on PEO-PVP-LINO; have quite high room temperature
ionic conductivity around 1.13x 103 S cm™, comparable to that of liquid
electrolytes and are suitable for applications in all solid state Li ion cells.
The all solid state Li ion cells for two voltages are assembled in the argon

filled glove box to avoid moisture exposure

The structural characterizations of the synthesized cathode materials
are done using XRD, FTIR spectroscopy and FE-SEM techniques and the
electrochemical characterization of the assembled cells, using cyclic
voltammetry and galvanostatic charge discharge testing.

4.2 Experimental details

4.2.1 Materials and methods
4.2.2 Synthesis of LiFePO, cathode material

The chemicals, ferrous oxalate dihydrate, lithium nitrate,
ammonium dihydrogen phosphate, citric acid and nitric acid, all of AR
grade, were purchased from Alpha Chemicals, India. Stoichiometric

amounts of lithium nitrate and ferrous oxalate dihydrate were dissolved in
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1 M nitric acid solution into which 20 ml citric acid solution was added
drop wise with continuous stirring. A saturated solution of ammonium
dihydrogen phosphate was added to the above solution. To remove the
excess water, the mixture was heated gently at 50 °C with continuous
stirring for 4 hours. The resulting gel precursor was dried in a circulation
oven for a week at 80 °C and then fired at 700 °C in a tubular furnace
under 99.99 % flowing argon for 2 hours to get LiFePO, powder, titled as
LFP. In the above experiment, which is schematically shown in figure 1,

the molarity of the citric acid solution was fixed at 1 M [5].

Lithiun nitrate Iron oxalate Ammonnium
dihydrate dihydrogen phosphate

!

1M HNQ; solution
+ 1M citric acid at 50 °C

e = )

Dried at 80 °C

. 4

Fired at 700°Cin
argon atmosphere

- J

Figure 1: The schematic representation of the synthesis of LFP
cathode material

4.2.3 Synthesis of LiNiysMny 50, cathode material

The chemicals, LiINO3, Ni(NO3),-6H,0, and Mn(CH,COOQ),-4H,0

in the molar ratio 1:0.05:1.5 were dissolved in water and then 5ml
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hydrazine hydrate was added and heated. The resulting gel was dried at
100 °C using vacuum oven. This precursor was powdered using an agate
mortar and calcinated at 450 °C for 3 hours and then fired at 600 'C for 8
hours in air to obtain the final product, LiNiosMn;s04. The synthesized
LiNigsMny50;4 is titled as LNM. The synthesis route is schematically

shown in figure 2.

Lithiun nitrate Nickel nitrate Manganese acetate

!

Water
+5ml Hydrazine hydrate
and then heated

R 2

Dried at 100°C

L 2

Calcination at 450 °C
for 3hrs, and firing at
600 °C for 8hrs

Figure 2: The schematic representation of the synthesis of LNM
cathode material

4.2.4 Electrode making

The LFP and LNM based cathodes were prepared by mixing 90
weight % of the active materials LFP and LNM, 10 weight % of
conducting carbon and 10 weight % of poly(vinylidene difluoride)
(PVdF), in the presence of N-methyl pyrrolidinone (NMP), to make a
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slurry. It was coated on aluminum sheet and heated at 120 °C under

vacuum overnight.

The electrochemical behaviour of the LFP and LNM was
investigated by assembling prototype lithium half cells using lithium
metal as the counter electrode and the above materials as the working
electrodes. The PEO-PVP-LINO3 based solid polymer electrolyte films
were used to serve as the electrolyte and the separator. The cells were
assembled inside the argon filled glove box, in which, the oxygen and
the moisture levels were controlled to be < 1 ppm. The picture of the

glove box used is shown in figure 3.

Figure 3: The Glove box (MTI Corporation)

4.2.5 Characterization

The structural and morphological aspects of the synthesized
cathode materials were investigated using XRD and FE-SEM
techniques. The XRD patterns were recorded using PANAlytical X Pert
PRO machine with Cu-Ka radiation of wavelength 1.54 A. The FE-SEM
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images were collected using Carl-Zeiss Sigma electron microscope. The
assembled cells were subjected to cyclic voltammetry and charge-
discharge testing using the Bio-Logic SP300 Unit.

4.3 Results and Discussion

4.3.1 XRD Analysis

The XRD pattern of the LFP sample is shown in figure 4. The
peaks can be perfectly indexed to the ordered orthorhombic olivine
crystal structure (JCPDS 40-1499, space group Pnma) [21]. The pattern
shows all the characteristic peaks of LiFePO,. Absence of any extra
peaks confirms the phase purity of the synthesized LiFePQO,, obtained by

the sol-gel synthesis route.
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Figure 4: XRD pattern of LiFePO,
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The XRD pattern shown in figure 5 can be indexed to the cubic
spinel LiNigsMn; 504 (JCPDS Card No.: 80-2162, space group: Fd3 m)
[22]. The diffraction peaks are sharp and strong, indicating good

crystallinity of the sample. The pattern shows all the characteristic peaks

of LiINiMnO,,
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Figure 5: XRD pattern of LiNigsMn; 50,4

4.3.2 The FE-SEM analysis

The FE-SEM image of pure LiFePO, cathode material is shown
in figure 6. The LiFePO, particles seem to be bulky, and the particle size
distribution is quite wide [23] as observed from the figure. The particle

size is around 200 nm.
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200 nm EHT = 4.00 kV Signal A = InLens Date :15 Mar 2016
WD = 46mm Mag= 50.79 KX Time :13:00:12

Figure 6: FE-SEM pattern of LiFePO,

EHT = 3.00 kV Signal ens Date :1 Nov 2017 ZEISS
WD = 5.5 mm Mag = 50.00 KX Time :14:10:05

Figure 7: FE-SEM pattern of LiNigsMn; 50,



Chapter 4 111

The FE-SEM pattern of LiNigsMn; 504 is shown in figure 7. The
image is composed of 30~300 nm sized primary particles with smooth

surfaces and irregular shapes [22].
4.3.3 Cyclic voltammetry studies

Prototype coin cells were assembled in the argon filled glove box
using LiFePQO, as the cathode active material, Li metal as the anode and
the synthesised PEO-PVP-LINO; based solid polymer electrolyte film as
the electrolyte and the separator. These cells show open circuit voltage
around 3.26 V as shown in figure 8 (a). The closed loop nature of the
cyclic voltammetry curves indicates good electrochemical performance
possibility of the assembled cells at the scan rate of 0.5 mV s™ between
2.51t0 4.2 V and the CV curves for 5 cycles are depicted in figure 8 (b).
The lithium ions are extracted from the LiFePO, structure during anodic
sweep. The oxidation peak is located at ~ 3.9V versus Li/Li*. In the
reverse scan from 4.2 V to 2.5V, the reduction peak is observed at ~3.1V,
corresponding to lithium insertion, back into the LiFePO, structure. The
high electrochemical reactivity of the LFP contributes towards the well-
defined peaks, the high Li-ion diffusion rate and the low inner resistance.
The lithium ion intercalation/deintercalation reactions, accompanied by
electron removal, essentially depend on the electronic conducting nature
of the electrode material. During the extraction and the insertion of the
lithium ions, the diffusion length of the ions in LiFePO, gets considerably
reduced which helps to facilitate reversible electrochemical reactions [5].
The voltage difference corresponding to oxidation and reduction [24]
peaks is 0.7 V. The CV curves of the Li-ion cells for different cycles show
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more symmetry of oxidation and reduction peaks, which confirms better

electrochemical activity [25].
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Figure 8: (a) Open Circuit VVoltage of the assembled Li ion cell with
LiFePO, as the cathode (b) Cyclic Voltammetry curves of
the assembled cell

The CV curves of the assembled Li ion cells with LNM as the
cathode are shown in figure 9. Since solid polymer electrolyte films are
used, the oxidation and the reduction peaks obtained in the CV curves
are of low intensity. However, the peak positions are almost the same as
those of liquid electrolyte used cells. The anodic scans of Ni spinels
generally exhibit two regions of electrochemical activity over the voltage
ranges 3.9 V-4.4 V and 4.5 V-5.0 V [26]. The former is related to the
Mn**/Mn** redox couple. The electrochemical response of the Ni spinels
in the 3.9 V-4.3 V region is barely detected in the present case,
consistent with a higher oxidation state of Mn in the spinel and
consequently the presence of a small fraction of Mn** .The main
electrochemical activity occurs in the 4.6 V-5.0 V region where a double
peak associated with the Ni®*—Ni** process [27] is observed. During the

reversible process, the strong, reduction peak is observed around 4.49 V.
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The CV curves exhibit large difference between the area of the anodic
and the cathodic scans. This is because the amount of lithium apparently

being extracted in the anodic scan substantially exceeds that being
inserted in the cathodic scan [26].
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Figure 9: Cyclic Voltammetry curve of the assembled Li ion cell with

LNM as the cathode. Insect shows the CV curves for 5
cycles.

4.3.4 Galvanostatic charge discharge studies

The galvanostatic charge discharge (GCD) curves of the LFP
based half-cells, at different cycles at a current rate of C/2 are shown in
figure 10. The voltage plateaus in the range of 3.3V-3.5 V which
correspond to the Fe**/Fe®* redox couple, indicate the lithium extraction

reactions of LFP. Higher electrochemical reactivity and excellent
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kinetics are responsible for the flattened voltage plateau seen in the CD
curve. This material exhibits higher capacities of 149 mAh g™, 145 mAh
g™t and 125 mAh g™ at current rates of C/2, in the 1%, 2" and 3" cycles
respectively. The fast reaction and ionic diffusion kinetics of the small
sized particles and good electronic contact are responsible for the high,

initial discharge capacity of the material.
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Figure 10: The GCD curves of the LFP based half cells at different
cycles at the current rate of C/2

The charge-discharge profile of the LNM based half cells at the
current rate of C/2 is depicted in figure 11. The working potential
window used to investigate the electrochemical performance of the
synthetized LNM samples is set as 3.2 V-5V. In the present case, the Li

extraction and insertion occur at potential plateaus, which confirms that
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all of the Li ions in the structure are electrochemically active. The first
one is the high-voltage plateau at 4.7 V related to the Ni?*/Ni** redox
reaction [28], which provides theoretically a capacity of 143 mAhg™ for
the cell. The discharge capacities of LNM are 103 and 86 mAhg *, at the
1% and the 10™ cycles respectively. It is observed that the discharge
capacity of LNM decreases with increase in the number of cycles. This
may be due to the decomposition of the solid electrolyte at higher
voltages, which results in faster capacity loss with the increase in the

number of cycles [22].
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Figure 11: The GCD curves of the LNM based half cells at
different cycles at the scan rate of C/2
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4.4 Conclusions

The present work illustrates the first attempts carried out to assemble
all solid state Li ion cells for 3.2 V and 5 V using the LFP and the LNM
cathodes respectively. The performance of the half cells is promising as far
as the initial discharge capacity values and the behaviour of the CV curves
are concerned. However there are many challenges to be addressed to
achieve good capacity retention over larger number of cycles. The synthesis
conditions of the cathode materials have to be optimized to get particle size
in the 10-20 nm range and a more uniform particle size distribution. As an
initial attempt, the present work offers ample scope for developing high
voltage, all solid state Li ion cells based on the cost effective and eco-
friendly cathode materials, LFP and LNM.
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Chapter 5

Poly (ethylene oxide) based, solid polymer
electrolyte films for applications in sodium ion cells

The studies on the solid polymer electrolyte (SPE) films with high ionic
conductivity suitable for the realization of all solid state sodium ion
cells, form the focal theme of the work presented in this chapter. The
SPE films are obtained by the solution casting technique using the blend
solution of poly (ethylene oxide) (PEO) with ethylene carbonate (EC)
and propylene carbonate (PC) and treated with sodium nitrate. The ionic
conductivity of the SPE films is determined from the electrochemical
impedance spectroscopy studies. Addition of nanostructured Al,Os, as
the filler material is found to enhance the ionic conductivity of the SPE

films significantly.

5.1 Introduction

Lithium ion cells with high energy density are being extensively
used as power sources in portable electronic gadgets, electric vehicles
and stand alone power supplies [1]. The availability of lithium from
natural sources is a matter of concern, for their extensive applications as
the power sources. The limited availability and the increasing cost of
lithium with worldwide commercialization are posing challenges for the
wide spread use of the Li based electrochemical cells [2]. Search for

other appropriate and competent materials is in full swing for identifying
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alternative energy storage solutions, apart from the lithium based one. It
is a difficult task to identify new approaches as alternatives for the well
established Li ion technology. Recently, the prospects of developing
sodium as a substitute to lithium for future energy storage applications
are being pursued, considering its high electrochemical reduction
potential (E° (Na*/Na) = —2.71 V), the possibility of intercalation in
both the cathode and the anode materials, its earth abundance, low cost
and most importantly, its non-toxic nature [3,4]. Working of Li-ion cells
and Na-ion cells shares the same principle for energy storage
applications. Many materials are presently under investigation as the

active cathodes and anodes for reversible Na-ion storage applications.

In the development of safe and durable electrochemical cells
based on Na ion, electrolytes play a crucial role. At present, liquid
electrolytes are being used in Na ion cells and the safety issues related to
the possible leakage of the electrolyte pose many limitations for the
system design. Replacing the conventional liquid electrolytes with solid
ones is advantageous in many respects. The robust sealing of the cells
which is mandatory with liquid electrolytes, can be completely
eliminated and the cell design can be made more compact and easier to
handle, as explained earlier. The need for the separator material can also
be avoided, since the solid electrolyte can function both as the
electrolyte and the separator material. Studies have been intensified in
recent times to identify solid polymer electrolyte (SPE) films, suitable
for developing all solid state Na ion cells, which are flexible and stable
up to high potential windows, so that it might be possible to use high

voltage cathode materials.
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Solid polymer electrolyte films based on suitable polymer blends as
hosts and treated with appropriate types of sodium salts have been widely
investigated for developing all solid-state Na ion cells due to their
advantages in terms of flexibility, high ambient ionic conductivity, effective
electrode- electrolyte contacts, good chemical compatibility, enhanced
mechanical properties and ease of device fabrication [5]. The mostly used
host polymers for generating sodium ion conducting SPE films include,
poly (ethylene oxide) (PEO), poly (methyl metha acrylate) (PMMA), poly
(vinylidene fluoride) (PVdF) and poly (vinyl alcohol) (PVA),which can be
solvated with different sodium salts like NaClO,4, NaPFg, NaBF,, NaTFSI ,
Na,SOq4, NaFSI, NaYF, Nal and NaCF3;SOj; to synthesize the [6-17] SPEs.
Different research groups have conducted studies on the SPEs based on
PEO complexes with NaNO; salt and have obtained maximum ionic
conductivity around 3.5 x10° S cm™ [5,6]. The extensively studied polymer
host for solid polymer electrolyte applications is PEO, which is a semi-
crystalline polymer, having high dielectric constant and the ion
transportation in this material is due to the support of the amorphous phase
with activated chain segments. Various approaches are used to enhance the
ionic conductivity of PEO based electrolytes by blending of polymer and
the addition of plasticizers and ceramic fillers. The crystalline nature of
PEO has to be suppressed to some extent to enhance the amorphous phase
to facilitate better ion transport which leads to good ionic conductivity [18].
Synthesis of polymer electrolytes by blending or compositing methods
leads to improved ionic conductivity for the resulting electrolyte materials
by enhancement in the amorphous nature [19]. Introducing plasticizers to

the PEO based SPEs further enhances the room temperature ionic
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conductivity [20].Organic solvents like ethylene carbonate (EC), propylene
carbonate (PC), dimethyl carbonate (DMC),[21,22] ethyl methyl carbonate
(EMC), and diethyl carbonate (DEC) and plastic crystals are mainly used as
plasticizers for the synthesis of the SPEs [11,18]. Dispersion of inert,
ceramic oxide nano-fillers like TiO,, Al,Os3, SiO,, ZrO,, BaTiOs;, Shy0s,
Na,SiO3; and SnO, [23-27] is an interesting approach to further improve the
electrochemical properties of the SPE films. Addition of the nano-fillers is
expected to modify the crystalline nature and tailor the local structure,
morphology and the flexibility of the polymer backbone and the ion
mobility through the SPE films [28]. This improves the amorphous nature
of the host polymer by reducing the recrystallization rate and enhances the

interfacial stability and the ionic conductivity [7].

In the present work, good quality SPE films are grown by
optimizing the concentration of the sodium salt, NaNOj3 in the polymer
blend of PEO with EC and PC. To achieve high ionic conductivity,
nanostructured Al,Oj3 is added as the filler material to the PEO-EC-PC
blend, solvated with the sodium salt, NaNOs. Among the various organic
carbonates, in the present work, the plasticizers EC and PC are chosen to
make the polymer blend with PEO. Addition of high dielectric constant,
low molecular weight plasticizers to the polymer PEO, modifies the
heterogeneous polymer composite structure by improving the
amorphous nature. Addition of Al,O3 to the polymer blend as an active
filler material leads to surface functionalization with the formation of O-
OH groups at the grain surfaces, which in turn results in hydrogen
bonding with the migrating ionic species and contributes to the enhanced

final ionic conductivity of the SPE films. The SPE film samples are
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characterized in detail using different experimental techniques such as
XRD, FTIR spectroscopy, FESEM, TGA, AC impedance analysis,
transport number studies and cyclic voltammetry studies.

5.2 Experimental

5.2.1 Materials

The materials, PEO (Average Molecular weight (Mw)=200,000,
bought from Aldrich), the plasticizers EC (Mw=88.06, bought from
Spectrochem), PC (Mw=102.09, bought from Sigma-Aldrich), NaNO3
(Mw=84.99, obtained fom Sigma-Aldrich), Al,O3 (Mw=101.96,
obtained from Sigma-Aldrich) and methanol ( bought from
Spectrochem) are used for the synthesis of the SPE. Flexible and free

standing SPE films are obtained by solution casting.
5.2.2 Synthesis details

In a typical experiment, 0.4g of PEO was dissolved in methanol
and stirred for 2 hours. After that, 0.1g of the plasticizers, EC and PC in
1:1 ratio was added to the above solution and stirred. To the polymer-
plasticizer blend solution, 4 weight % NaNO3z was added and stirred for
6 hours. The resulted solution was poured onto a Teflon petri-dish and
allowed to evaporate slowly at 40 °C for 12 hours. The flexible,
transparent and free standing SPE films were peeled off from the petri-
dish and used for further studies. The experiment was repeated for 6
weight %, 8 weight % and 12 weight % of NaNOs. The structure of the
SPE films based on the PEO-plasticizer blend- NaNOj salt, was
modified by adding 4weight %, 8weight % and 12weight % of the Al,O3
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nano-filler and the same procedure was repeated. The photographs of the

solution cast SPE films are shown in figure 1.

—

Figure 1: Freestanding, flexible and transparent SPE films
5.2.3 Characterization

The structural characterization of the SPE films was carried out
using Rigaku Max C, X-ray diffractometer with Ni filtered Cu Ka
radiation of 1.54 A. The FTIR spectrophotometer (SHIMADSU) in the
range of 400-4000 cm™ was used to analyse the structural aspects of the
SPE films based on FTIR spectroscopy. The surface morphology of the
films was studied using the Carl Zeiss Sigma FESEM instrument.
Thermo-gravimetric analysis using the Perkin Elmer STA 6000 was
used to assess the thermal stability of the films in the temperature range
from room temperature to 700°C. Different electrochemical analysis
techniques were used to understand the ionic transport properties of
these SPE films. The ac impedance analyser HP4192A (5Hz-13MHz)
was used for measuring the ionic conductivity. The temperature
dependence of the ionic conductivity of the SPE films was studied using
the Arrhenius plot, and the thermal activation energy was also
determined. The total ionic transport number was calculated using
Wagner’s DC polarization method. Cyclic voltammetry studies were

carried out using the Bio-Logic SP-300 potentiostat.
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5.3 Results and Discussions

5.3.1 XRD Analysis

The XRD patterns of pure PEO, the PEO-EC-PC (polymer-
plasticizer) blend, the PEO-EC-PC blend solvated with NaNOs3 salt of
different concentrations (4, 8, 12 and 16 weight %), Al,Os filler material
and Al,O3; (4, 8 and 12 weight %) dispersed in PEO-EC-PC with 16
weight % NaNOj are depicted in figure 2 (a-j). The plot of pure PEO,
shown in figure 2(a), displays the characteristic semi-crystalline peaks of
PEO at 26 =19° and 26 =23.2° which are represented as + and * [29,
30]. For the PEO-EC-PC, polymer-plasticizer blend, the XRD pattern
shown in figure 2(b) also shows the characteristic semi-crystalline peaks
of PEO. The addition of NaNOj; salt to the PEO-EC-PC blend, decreases
the intensity of the crystalline peaks of PEO as observed in figure 2 (c-f).
The plasticizers EC and PC reduce the columbic interactions between
the ions [12]. The SPE film, based on the PEO-EC-PC blend, treated
with 16 weight % of NaNOj; is observed to have lower crystallinity,
compared to the other SPE films. Semi-crystallinity in the polymer
PEOQ, originates from the ordering of the polyether side chains. With the
addition of the sodium salt to the polymer, complexes are formed
between the Na* ions and the oxygen atoms in the side chains. This
disrupts the previous ordering and results in the reduction of the
crystalline nature of the polymer [5]. Further decrease in crystallinity is
observed on adding the filler Al,O3 to the PEO-EC-PC with 16 weight %
of NaNOj3 based SPE sample, as seen from figure 2(h-j). For optimising
the filler content, different concentrations of the filler material are tried,



130  ®oly (ethylene oxide) based, solid polymer electrolyte films for applications in ...

by varying the filler content in the 4 to 12 weight % range. It has been
observed that the SPE sample with 8 weight % Al,O3; added is having
the lowest extent of crystalline nature, compared to the other samples.
The addition of more than 8 weight % of the Al,O;3 filler is found to
affect the quality of the resulting SPE films. The XRD analysis
establishes the additional increase in the amorphous phase of the sodium
salt complexed, PEO-EC-PC based SPEs by the addition of the Al,O;
filler, which facilitates the enhancement of the mobility of the sodium
ions in the films and leads to significant increase in the ionic
conductivity [30,31].
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Figure 2: The XRD patterns of (a) PEO; (b)PEO-EC-PC blend; (c-f)
PEO-EC-PC with 4, 8 12 and16 weight % of NaNO;
respectively; (g) pure Al,Os filler; (h-j) PEO-EC-PC with
16 weight % of NaNOsand 4,8 and 12 weight % of Al,QOs.
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5.3.2 FTIR spectroscopy studies

The FTIR spectra of the NaNOs salt, the Al,Os filler material, the
PEO-EC-PC blend, the PEO-EC-PC blend with 16 weight % NaNO; and
the PEO-EC-PC blend with 16 weight % NaNO3 and 8 weight % Al,O3
are depicted in figure 3 (a-i), respectively. The FTIR spectroscopic data
provides evidence for

constituents in the SPE system.
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Figure 3: The FTIR spectra of (a) pure NaNO3, (b) pure Al,Osfiller, (c)
pure PEO, (d) PEO-EC-PC blend, (e-h) PEO-EC-PC blend
with4,8,12 and 16weight % of NaNO;, (i) PEO-EC-PC blend
with 16 weight % of NaNO; and 8 weight % of Al,Os,.

the complexation between the different
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Significant complexation changes are observed only in the PEO-
EC-PC with 16 weight % of NaNO3 and PEO-EC-PC with 16 weight %
of NaNO; and 8 weight % of Al,O3 and hence other compositions are
excluded. The spectrum of PEO-EC-PC, polymer- plasticizer blend,
depicted in figure 3(d), is almost similar to that of pure PEO. The FTIR
spectral studies of pure PEO and the blend of PEO with different
polymers and plasticizers have already been done by many research
groups [5,29,32]. The strong absorption peak between 2810-2960 cm™
corresponds to the (C-H) stretching vibrations of the CH; group of PEO
as observed in the spectrum of the PEO-EC-PC blend shown in figure 3
(d). The intensity of this peak is reduced in figure 3 (e-i) due to the
presence of the NaNOs salt [6]. In pure PEO, the peak at 1100 cm™ is
related to the C-O-C stretching mode. In figure 3 (e-i), the corresponding
peak is broadened and its intensity is reduced. The co-ordination of the
Na* ions of NaNO; with the ether oxygen of PEO is responsible for the
observed reduction in the peak intensity [5] and this observation
indicates the possible complexation of NaNO3; with the PEO-EC-PC
blend. The characteristic absorption peaks of PEO are retained in figure
3 (i) which shows that the addition of Al,O3 does not affect the structure
of the PEO system [19, 33, 34].

5.3.3 FESEM analysis

The FESEM images of the PEO-EC-PC blend, the PEO-EC-PC
blend with 16 weight% of NaNO3; and the PEO-EC-PC blend with 16
weight % of NaNO3; and 8 weight % of Al,O3 are shown in figure 4 (a-
c) respectively. The microstructure of PEO-EC-PC blend shows rough
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surface features with several micro cracks and crystalline domains [20,
29]. After the addition of the sodium salt and the Al,Os filler, the surface
morphology of the PEO-EC-PC polymer blend is found to be altered,
significantly. The surface becomes more smooth and porous, as seen
from figures 4(b) and 4 (c), compared to the morphology depicted in
figure 4(a). On adding the filler Al,O3 to the PEO-EC-PC-NaNO; film,
the porosity and the surface smoothness are found to increase
significantly due to the filler particle aggregation. The Al,O3 dispersed
SPE film also has more uniform distribution of pores. This property may

help in reducing the interfacial resistance of the SPE film [19].

1y
i

Figure 4: The FESEM images of (a) PEO-EC-PC blend (b) PEO-EC-
PC with16 weight % of NaNO; without filler and (c) PEO-
EC-PC with 16 weight % of NaNO; and 8 weight % of Al,Os
filler
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5.3.4 Thermal characterization

5.3.4.1 Thermo-gravimetric (TG) analysis
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Figure 5: The TG curves of the PEO-EC-PC blend, the PEO-EC-PC

with16 weight % of NaNO; without filler (Sample D) and the
PEO-EC-PC with 16 weight % of NaNO; and 8 weight % of

ALLO; filler (Sample D2)

The TG curves of the PEO-EC-PC, the PEO-EC-PC with NaNO3
(Sample D) and the PEO-EC-PC with NaNO;3; and the Al,O3 filler
(Sample D2) are depicted in figure 5. There is an initial weight loss of
3.8% and 3% around 110 °C for the samples D and D2 due to the
evaporation of small amounts of moisture or solvents in the SPE films
[19,32]. A sharp weight loss region is observed around 360 °C with a
weight loss of 10%, for the polymer-plasticizer blend (PEO-EC-PC)
system. Compared to the blend system, there is significant enhancement

in the thermal stability of the samples D and D2 due to the addition of
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the sodium salt and the ceramic filler. With a weight loss around 20%,
the decomposition temperatures of the samples D and D2 are observed at
407 °C and 403 °C respectively. Increase in thermal stability to higher
temperatures has been observed for the samples D and D2.
Homogeneous dispersion of the sodium salt and the ceramic filler within
the polymer blend is reported to oppose the quick expansion of heat into
the polymer blend matrix, thereby slowing down the thermal degradation
of the SPE films [35]. The thermal stability of the filler incorporated
SPE films of the present work is as high as 400 °C, which is suitable for
designing sodium ion cells, capable of stable operation at temperatures

much higher than room temperature [36].
5.3.5 A C Conductivity studies

5.3.5.1 Impedance analysis

Using Swagelock type cell, the SPE films were sandwiched
between two stainless steel (SS) [29] electrodes. The impedance data
was obtained in the frequency range 5 Hz to 13 MHz at room

temperature. The ionic conductivity is calculated using the equation (1),

where, Ry, is the bulk resistance, t, the thickness of the SPE film and A, the
area of the SPE film. The impedance plots for the SPE films are shown in
figure 6. The fitting of the impedance data and the corresponding
equivalent circuit are shown in figure 6(c). The parameters represented in
the equivalent circuit are, the SPE resistance Ry, the constant phase

element Q and the coupling capacitance between the SPE film and the
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electrode in the measuring circuit, Cqy [37,38]. The impedance plots for
the PEO-EC-PC blend system, complexed with different weight
percentages of NaNOs are shown in figure 6(a). The

show two regions. The inclined or linear region in the low frequency

range is due to the presence of the stainless steel blocking electrodes and

the semicircle in the high frequency range is due to the bulk effect of the
SPE films. The ionic conductivity values of the SPE films are given in

Table 1.The maximum ionic conductivity observed is 1.08x10° S cm™ for
the SPE film with 16 weight % of NaNOj3 in the PEO-EC-PC blend.
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Figure 6: The room temperature complex impedance plots for (a) PEO-

EC-PC with 4, 8, 12 and 16 weight % of NaNO; with
sample code A to D; (b) PEO-EC-PC with 16 weight % of
NaNO; and 4,8 and 12 weight % of Al,O; with sample code
D1 to D3; (c) The fitting of the impedance data. The inset of
(c) shows the equivalent circuit

impedance plots
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The plasticizers EC and PC reduce the coulombic interactions due
to their high dielectric constant and prevent the crystal formation between
the ions, as already mentioned in the XRD analysis. The action of EC and
PC on the polymer host PEO is to make it more disordered and to create
continuous conducting pathways for the ions. Adding sodium salt to the
PEO-EC-PC blend results in increase in the charge carrier concentration
and leads to the enhancement of the ionic conductivity. There is
significant reduction in the bulk resistance, on adding different weight

percentages of the sodium salt, which improves the ionic conductivity.
Table 1: Room temperature ionic conductivity values of the SPE films

with different weight percentages of NaNO; added to the PEO-
EC-PC, polymer-plasticizer blend.

Samole code Polymer-plasticizer lonic conductivity
P (PEO-EC-PC) with Scm?
Sample A 4 weight % of NaNO, 8x10”’
Sample B 8 weight % of NaNO; 2.35x10°®
Sample C 12 weight % of NaNO; 5.28x10®
Sample D 16 weight % of NaNO; 1.08x107

One of the striking outcomes of the present work is the superb
effect of the filler Al,O3 on the structural and the electrochemical
characteristics of the SPE films. Different weight percentages of the
filler, Al,O3 are added to the PEO-EC-PC blend with 16 weight % of
NaNQOj3, which is the SPE film sample, coded as sample D, with the
maximum ionic conductivity. The impedance plots of the Al,Os
incorporated SPE films, coded as the samples D1, D2 and D3 are shown
in figure 6 (b) and the corresponding ionic conductivity values are given

in Table 2. There is significant enhancement of ionic conductivity with
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the addition of the filler Al,O3 and the maximum ionic conductivity
observed for the SPE film sample D2 (PEO-EC-PC with 16 weight % of
NaNO;s and 8 weight % of Al,O3) is 1.86x10* S cm™. On adding
different concentrations of Al,O3, the ionic conductivity increases
initially to reach the maximum value for the SPE film with 8 weight %
of Al,Os. Further addition of Al,O3, decreases the ionic conductivity,
due to the blocking effect imposed by the more abundant alumina grains,
which makes the polymer chains more immobilized and leads to lower
conductivity [39]. The effects of Al,O;3 filler, on enhancing the ionic

conductivity are explained in many reports [40-43].

Table 2: Room temperature ionic conductivity values of the SPE
films with different weight percentages of the filler Al,O3

sample code PE_O-EC-PC blend lonic condl_chtivity
with NaNO; and (Scm™)
Sample D1 4 weight % of Al,O5 2.55x107
Sample D2 8 weight % of Al,O 1.86x10™
Sample D3 12 weight % of Al,O, 3.34x10°

5.3.5.2 Thermal activation energy measurement

The ionic conductivity values at different temperatures ranging
from 298 K to 358 K are measured for the sample D2, which has the
maximum ionic conductivity as a consequence of the effect of the
incorporation of the Al,Os filler. When the temperature increases, the
ionic conductivity also increases and the temperature dependence is
shown as the Arrhenius plot in figure 7. The enhancement in conductivity
is due to the increase in ionic mobility and the carrier ion concentration in

the SPE film. The slope of the linear portion of the Arrhenius plot is used
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to calculate the thermal activation energy of the SPE film, which is
referred to as the energy required for defect formation and ion migration.
The variation of the ionic conductivity with temperature can be tailored to

the equation (2) which is given below [44],

o =60 eXp(-Ea/KT) 2

where o, is the pre-exponential factor, Ea, the activation energy, k, the
Boltzmann constant and T, the absolute temperature. The calculated
thermal activation energy for the SPE film sample D2 is 0.1eV, which is

suitable for the ion transport.
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Figure 7: The Arrhenius plot for the SPE film sample D2.

5.3.6 Transport number measurement

The total ion transport number, ti,, of the SPE film D2 is

determined by the Wagner’s DC polarization method, using Swagelok
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type cell with structure, SS/SPE/SS, where SS stands for stainless steel.
On applying 0.5V across the cell, there is a dc current developed as a
function of time, which is shown in figure 8. The tjo, can be calculated
using the equation (3) is given below [12],

tion=(i-ie)/it 3)

Here, it is the total current and i, the residual current. The total ion

transport number obtained for the sample D2 is 0.989. The variation of
current with respect to time across the cell with configuration SS/SPE film
sample D2/SS is shown in figure 8. It indicates that the carrier transport is

mainly due to ions and the electron contribution is quite negligible.

0.18

0.16-
014
0.12—-
0.10-

0.08 4

Current (uA)

0.06 4
0.04 4

0.02

—

0.00

-0.02

T T T y T y T 4 T " T T
0 10000 20000 30000 40000 50000 60000
Time (s)

Figure 8: The variation of current with respect to time across the
cell with configuration SS/SPE film sample D2/SS.
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5.3.7 Electrochemical Stability

The cyclic voltammetry (CV) studies of the SPE film D2, which
has the maximum ionic conductivity, are carried out for 3 cycles at a
scan rate 5 mV s in the configuration of SS/SPE film sample D2/SS.
The CV curves are shown in figure 9. The electrochemical stability of
the SPE film in the potential range up to 4V is clear from the CV curves.
Good electrochemical stability window with repeatability [45] is
observed from the CV curves.
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Figure 9: Cyclic voltammetry curves of the system, SS/SPE film
sample D2/SS at a scan rate of 5mV s™

5.4 Conclusions

The present work highlights the realization of the solid polymer
electrolyte (SPE) films, based on the polymer blend of PEO and the
plasticizers EC and PC and complexed with NaNO3 salt and modified



142 @oly (ethylene oxide) based, solid polymer electrolyte films for applications in ...

with the addition of the nano-filler material Al,O3. The SPE films are
free standing, flexible and transparent and have good thermal stability
upto 400" C as seen from the thermal studies. The XRD studies indicate
the reduced crystalline nature of the SPE films, compared to the host
polymer PEO, due to the complex formation with the sodium salt and
the presence of the plasticizers and the filler material. The enhanced
amorphous nature of the SPE films facilitates easier ion transport which
in turn leads to high Na ion conductivity. The FTIR spectroscopy studies
give evidence for the complex formation between the PEO based
polymer blend and the NaNOs;. The FESEM analysis supports the
smoother and porous surface morphology of the SPE films. The most
striking result of the present work is concerned with the superb effect of
the Al,Oj3 filler, in enhancing the ionic conductivity of the SPE films
substantially and bringing it to around 1.86x10™* S cm™. The high ionic
conductivity and the electrochemical stability window upto 4V, as
observed from the cyclic voltammetry studies, combined with the
excellent thermal stability of these SPE films highlight their application
prospects in the design of all solid state Na ion cells, capable of stable
operation at temperatures much above room temperature.
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Chapter 6

Solid-state supercapacitor with impressive
performance characteristics, assembled using
redox mediated gel polymer electrolyte

A solid-state supercapacitor is assembled using the redox mediated gel
polymer as the electrolyte and separator and the coconut shell derived,
steam activated carbon as the electrodes. The gel polymer electrolyte
(GPE) is based on poly (vinyl alcohol) (PVA)- pottassium hydroxide
(KOH)- hydroquinone (HQ), and is obtained using solution casting
technique. Higher ionic conductivity around 53 mS cm™ and superior
flexibility serve as the main advantages of this redox mediated GPE. The
electrode specific capacitance of the supercapacitor is found to be as high
as 326.53 F g™ with a capacity retention of 84.2% after being subjected
1000 charge-discharge cycles at a current density of 0.8 A g*. The
assembled supercapacitors are found to offer quite high energy density and
power density around 33.15 Wh kg™ and 689.58 W kg™, respectively.
These types of redox mediated, flexible, gel polymer electrolytes are
desirable for designing high power solid state supercapacitors for energy

storage applications.
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6.1 Introduction

In recent years, great attention has been devoted for the
development of supercapacitors (SCs) as potential energy-storage
systems for high power applications in hybrid electric vehicles, pulse
power supply for industrial applications and as backup sources for the
next generation electronic devices [1,2,3]. They are endowed with high
power capabilities (high specific power) and long cycle-life and offer
opportunities to build more advanced, hybrid energy storage systems
(ESSs), for both on-board and stationary applications [4]. Depending on
the charge storage mechanism, SCs are mainly classified in to electric
double layer capacitors (EDLCs), pseudocapacitors and hybrid-
capacitors. In EDLCs, the capacitance is generated via a non -faradaic
process due to the formation of an electrochemical double layer at the
electrode-electrolyte interface [5]. Electrodes for EDLCs are usually
based on highly porous carbon materials [6, 7, 8] which are ideal for the
rapid storing and releasing of energy [9]. Wide availability, low cost,
good electrical conductivity, and high surface area are the main
advantages of porous carbon materials.

In pseudocapacitors, the capacitance is generated from a fast
faradaic process due to the charge transfer reaction between the
electrode and the electrolyte ions and this capacitance is called as the
pseudocapacitance [5]. The electrodes based on conducting polymers,
metal oxides and functionalized porous carbon materials are generally
used for pseudocapacitive charge storage applications. These materials

can hold much higher quantities of charge as compared to EDLCs, with
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the charge storage mechanism relying on fast redox reactions occurring
on the electrode surfaces [10]. In hybrid capacitors, both the electrical
double-layer (EDL) formation and the faradaic mechanisms are

responsible for energy storage process.

The SCs are emerging as the highly sought after energy storage
devices in versatile fields, even with the limitation of having lower
energy density, compared to rechargeable batteries. The initiatives for
developing novel types of electrode and electrolyte materials are
mandatory to improve the energy density of the next generation energy
storage systems based on supercapacitors.. Electrolytes do play a key
role in deciding the energy density and the safety level of
supercapacitors. Currently, the aqueous, organic and ionic liquid
electrolytes are being extensively used for charge storage processes in
supercapacitors. There are however some serious issues related to the
use of liquid electrolytes. Possibility of leakage of the liquid electrolytes,
shorting of the electrodes and the corrosion issues of the liquid
electrolytes are the main challenges to be considered when liquid
electrolytes are used. Current research is hence focused on identifying
suitable materials to serve as solid or quasi-solid electrolytes which can
also take care of the safety issues of the supercapacitors [11].
Electrochemical energy devices based on solid electrolytes have high
application prospects in portable electronics, micro-electronics, wearable
electronics and specifically in flexible electronics. High ionic
conductivity, wide potential window, wide operating temperature range,

low cost, high chemical and electrochemical stability and environmental
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safety are the mandatory properties expected, in ideal electrolytes. Each

electrolyte type has its own advantages and limitations.

Solid polymer electrolytes (SPEs), gel polymer electrolytes
(GPEs) and the polyelectrolytes constitute the three different types of
polymer based solid electrolytes. The presence of liquid phase in GPEs,
called as quasi-solid state electrolytes, leads to higher ionic conductivity,
compared to conventional SPEs [14,15]. Currently, GPEs having high
ionic conductivity and flexibility are gaining upper hand as the most
suitable materials for the development of solid electrochemical
supercapacitors of different shapes and bendable structures. Host
polymers such as poly (vinyl alcohol) (PVA), poly (methylmethacrylate)
(PMMA), poly (ethylene oxide) (PEO), poly (acrylic acid) (PAA), poly
(vinylidene carbonate) and poly (vinylidene fluoride) have been widely
explored for developing GPE films [16]. The GPEs based on PVA find
applications in the development of various types of solid state super
capacitors including, flexible and stretchable supercapacitors, printable
micro supercapacitors and wearable, ultrathin and paper like
supercapacitors [17,18,19,20,21,22]. Among the polymers, PVA is one
of the most extensively studied polymers owing to its linear structure
with high hydrophilicity, non-toxic characteristics, good film forming
properties and low cost [23]. To prepare hydrogel electrolytes, PVA is
mixed with various aqueous solutions of H,SO,4, H3PO,4, KOH, NaOH,
KCI, NaCl and LiCl [23,24] to increase the capacitance of the
assembled supercapacitors by prompting the pseudocapacitive
contribution from the redox-active electrolytes. Redox additives

(mediators) types of electrolytes offer a new direction in the field of
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novel types of electrolytes to improve the performance of
supercapacitors. [5,8]. The redox reaction of the electrolyte at the
electrode-electrolyte interface will contribute towards an additional
pseudocapacitance which will enhance the final capacitance of
supercapacitors [12]. The redox mediators will provide quick reversible
redox reaction, which will effectively enhance the ionic conductivity and
contribute towards pseudocapacitance [13]. Many studies have been
reported on the organic redox mediators as pseudocapacitive sources,
including hydroquinone (HQ) [16], indigo carmine (IC) [25], methylene
blue (MB) [26], p-phenylenediamine (PPD), [27] m-phenylenediamine
(MPD) and sulfonated polyaniline (SPani) [28]. The specific capacitance
value of the carbon based SCs are greatly influenced by the addition of
these organic redox additives. Hydroquinone (HQ) is one of the
electrochemically active organic compounds capable of having a two
electron transfer redox reaction. Using HQ based redox-active
electrolyte, it is possible to have a much faster self-discharge process
[29]. A hydroguinone mediated PVA-H,SO, gel electrolyte and
activated carbon based supercapacitors are found to deliver a higher
capacitance around 941 F g-1 at a current density of 1 mA cm™ [16].
Guofu and his group have studied supercapacitors based on activated
carbon with PVA-KOH-K3[Fe(CN)g] based gel polymer electrolyte to
obtain an electrode specific capacitance around 430.95 F g™'[30]. At the
electrode-hydrogel electrolyte interface, the choice of the electrode
material and the hydrogel electrolyte is very critical in achieving high
performance of the assembled supercapacitors. From many reports, it has

been observed that advanced carbon structures [31,32,33,34] can
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facilitate the infiltration of the hydrogel electrolyte into their porous
structures, leading to significant improvement in the performance of the
supercapacitors and  extensive utilization of the active electrode
materials [8]. Haijun and co-workers have obtained specific capacitance
of 236.9 F g for the devices assembled with PVA-KOH-KI based
polymer gel electrolyte and activated carbon electrodes [11]. Present
work introduces HQ redox material in the above PVA-KOH system, and
the electrode specific capacitance of the assembled supercapacitor is
around 326.53 F g™ at a current density of 0.8 A g™, using coconut shell

derived, activated carbon as the electrode material [35].

The work included in this chapter is focused on the development
of a solid state supercapacitor using the redox mediated gel polymer as
the electrolyte. The host polymer PVA along with KOH (strong base)
and the redox mediator HQ constitute the gel polymer electrolyte (GPE).
Structural properties of the GPE are analysed using X-Ray diffraction
and FTIR spectroscopy studies. Thermal stability is estimated by
thermo-gravimetric analysis. The ionic conductivity measurement of the
GPE is carried out by impedance analysis and cyclic voltammetry is
used to find the working voltage window of the GPE. Detailed
electrochemical characterization of the assembled solid state
supercapacitors is carried out using cyclic voltammetry and

galvanostatic charge discharge test.
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6.2 Experimental details

6.2.1 Materials

Poly (vinyl alcohol) (PVA, HIMEDIA, molecular weight:
140,000), KOH (SDFCL, ), hydroquinone (Spectrochem), cocunut shell
derived, steam activated carbon, purchased from local suppliers and
purified by HF washing in our laboratory are the chemicals used in the

present work.
6.2.2 Synthesis of the gel polymer electrolyte

The gel polymer electrolyte (GPE) films were grown using
solution-casting method [11].In a typical synthesis, PVA and KOH (1 ¢
each) were dissolved in deionized water and stirred at 80 'C for 3 hours.
The resulting solution was continuously stirred until it attained a
homogeneous viscous appearance and was subsequently poured into a
petri dish. The excess water was evaporated at 80 'C by keeping in a
vacuum oven overnight to obtain PVA-KOH gel electrolyte. To
synthesize the PVA-KOH-HQ based electrolyte, PVA and KOH (1g
each) were initially dissolved in deionized water by stirring at 80 °C for
3 hours and after complete dissolution, different amounts (0.1, 0.2, 0.3
and 0.4 g) of HQ were added . As before, the resulting solution was
stirred continuously for attaining a homogeneous composition. This
solution was poured into a petri-dish and kept in a vacuum oven at 80 °C
for the evaporation of excess solvent. Both types of the GPE films,
obtained as free standing and highly flexible ones, were stored in a
desiccator. Schematic representation of the synthesis method is given in
figure 1 (a).
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6.2.3 Electrode making

The electrodes were made by mixing 80 weight % of the coconut
shell derived, steam activated carbon, purified by HF washing and termed
as CSAC, 10 weight % of the conducting carbon and 10 weight % of
poly(vinylidene di fluoride) (PVdF), in the presence of N-methyl
pyrrolidinone (NMP) as solvent to make a slurry. The slurry was then
coated on aluminium foil by spray-coating and dried at 120 ‘C under

vacuum overnight. The mass of the working electrode was fixed as 2 mg.
6.2.4 Supercapacitor assembly

The solid state supercapacitor architecture consists the gel
polymer electrolyte film, sandwiched between the two activated carbon
electrodes as shown in figure 1 (b). The gel polymer electrolyte film

serves as both the separator and the electrolyte.

Gel polymerelectrolyte Swagelok cell

: Evaporation of solvent

PVA-KOH-HQ Solution

PVA-KOH-HQ GPE film

Figure 1: (a) Synthesis route of PVA-KOH-HQ based GPE and (b)
Assembling of the solid supercapacitor
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6.2.5 Characterization
6.2.5.1 Structural characterization

The structural aspects of the GPE films were investigated with
the help of the Rigaku Max C, X-Ray diffractometer. The FTIR
spectroscopic studies were done using the SHIMADSU machine in the
range of 400-4000 cm™, to confirm the complex formation in the PVA-
KOH and the PVA-KOH-HQ based GPEs. Thermo-gravimetric analysis
using the Perkin Elmer STA 6000 instrument was used to study the
thermal stability of the GPE films in the temperature range from room

temperature to 750 °C under controlled nitrogen atmosphere.
6.2.5.2 Electrochemical Analysis

lonic conductivity of the gel polymer electrolyte was determined
from impedance spectroscopy studies conducted using HP 4192A
impedance analyser and the value is calculated using the equation,
[30,36]

o=— (1)

RpA

where t is the thickness of the GPE film, Ry, , the bulk resistance and A ,
the area of the film., as explained earlier.

All the electrochemical studies were carried out using the two
electrode device under ambient conditions. Cyclic voltammetry (CV)
and galvanostatic charge discharge (GCD) test were conducted using SP
300 potentiostat. The CV measurements were carried out at various scan

rates from 5 mV s™ to 100mV s™ at the potential range from -1V to 1V
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and the GCD measurements,from -1 to 1V at various current densities
0.4,0.60.8,1and2 Ag™.

The specific capacitance C and the electrode specific capacitance
Cs,of the supercapacitor can be obtained from the charge discharge

curves using the equations, [30, 37, 38]

IxAt
C =
AVx mgc

)

Cs=4xC 3

Energy density E and power density P of the supercapacitor are

determined using the equations [7, 39]

—C x AV? ()

2%

P= § x 3600 (5)

where 1 is the discharge current, At the discharge time, m, the mass of the

active material in the electrode and AV, the operating voltage window.
6.3 Results and discussions

6.3.1 XRD Analysis

The X-ray diffraction pattern of pure PVA, PVA-KOH and PVA-
KOH-HQ based GPE films are shown in figure 2. In the pattern of PVA,
a small intense peak at 26 = 19.6 °, showing the semicrystalline nature of
PVA [40] is observed. On adding KOH to PVA, this peak becomes very
weak and the combined system is almost amorphous in nature. There is a
larger domain of amorphous phase, when the PVA matrix is modified

with the addition of KOH. Consequently, the ionic conductivity of the
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polymer electrolyte gets significantly enhanced [41]. On adding HQ to
the PVA-KOH system, a fully amorphous phase pattern is obtained. The
PVA-KOH-HQ based GPE is more amorphous compared to the one
without HQ, which is desirable for effective ion transfer to achieve still
higher ionic conductivity. The segmental motion of the polymer chains
is more pronounced in the amorphous state. The transport of cations and
anions in the polymer matrix is responsible for the ionic conductivity of
the gel polymer electrolyte [41]. The ionic conductivity is mainly
confined to the amorphous phase and the ionic mobility is improved by

the segmental motion of the polymer host, PVA.

A

A .

WMWWMMWW%WWM

PVA-KOH-HQ

Intensity (A U)

&‘4‘\‘\»1 Ll | I
Iy Wv v"#h‘\"‘m"“‘/ﬁ"" ;.'J‘(\w\.t w ".,"“‘Nu\‘ “/”' N
| \l‘\,’\,“ 4 v I "( W H\‘\(‘\""()\,",w.y\rv\ﬁ,.'v‘wl~‘1""»",W/uﬁ-’f“v‘m‘»‘w“wﬂ,}.g‘\u‘,‘

¥ T T Y T v T 4 T 5 T Y T 4 T ¥
0 10 20 30 40 50 60 70 80 90
20 (degree)

Figure 2: XRD patterns of PVA and the PVA-KOH and PVA-KOH-
HQ based GPEs

6.3.2 FTIR spectroscopic studies
The FTIR spectra of PVA-KOH and PVA-KOH-HQ based GPE

films are shown in figure 3. The spectrum of PVA-KOH based GPE
shows peaks at 3329 and 1375 cm™, corresponding to the O-H
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stretching and bending vibrations of PVA [42]. The asymmetric and
symmetric stretching vibrations of the -CH, group have characteristic
absorption peaks at 2917 and 2846 cm™ respectively. The peak at 1103
cm* corresponds to the stretching vibration of C—O [40]. On adding HQ
to the PVA-KOH system, the peak corresponding to C-O stretching
vibration is widened. The peak related to OH bending vibration at 1375
cm™? gets slightly shifted and the band intensity decreases. Changes in
peak intensity and shifting of peak positions are observed as a
consequence of the addition of HQ. The peak intensities get reduced,
possibly due to the restricted motion of PVA chains [42] in the presence
of HQ. The changes in peak positions and intensities establish the
interaction between the PVA-KOH matrix and HQ.
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Figure 3: FTIR spectra of PVA-KOH and PVA-KOH-HQ based GPE films
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6.3.3 Thermal characterization
6.3.3.1 Thermo-gravimetric analysis (TGA)

There is an initial weight loss of 2% for PVA at 82 °C due to the
presence of the solvent, water, on the sample surface as seen in the
thermo-grams, depicted in figure 4. At 230 °C, second decomposition of
PVA takes place and this corresponds to 7 % weight loss. Around 98 %
weight loss happens at 730 °C indicating that PVA can be almost
completely thermo-decomposed [40] at this temperature. The initial
weight loss is very fast in PVA-KOH and PVA-KOH- HQ based GPE
films due to the water content present on the gel surface. The second
decomposition of the former GPE film is at 185 °C and the latter one at
230 °C. The weight loss curve of PVA-KOH based GPE film is at lower
temperature region than that of PVA-KOH-HQ based one. The HQ
content increases the thermal stability of PVA-KOH-HQ based GPE
film, compared to PVA-KOH based one. Around 70 % decomposition of
PVA-KOH and PVA-KOH-HQ based GPE films occurs at 730 °C as
shown in figure 4. It is evident that at 730 °C, PVA is completely
decomposed, but 30% of the GPE films still remains at that temperature.
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Figure 4: TGA curves of PVA, PVA-KOH and PVA-KOH-HQ based
GPE films

6.3.4 lonic conductivity studies

The impedance plots for the PVA-KOH-HQ based GPE films
having PVA-KOH system with different HQ concentrations of 0, 0.1,
0.2, 0.3 and 0.4g are shown in figure 5. The ionic conductivity values,
calculated as explained earlier, are observed to increase with the increase
in the concentration of HQ in the PVA-KOH system up to the HQ
concentration of 0.2 g and then start to decrease with further addition of
HQ. Maximum ionic conductivity of 53 mS cm™ is obtained for 0.2 g of
HQ content. The HQ acts as a redox mediator and redox shuttle
promoter in the electrolyte. At lower HQ concentrations, redox shuttle
function of HQ is not active in the system which leads to lesser ionic
conductivities at lower concentrations. When the amount of HQ increase
to 0.20 g, the redox shuttle function of HQ becomes active and the

electrolyte turns in to a quasi-solid state accompanied by the highest
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ionic conductivity. The HQ concentrations higher than 0.20 g lead to the
aggregation of free ions and the resulting crystallization of HQ in the
PVA system hinders the ionic motion and reduces the conductivity of
the GPE film [43, 44]. The concentration, 0.2 g of HQ seems to be the
optimal HQ amount to deliver maximum ionic conductivity in PVA-
KOH-HQ based GPEs films.
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Figure 5: lonic conductivity of PVA-KOH-HQ based GPE films
containing different amounts of HQ. Inset shows the
impedance plots of all the GPEs.

6.3.5 Cyclic voltammetry studies

Cyclic voltammetry (CV) performance of the electrolyte helps to
determine its operating potential window. The CV studies of PVA-

KOH-HQ based GPE films are carried out for 10 cycles at a scan rate of
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1 mV s in the configuration of SS/GPE film/SS [36] as shown in figure
6. The electrochemical stability of the GPE film in the potential range up
to 1 V is clear from the CV curves. An electrochemical stability window
of 1V with repeatability is considered ideal for GPE films to be applied

as solid electrolytes in supercapacitors.
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Figure 6: CV curves of the PVA-KOH-HQ based GPE films

6.3.6 Cyclic voltammetry of assembled Supercapacitors

The CV curves of the assembled supercapacitors, based on PVA-
KOH and PVA-KOH-HQ based GPE films at a scan rate of 5 mV s are
shown in figure 7(a). The supercapacitor with PVA-KOH based GPE
shows rectangular shaped CV curves with no oxidation-reduction peaks

from a Faradic current, over the potential region, as in an ideal electrical
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double layer capacitor. The CV curves of the supercapacitor with PVA-
KOH-HQ based GPE, having 0.2 g of HQ in the PVA-KOH system, at a
scan rate of 5 mV s™ are presented in figure. 7(a). These curves exhibit
rectangular curve behaviour along with wide oxidation and reduction
waves centred at around 0 V suggesting a combination of electrical
double layer capacitance (EDLC) and pseudo-capacitance.
Accumulation of charges at the electrode/electrolyte interface
contributes towards the EDLC behaviour and the reversible redox
reaction from HQ is responsible for the pseudo-capacitance. The redox
process at the electrode/electrolyte interface gives rise to pseudo-
capacitance for the electrode with the appearance of bumps in the CV
curves of the supercapacitor with PVA-KOH-HQ based electrolyte, due
to Faradaic processes. The total capacitance observed for the
supercapacitor with PVA-KOH-HQ based gel polymer electrolyte
should be the sum of the double layer capacitance and the Faradaic

pseudo-capacitance [45].
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Figure 7: (a) CV curves of the supercapacitors with PVA-KOH and
PVA-KOH-HQ based GPEs at a scan rate of 5 mV s™, (b) CV

curves of the supercapacitor with PVA-KOH-HQ based GPE
at scan rates of 5to 100 mV s*
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The CV curves of the supercapacitor with PVA-KOH-HQ based
GPE at different scan rates from 5 mV s to 100 mV s are shown in
figure 7 (b). Over the potential window, the supercapacitor shows
pronounced current response. It shows a small deviation in the CV curve
at higher scan rate of 100 mV s, may be due to incomplete redox
reactions as a result of fast ionic charge—discharge process and narrow
access of ions on the electrode—electrode interfaces [16]. The shapes of
the curves remain close to the rectangular shape at higher scan rates,
which suggests the excellent electrochemical stability of the

supercapacitor [30].

6.3.7 Galvanostatic charge/discharge (GCD) studies of the

assembled supercapacitor

The electrochemical capacitance of materials is evaluated using
galvanostatic charge/discharge studies. The GCD curves of the
supercapacitors assembled with PVA-KOH and PVA-KOH-HQ based
GPEs at a current density of 0.8 A g™ are shown in figure 8 (a). The
specific capacitance of the electrode Cs for the supercapacitors with
PVA-KOH and PVA-KOH-HQ based GPEs are determined to be 107.06
and 326.53 F g™ respectively at a charge/discharge current density of 0.8
A g*. Evidently, the C, of the supercapacitor with PVA-KOH-HQ based
GPE is larger than that of the supercapacitor with PVA-KOH based
GPE. It is clear that the redox mediator HQ can significantly improve

the capacitive property of the supercapacitor.

The compound, HQ is one of the strong electrochemically active

organic compounds that is involved in a two electron transfer redox
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reaction. During the charging of the supercapacitor, hydroquinone is
oxidized into quinone with 2H" and 2 electrons and during the discharge
process, quinone is reduced into hydroquinone via the gain of 2 electrons
with 2H" at its corresponding oxidation and reduction potentials, as
shown in figure 9 [16]. Hydroquinone predominantly exhibits
pseudocapacitance at the electrolyte—electrode interface and significantly
contributes to the total electrode specific capacitance of the

supercapacitor.

The charge/discharge curves of the supercapacitor with PVA-
KOH-HQ based GPE at various current densities of 0.4, 0.6, 0.8, 1 and 2
A g' are shown in figure 8(b) and the corresponding electrode
capacitance values are tabulated in Table 1. From the galvanostatic
charge/discharge curves at various current densities, the energy density
and power density are calculated using the equations given earlier. The
energy density and power density of the supercapacitor assembled using
PVA-KOH-HQ based GPE are 33.15 Wh kg™ and 689.58 W
kg™ respectively, at a current density of 0.8 A g™ and the corresponding
values for the supercapacitor with the PVA-KOH based GPE are 5.35
Wh kg™ and 428.6 W kg-1 respectively. The supercapacitor with PVA-
KOH-HQ based GPE has excellent electrochemical characteristics of
higher energy density and power density than those of the one with

PVA-KOH based GPE gel polymer electrolyte based supercapacitor.
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Table 1: Electrochemical performance data of the supercapacitor with
PVA-KOH-HQ based GPE at different current densities.
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0.4 90.497 361.99 45.85 384.05
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Figure 8: (a) GCD curves of the supercapacitors with PVA-KOH and
PVA-KOH-HQ based GPEs at 0.8 A g™ current density, (b)
GCD curves of the supercapacitor with PVA-KOH-HQ based
GPE at current densities from 0.4 to 2 A g™

Figure 9: Typical redox process between hydroguinone and quinone [16].

6.3.8 Electrode specific capacitance-current density plot
and Ragone plot

The electrode specific capacitance values of the supercapacitor at
various current densities are given in figure 10(a). It is observed that the
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capacitance slowly decreases as the current density becomes larger. At a
current density of 0.4 A g™, the electrode specific capacitance is 365.38
F g*. Significantly, its value is retained at 202.24 F g* at a current
density as high as 2 A g™*. The decrease in capacitance at higher current
density is attributed to the limited use of the redox reaction in
hydroquinone. The Ragone plot represents the energy density versus the
power density and such a plot of the supercapacitor with PVA-KOH-HQ
based gel polymer electrolyte is shown in figure 10(b).
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Figure 10: () Electrode specific capacitance (Cs) versus current density
plot of the supercapacitor with PVA-KOH-HQ based
GPE and (b) Ragone plot related to energy density and
power density of the supercapacitor with PVA-KOH-HQ
based GPE

6.3.9 Cycle-life testing

Cyclic durability is an important parameter to decide the
application prospects of a supercapacitor device [43]. The Cs variations
with 1000 charge—discharge cycles of the supercapacitors with PVA-
KOH and PVA-KOH-HQ based GPEs at a current density of 0.8 A g™
are shown in figure. 11. The device with PVA-KOH-HQ based GPE

shows excellent capacitance retention of 84.2% of its initial electrode
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specific capacitance after 1000 cycles.. The supercapacitor device with
PVA-KOH based GPE retains only 48.1% after 1000 charge/discharge
cycles indicating their poor cycling stability compared to that of the
supercapacitors based on PVA-KOH-HQ based GPEs. By adding HQ to
the PVA-KOH system, there is significant improvement in the specific
capacitance as well as the stability of the supercapacitor, making the gel
polymer electrolyte based on PVA-KOH-HQ), the highly prospective one
for designing high power, solid-state supercapacitor devices for the next

generation energy storage applications [30].
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Figure 11: Cycle life of the supercapacitors with PVA-KOH and PVA-
KOH-HQ based gel polymer electrolytes.

6.3.10 Self discharge

Self-discharge of the device is very important in energy storage
devices for assessing their practical application [11]. Time courses of the
open circuit voltage for the supercapacitors with PVA-KOH and PVA-
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KOH-HQ based gel polymer electrolytes are shown in figure 12. A rapid
self-discharge course within 2 hours is observed for the supercapacitor
assembled using the PVA-KOH-HQ based GPE. After two hours, the self-
discharge course is decelerated. After 10 hours,the output voltage is
observed as ~0.48 V. It is clear that the voltage decay for the device with
the HQ based gel polymer electrolyte is lower than that for the device with
the PVA-KOH based GPE. This implies that the self-discharge is
suppressed [46] by the gel polymer electrolyte containing HQ. The self-
discharge performance of the device with the PVA-KOH- HQ based GPE
IS better than that of the one with PVA-KOH based GPE, indicating the
advantages of HQ on improving the supercapacitor performance.
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Figure 12: Self discharge curves of the supercapacitors with PVA-
KOH and PVA-KOH-HQ based gel polymer electrolytes.
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6.4 Conclusions

A solid-state supercapacitor is developed with coconut shell
derived, steam activated carbon as electrodes and the redox mediated PVA-
KOH-HQ based gel polymer electrolyte serving the purpose of the solid
electrolyte and the separator. Presence of the redox mediator ‘HQ’ in the
electrolyte is found to boost the electrochemical performance of the
assembled supercapacitors. lonic conductivity is found to vary with HQ
concentration and a maximum conductivity of 53 mS cm™ is found for the
GPE films with the HQ concentration of 0.2 g. The GPEs have 1 V
electrochemical potential window with repeatability as observed from the
cyclic voltammetry analysis. The GCD analysis of the supercapacitors
assembled with the PVA-KOH-HQ based GPEs reveal high electrode
specific capacitance of 326.53 F g, energy density of 33.15 Wh kg™ and
power density around 689.58 W kg™ when cycled at a current density of 0.8
A g™ and 84.2% of the initial capacitance is found to be retained after 1000
charge-discharge cycles. From the electrochemical studies, it can be
concluded that the presence of the redox mediator HQ in the GPE films can
significantly influence the electrochemical performance of the assembled
solid-state supercapacitors by improving their pseudo-capacitance
behaviour, total specific capacitance and cycling stability. Redox mediators
offer high application prospects for improving the performance of energy
storage devices and the HQ based GPE films of the present work are highly
promising for the development of high power, solid-state supercapacitors
with enhanced capacitance, excellent cycling stability and good safety

standards for the next generation energy storage applications.
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Chapter 7

Summary, conclusions and scope
for further studies

A summary of the results of the work presented in the thesis and
the conclusions arrived at are dealt with, in this chapter. The scope
for further investigations based on the present studies is also
highlighted.

7.1 Summary and conclusions

The work presented in the thesis is centred on the studies on solid
and gel polymer electrolytes (SPEs and GPEs) for developing the next
generation all solid state rechargeable batteries and supercapacitors. The
prime objective of the work is to evaluate the electrochemical properties
of SPEs and GPEs to assess their application prospects in rechargeable
cells and supercapacitors and to understand in detail the lithium transport
mechanism. Safety is another important criterion to be addressed in
energy storage systems, since conventional liquid electrolytes have
many inherent problems related to safety issues. The possibilities of
leakage of the liquid electrolytes and short circuits inside the cells during
operation are the main concerns to be eliminated. Solid polymer
electrolytes are considered as excellent alternatives to their liquid
counterparts and their applications in electrochemical cells enhance the
safety aspects and offer flexibility in the design of the cell geometry.
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The possibility of having safe, durable and liquid free cells is one
of the main advantages of using solid electrolytes. However, the solid
type and the gel type polymer electrolytes face limitations due to lesser
ionic conductivity in comparison with conventional liquid electrolytes.
The prime objective of the work presented in the thesis is to propose
strategies for the identification of potential materials for developing
solid polymer electrolytes with enhanced ionic conductivity for
applications in emerging energy storage devices such as all solid state
lithium and sodium based cells, and supercapacitors. The highlight of the
present studies is the development of SPE films based on the PEO/PVP
polymer blend, treated with LiNOs, with ionic conductivity around
1.13x10°® S/cm, which is close to that of liquid electrolytes. These SPE
films are free standing and highly flexible and have excellent thermal
stability above 400 °C. They can be of potential applications in the
development of all solid state Li ion cells, using these SPEs serving as
the solid electrolyte and the separator, with high flexibility in the shape
and the size of the cells. Solid state lithium ion half cells with open
circuit voltages of 3V and 5V, assembled using these SPEs show
promising performance characteristics. Solid supercapacitors have also
been assembled using the gel polymer electrolyte film based on the
PVA-KOH-HQ system, serving as the electrolyte and the separator and

activated carbon as the electrodes.

The work presented in the thesis starts with the studies on the
SPE films based on the polymer blend of PEO and PVdF, treated with
LiNOs as the lithium source. The simple technique of solution casting is

used to obtain free standing, highly flexible and transparent SPE films
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with moderate Li ion conductivity, good thermal stability and
appreciable electrochemical activity suitable for applications in all solid
state Li ion cells. The XRD studies and the FTIR spectroscopic analysis
confirm the lowering of crystalline nature with higher amount of lithium
nitrate in the polymer blend and the complex formation of lithium nitrate
with the polymer blend. The smooth and porous nature of the SPE film
surface enhances the mobility of ion transport and the maximum ionic
conductivity of 8.245 x10° S cm™" is obtained with 10 weight % of
lithium nitrate in the polymer blend. These SPE films are
electrochemically stable up to 4V versus Li. The present investigations
have unveiled that the PEO-PVdF-LINO; based SPE films are
interesting materials with good application prospects in the field of solid
state devices and their promising electrochemical properties are

connected with their complex amorphous nanostructure.

The second study introduces the unique type of SPE films based
on lithium enriched PEO-PVP polymer blend. The SPE films based on
the PEO-PVP blend, treated with LiNOs as the lithium source are also
grown as free standing, transparent and highly flexible films by solution
casting method. In comparison with the previous work, PVP is used
instead of PVdF to make the polymer blend with the semi-crystalline
and rigid polymer, PEO. The amorphous nature of PVP is expected to
improve the flexible nature of the PEO-PVP blend system, which in turn
can facilitate better Li ion transport through the resulting SPE film.As
mentioned earlier,  these SPE films are found to exhibit excellent
thermal stability above 400 °C, maximum room temperature ionic

conductivity around 1.13x10° S cm™, wide electrochemical stability
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window above 4.8V and are endowed with excellent electrochemical
characteristics. These flexible and free standing SPE films with room
temperature ionic conductivity close to that of liquid electrolytes and
laudable electrochemical characteristics offer high application

prospectus in the design of all solid state Li-ion cells.

The next study deals with the assembling of two solid state Li ion
cells with the PEO-PVP-LINO;3 based solid polymer electrolyte film
serving as both the electrolyte and the separator. Cells have been
assembled with two different cathode materials, LiFePO, and
LiNigsMn; 50,4 to give open circuit voltages of 3V and 5 V respectively,
using Li metal foil as the anode. The cathode materials are synthesized by
sol-gel technique and are characterised structurally and morphologically
using the XRD and the FE-SEM techniques. The performance of the half-
cells assembled using LiFePO,4 and LiNipsMn; 50,4 cathodes and the SPE
film is assessed electrochemically using the CV and the GCD techniques.
Although the initial discharge capacity values and the nature of the CV
curves are promising, the capacity fading with increase in the number of
charge-discharge cycles is large. There are many challenges to be
addressed to achieve good capacity retention over larger number of cycles.
The synthesis conditions of the cathode materials have to be optimised to
get particle size in the 10-20 nm range and homogeneous particle size
distribution to achieve improvement in the cell performance. As an initial
attempt, the present results are promising which offer ample scope for
developing high voltage, all solid state Li ion cells.



Chapter 7 187

The next part of the research work deals with the studies on the
solid polymer electrolyte (SPE) films, based on the polymer blend of
PEO and the plasticizers EC and PC and complexed with NaNOg, and
modified with the addition of the nano-filler material Al,O3. These free
standing, flexible and transparent SPE films, obtained by solution
casting technique have good thermal stability upto 400" C as seen from
the thermal studies. The XRD studies establish the reduced crystalline
nature of these SPE films, due to the complex formation with the sodium
salt and the presence of the plasticizers and the filler material.. Easier ion
transport is promoted by the enhanced amorphous nature of the SPE
films which in turn leads to high Na ion conductivity. The complex
formation between the PEO based polymer blend and NaNOj3 can be
ascertained on the basis of the FTIR spectroscopy studies. The FESEM
analysis gives clear evidence for the smoother and porous surface
morphology of the SPE films. The most fascinating aspect of the present
studies is regarding the marvellous effect of the Al,O3 filler, in
enhancing the ionic conductivity of the SPE films substantially and
bringing it to around 1.86x10™* S cm™. The high room temperature ionic
conductivity and the electrochemical stability window up to 4V, coupled
with the excellent thermal stability of these SPE films are suitable for
developing all solid state Na ion cells, capable of stable operation at

temperatures much above room temperature.

The last part of the research work deals with the assembling of
solid-state supercapacitors with activated carbon as electrodes and the
redox mediated poly (vinyl alcohol)-pottassium hydroxide-hydrogquinone
(PVA-KOH-HQ) gel polymer electrolyte film serving as the electrolyte
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and the separator. Maximum ionic conductivity of 53 mS cm™ has been
obtained for these GPE films with HQ concentration of 0.29. The 1 V
electrochemical potential window with repeatability is another important
property of these GPE films. Solid state supercapacitors assembled using
activated carbon as electrodes and the GPE film serving the purpose of
the electrolyte and the separator are found to deliver high electrode
specific capacitance of 326.53 F g™, energy density of 33.15 Wh kg™
and power density of 689.58 W kg™ when cycled at a current density of
0.8 A g™.Another remarkable result is the observation that 84.2% of the
initial capacitance is retained after subjecting these solid-state
supercapacitors to 1000 charge-discharge cycles. It can be concluded
from the electrochemical analysis that the presence of the redox
mediator HQ in the GPE films can significantly influence the
electrochemical performance of the solid-state supercapacitors by
enhancing their ionic conductivity and the pseudocapacitance. Redox
mediators have high application prospects in improving the performance
of energy storage devices. The GPE films of the present work can be
considered as interesting candidates for the development of all solid state
supercapacitors with enhanced capacitance, excellent cycling stability
and good safety standards.

7.2 Future prospects

The results of the present investigations offer plenty of scope for
further studies to improve the performance of the materials and devices

developed in the present work.
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1)

2)

3)

Identification and development of nanostructured cathode
materials to design all solid state Li ion half cells with good
capacity retention over large number charge-discharge cycles.
Focussing more on the practical application of the three types of
the SPE films developed, attempts have been initiated for
assembling all solid state, Li ion and sodium ion full cells using
cost effective and eco-friendly cathodes and suitable anode
materials.

Development of different electrode materials based on metal
oxides and conducting polymers and GPE films for designing

high power solid- state supercapacitors.
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