CHAPTER 1

INTRODUCTION

This chapter gives a brief introduction to history and literature
review on Solid State lonics. The various classification of ion-
conducting electrolytes is discussed as especially the classification of
polymer electrolytes is elaborated in detail. The various applications

of polymer electrolytes in electrochemical devices are discussed.

1.1 Introduction on Solid State lonics

Having a look into the history of research on materials science, the researchers have
been showing persistently interest in searching for new materials along with their
application in the field of science and technology. Before 1960, the majority of devices
were based on electronically conducting materials, namely semiconductors. In 1950, the
invention of the transistor pioneered the field of semiconductors electronics with an
emerging new branch of science, named solid-state electronics. Only a few devices were
based on ion-conducting materials till the mid-1960s, many of them were liquid-
aqueous based electrolytes named aqueous batteries. Owing to the limited working
temperature range, corrosion of electrodes due to the liquid electrolyte, too bulky, etc., the
need for replacement of this liquid electrolyte discovered a new kind of ion-conducting solid
namely alkali metal halides [1,2]. Having a poor ionic conductivity, approximately 107 to
1012 S cm™ made it an unsatisfactory choice. By keeping in mind, above all shortcomings
of developed materials, in 1967, a new kind of solid ion-conductors came into existence i.e.
Ag" and Na* based ion-conducting materials such as MAgals (where M = Rb, K, NH.) [3]

and Na-B-alumina [4]. Owing to the high ionic conductivity, later on, a wide range of ion-



Chapter 1 Introduction

conducting materials have been reported with ionic species i.e. H*, K*, Li*, Na*, F~, Oz~ etc.
Ultimately, in 1967, a new branch of science, termed Solid State lonics emerged in the era

of the material science field [5].

Solid State lonics (SSI) is an interdisciplinary area of Science and Technology that deals
with the study of ionic solid exhibiting a wide range of ionic conductivity from 103 — 10
S cm™ [6,7]. The class of solid material having ionic conductivity of the order of 10° — 10°
1S cm™ comparable to those liquid electrolytes are referred to as “Fast Ion Conductor” or
“Superionic Solid”. In 1970, T. Takahashi (Japan) referred: The study of these new
emerging fields of material science as Solid State lonics and development of Solid State
lonics materials such as glass, ceramic, and polymer electrolytes was initiated which
established an upsurge of interest among researchers later [8]. The discovery of two new
super ion-conducting materials, one is silver ion-conducting material [9] and Na ion-
conducting material [4] created curiosity in the field of solid state ionics. Thereafter many
superionic solids containing different species such as Li*, K*, Ag*, H", F-, Oz~ were studied
and reported tremendous promises.
Nowadays, the active area of research study is on ion-conducting polymer electrolytes due
to their interesting and wide variety of applications in electrochemical devices such as
batteries, supercapacitors, fuel cells, sensors, electrochromic display devices, etc [10]. A
Superionic Solid or Solid Electrolytes have the following properties:

e High ionic conductivity of the order of 10°—10%S cm?;

e lons as principle charge carriers and ionic transport number are close to unity (tion~

1);
e Negligible electronic conductivity (Small electronic transference number (te < 10%);

e Low Activation Energy (0.1 ev — 1 ev).
The main key factor of these ionic conducting materials to be used in the application is high
ionic conductivity which depends on many factors such as the structure of the crystal, degree
of disordered in the lattice, mobile ion size, the interaction between ion-ion, number of the
vacant site, the available path for the migration of ion [11,5]. Based on composition and
microstructural properties, various ion-conducting were broadly classified into different

categories [12,13].
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1.2 Classification of lon-Conducting Materials

Framework crystalline /
—  polycrystalline solid
electrolytes

' Glassy / Amorphous solid Solvent—free polymer salt

7T " — complexes or dry solid
Classification of electrolytes polymer electrolytes
lon-Conducting kg
Materials || Composite solid | Plasticized polymer

electrolytes electrolytes

Rubbery polymer

——Polymer based electrolytes —— electrolytes

— Gel polymer electrolytes

Composite polymer
electrolytes

Based on the microstructure and physical properties, the ion-conducting materials are

classified as follows:

Framework crystalline / polycrystalline solid electrolytes.
Glassy / Amorphous solid electrolytes.

Composite solid electrolytes.

Polymer-based electrolytes.

1.2.1 Framework Crystalline / Polycrystalline Solid Electrolytes

The material having an ordered structure where a significant number of ions find an easy

conduction pathway is defined as crystalline/polycrystalline solid electrolytes. Such a type

of material contains a rigid skeleton structure and mobile ions. These materials can be

classified into the following subcategories:

a) Soft framework crystalline materials e.g. Agl, Cul.
b) Hard framework crystalline materials e.g. B-Alumina, LiAlSiO4, NASICON.

The soft framework crystalline materials have the following properties:

1) They have ionic bonding.

2) The mobile ions are highly polarisable (e.g. Ag, Cu) with low Debye temperatures.

3) Shows sharp order-disorder phase transition. Soft frameworks are generally

prepared by using a solid solution of double type MX:X NY, where, MX is doping
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salt with M = K, Rb, etc. X =1, Br, CI, S etc. And NY is host salt such as Cul, Lil,
Agl, etc. Agl is the most studied material [14].
The hard framework crystalline materials have the following properties:
1) They have a covalent bond.
2) The mobile ions have low polarizability with high Debye temperature.
3) There is less sharp order-disorder phase transition.
They are usually metal oxide. NASICON / LISICON [15] and  — Alumina [4] are two
families of hard crystalline material. The ion transport phenomenon in these class of solid
electrolytes are governed by the Lattice gas model, Free-ion model, Jump relaxation model,

Coupling model, and Counter-ion model, etc. [16,17].

1.2.2 Glassy /Amorphous Solid Electrolytes

Glassy/Amorphous solid electrolytes have certain advantages over their crystalline
counterparts or crystalline/polycrystalline materials such as high isotropic ionic conduction
at room temperature, absence of grain boundaries, low activation energy, low electronic
conductivity, higher thermal stability below glass transition temperature (Tg), the possibility
of preparation into a desirable shape, size, thin films. They can be prepared over a wide
range of compositions. Generally, glassy/amorphous materials can be prepared by melt
quenching method which contains a mixture of glass former, a metal oxide as glass network
modifier, and dopant salt. The compositional formula is MX:M20:AxOy, where MX =
dopant salt (Agl, Pblz, Cdl., etc.), M2O = glass modifier usually metal oxide Ag-0, Cu20,
Li>O, Na20, etc.) and AxOy = glass former (SiO2, B203, GeO2, P20s, M0Oy, etc.) [18-20].
The ion conduction mechanism in this class of material is governed by the Anderson Stuart
model, Weak electrolyte model, Random site model, Cluster by-pass model, lon association
model [21,22].

1.2.3 Composite Solid Electrolyte

Composite solid electrolytes are known as multi-dispersed phase solid electrolytes
(heterogeneous solid electrolytes) which may be obtained by mixing inert insulating
materials i.e. AP.O3, SiO2, Fe;0s3, ZrO> in different ionic salt AgBr, Ag Cl, KCI. It has been
observed that the addition of these nano-size particles in the host ionic conductor results in
improvement of various properties such as ionic conductivity, physical, mechanical

properties as well as improve electrode-electrolyte interfacial properties. In 1973, Liang had
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observed an enhancement in conductivity (10%-10° times) of Li* in Lil — Al,O3 system [23].
Then lots of studies in this field were done. Some examples are Agl —Al>03, Agl — AgCl,
Agl — SiOz fumed, Agl — AgCI - Al203, LiCl - Al2Os, and Li2MnCIO4 — CeO: [24,25].
Conduction Mechanism can be explained in these types of materials by Space-charge model,

Adsorption — desorption model, Percolation model, Mobility enhancement model [26,27].

1.3 Polymer Electrolytes

Polymer-based electrolytes have attracted the interest of scientists due to high ionic
conductivity near to that of liquid electrolytes due to ease of fabrication in form of thin film,
good electrode-electrolyte contact, free from leakage as compared to traditional liquid
electrolytes. It has superior properties as compared to other solid electrolytes [28-30].
Polymers are large macromolecules composed of repeating structural units connected by
covalent bonds. The polymer backbone generally consists of carbon atoms with various side
groups like CH2, CHsz CH, CI, N, Br, I, and the polymers with carbon atoms only in its
backbone are known as organic polymers (Ex. PEO, PVA, etc.) and the inorganic do not
contain any carbon atom in their backbone chain (Ex. Glass, Silicone rubber). Polymer solid
electrolytes are formed by adding alkali metal salt MX (M = Li, Na, Ag, Cu, etc. and X =1,
F, Cl, etc.) having low lattice energy and bulky anion [31] in host polar polymers like
polyethylene oxide (PEO), polypropylene oxide (PPO), etc. These electrolytes can be
prepared via various preparation techniques such as Solution-casting techniques,
Electrodeposition method, Sol-gel method, Hotpress technique [32-34]. To explain the ion
conduction mechanism in polymer electrolytes, free volume model and percolation model
are applicable [35,36].

1.3.1 Polymer-Based Electrolytes: An Overview

The first polymer electrolyte was reported by Fenton et al. in 1973 [37] by complexing
alkali metal salts in a high molecular weight polar polymer polyethylene oxide (PEO) and
then P. V. Wright reported the electrical properties of these polymer salt complexes [38].
Later, Armand et al. in 1979 in their work, demonstrated the battery application by using
PEO and lithium salt complex solid polymer electrolyte (i.e., PEO — Li * system) [13]. After
then a wide range of polymer electrolytes has been investigated involving different kinds of

mobile ion species like Li*, Na*, H*, K*, Ag*, F1, 0% as principle charge carriers [39] and
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various kinds of the polymer are being used as host polymers like PEO, PMMA, PVA, PVC
and PVDF [40]. These polymer electrolytes have shown tremendous applications in a wide
variety of electrochemical devices such as Electrochemical batteries, Supercapacitor, Fuel-
cells, Electrochemical displays, etc. [10].

Polymer electrolytes should possess the following properties to be used in the development
of solid-state devices:

e High ionic conductivity o > 10* S cm™ at room temperature close to liquid
electrolytes.

e High ionic transference number tion ~1.

e Good mechanical, thermal, and chemical stability. High chemical stability is
required to avoid chemical reactions at electrode-electrolyte interfaces. To operate
at a wider temperature range, thermal stability is required.

e Wider electrochemical stability window as highas4to 5 V.

e Low activation energies for ion conduction.

e Low glass transition temperature (Tg) is required for high ionic conductivity.

Properties required for a polymer to be used as host polymer:
In polymer electrolytes, the fundamental mechanism of ion conduction is the covalent
bonding between the polymer backbones with the ionizing groups. When lithium salt is
added to the host polymer. It gets dissociated by interaction with the polar groups of polymer
and ion moves through long polymer chains by hopping process [41]. The polymer should
have the following properties:
e A polymer must have an electron donor group (an atom with at least one lone pair
of electrons) such as O, N, and S for coordinating with ions (cations).
e Provide fast segmental motion of polymer chain with a low barrier to the bond
rotation.
e Low glass transition temperature.
e High molecular weight.
e It should have the properties of more salt dissociation.
A large number of potential polymers have been explored [41]. Some of the polymers are

listed along with their specification in Table 1.1.
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Table 1.1 Properties of used polymers as polymer host in polymer electrolyte.

Sr.  Polymer Repeat Unit Ty Tm
No. C) (O
1 Poly(ethylene oxide) (PEO) —(CH2 — CH20) - -64 65
2 Poly(propylene oxide) (PPO) —(CH(-CH3) CH:0) n — -60 A
3 Poly (acrylonitrile) (PAN) —(CH2-CH (-CN))n — 125 317
4 Poly (methyl methacrylate) —(CH,C(-CH3) (-COOCHa))— 105 A
(PMMA)
5 Poly (vinyl chloride) (PVC) —(CH, - CHCl) - 85 A
6 Poly (vinyldene fluoride) —(CH2-CF2) n— -40 171
(PVDF)
7 Poly(vinylidene fluoride — — (CH.CF,) x (CF,CF — CF3)y — -90 135
hexafluoridepropylene) (PVDF-
HFP)

* A = Amorphous

Properties of salt as conducting species
In polymer electrolytes, salt is a major component, which should have the following
properties [42].

1. Smaller cationic radii and bigger anionic size.

2. It should have low lattice energy or high solvation energy.

3. High ionic conductivity.

4. The changing density of the anion should be low to reduce the number of ions — pairs

with cations [43].

o1

High thermal and chemical stability.

6. Anion and cation, both should be inert towards other components such as separator

and electrode substrates.

The ionic conductivity for a given ionic species are as following:
CH3COO™ < F < CIF < Br < I < SCN™ < ClO4 < BFs< CF3S03™ < (CF3S0O2)2.
Among these, CIOs~ or CF3SOs™ have low lattice energy, so it can be easily dissociated
when added to the polymer. So, it is the most suitable choice for polymer salt complexes.
Different kinds of cations are:
(i) Monovalent cations, such as Li*, Na*, K*, Cs* and NH4".
(i) Divalent cations: Mg 2*, Ni?*

(iii) Trivalent cations: La 3", Nd 3", Eu " have been utilized.
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Some characteristics of salt are given below.
(1) Dissociation constant: LiTF < LiBFs< LiPFe< LiTFSI < LiBOB.
(2) Average ion mobility: LiBFs > LiClO4> LiAsFs> LIiTF > LiTFSI [41].

1.3.2 Classification of Polymer Electrolytes
Based on the preparation method, physical properties, and structural properties, the polymer
electrolytes are classified into the following categories:

e Solvent-free polymer salt complexes or dry solid polymer electrolytes;

e Plasticized polymer electrolytes;

e Rubbery polymer electrolytes;

e Gel polymer electrolytes;

e Composite polymer electrolytes.

1.3.2.1 Solvent-Free Polymer Salt Complexes Or Dry Solid Polymer Electrolytes

Dry solid polymer electrolytes are prepared by dissolving ionic salt into high molecular
weight polar polymer hosts where the organic liquid is not used. Usually, the polymer should
have a high dielectric constant and salt with low lattice energy [44]. The ionic conductivity
of these electrolytes is in the range of 107 to 10° cm™. In 1977, the first solvent-free or dry
solid polymer electrolytes was invented which is a poly (ethylene oxide) (PEO) based
system [45]. PEO is widely used due to the fact that it forms stable dry complexes because
of the interaction of salt cation with polar polymer with polar groups (-O—, -H—, -C-H-)
in polymer chain which has sufficient donor ability [45]. lon transport in the polymer
electrolyte, a consequence of local relaxation as well as segmental motion. Figure 1.1

depicts a schematic representation of ion conduction within the polymer electrolyte.

1.3.2.2 Plasticized Polymer Electrolytes

Plasticized polymer electrolytes are obtained by adding a small amount of low molecular
weight polar organic solvent/plasticizer into dry solid polymer electrolytes. These small
molecular plasticizers easily penetrate the polymer matrix and create attractive forces
between themselves and polymer chain segments which reduces cohesive forces between
polymer chain results in enhancement polymer segment motion, as a result, the glass

transition temperature (Tg) value is reduced [40] and provide conduction channels. The
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incorporation of plasticizers improves the flexibility of the polymer chain. The addition of
plasticizers reduces the degree of crystallinity and enhances the segmental motion of the
polymer chain. According to M. H. Buraidah, plasticizers and polymer do not interact
chemically with one another but donor atoms of plasticizers might be placed in between
coordinating sites in the polymer and present a network site for ions to reside [46]. So, the
ion can hop from one coordinating site to another via donor atom sites contributed by the
plasticizer hence hop requires low activation energy. Incorporation of low molecular weight
plasticizer poly (ethylene glycol) (PEG), an organic solvent such as ethylene carbonate
(EC), propylene carbonate (PC) diethyl carbonate (DEC), dimethylformamide (DMF) is a
common approach. Such addition generally results in enhancements in solid polymer
electrolytes which is accompanied by loss of dimensional stability and lack of compatibility
with electrodes or poor interfacial stability with lithium electrodes which prevent them little

use in all-solid-state electrochemical devices.
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Figure 1.1 Pictorial view of hopping of cation through polymer chain motion and via ion clusters
[43]

1.3.2.3 Rubbery Polymer Electrolytes OR Polymer-in-Salt Systems

Rubbery polymer electrolytes are prepared by dissolving a small amount of high molecular

weight polymer like PEO, PPO in a relatively large amount of salt. This type is also referred
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to as the ‘Polymer-in-salt’ system. The glass transition (Tq) of these polymer electrolytes is
low enough to maintain a rubbery state. The highest room temperature conductivity of about
~ 2 x102S cm™ has been reported for the polymer-in-salt system: AICI; — LiBr — LiCIO4
—PPO [47]. The room temperature conductivity of rubbery electrolytes is quite high but the
crystallization of salt at lower temperatures prevents its practical application in

electrochemical devices.

1.3.2.4 Gel Polymer Electrolytes

Gel polymer electrolytes (GPESs) are usually obtained by incorporating a large amount of
organic liquid solvents/ plasticizers into a polymer matrix. GPE is neither solid nor liquid
[48]. The organic solvent /plasticizer remains trapped within the polymer matrix and gel is
formed or polymer network swelled with organic plasticizers hence it possesses both the
cohesive properties of solid and diffusive properties of the liquid. The ionic conductivity of
these GPEs is comparable to liquid electrolytes. The idea of the plasticizing polymer was
proposed by Feuillade and Perche in 1975 [49]. Since then, a large number of gel polymer
electrolytes have been reported using various polymer hosts such as poly (ethylene oxide)
PEO [50], poly (acrylonitrile) (PAN) [51], poly (methyl methacrylate) (PMMA) [52], poly
(vinylidene fluoride) (PVDF), poly (vinylidene fluoride—co-hexafluoropropylene) (PVDF-
co—HFP), etc. with high ionic conductivity ~ 10 — 102 S cm™ at ambient temperature. The
addition of plasticizers can result in greater ion dissociation which increases the number of
charge carriers for ionic transport [40]. The commonly used plasticizers /organic solvents
have been presented in Table 1.2.

Table 1.2 Properties of some organic solvent/ plasticizers [53,54].

Organic Melting  Boiling Density  Dielectric Molecular
solvent/Plasticizers point point  (gcm?®)  constant weight
) (C) (€)
ethylene carbonate (EC) 36.4 248 1.32 89.78 88.06
propylene carbonate (PC) -48.8 242 1.20 66.14 102.09
dimethyl carbonate (DMC) 2.4 90 1.06 3.12 90.08
diethyl carbonate (DEC) -43.0 126 0.98 2.82 118.13
Y-Btyrolactone (BL) -43.3 204 1.13 39.00 86.09

The plasticizers should possess specific properties such as [55,56]
1. It should have a high dielectric constant.

2. It must possess low viscosity.
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It should have a high boiling point.

It must have a low melting point.

It should be non-toxic and non-volatile.

It should be non - reactive with electrodes.

N o o &~ w

It should have a higher donor number for more dissociation of ions.

The plasticizers with above said properties aid to form better gel electrolytes which
ensure high ion concentration, better ion transport, prevent solvent evaporation, etc. The
main drawback associated with these materials, mechanical properties detreat by applying
a large amount of plasticizer. This problem was overcome by cross-linking of polymer,
blending of two polymers. Cross-linking can be done by exposing radiation, UV, thermal,
photo, electron beam, etc. which helps to trap the liquid electrolyte (plasticizers + salt)
within the polymer matrix. Besides good ionic conductivity, compatibility with an electrode
an essential parameter in electrochemical devices.

In the present work, PVDF-HFP has been chosen due to high anodically stable
because of the strongly electron-withdrawing function group (-C—F-). In addition to this
high dielectric constant (¢ ~ 8.4) of PVDF-HFP assist in greater dissociation of lithium salt

which provides a large concentration of charge carriers.

1.3.2.5 Composite Polymer Electrolytes

The composite polymer electrolytes are prepared by dispersion of nano-size filler particles
in polymer electrolytes. These nano-size inert particles modify the mechanical, electrical,
structural properties of polymer electrolytes. It has been observed, when nano/micron size
inert particles are added to the polymer electrolyte system, the conductivity of the system
enhances by some order. Fillers are basically oxides like TiO2, SiO2, Al203, BaTiOsg,
PbTiOs, ZrO,, etc. This type of fillers are passive filler, when added to polymer electrolytes
the system does not undergo any kind of chemical changes or chemical bonding and they
do not involve in the ion transport process but with the addition of filler:

)} Increases amorphous region in the polymer.

i) Provide a new path for charge carrier’s transport.

iii) Behaves as a nucleation site for small crystallites formation.
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Table 1.3 Examples of studied polymer electrolytes system along with conductivity values.

Sr.  Polymer electrolytes Conductivity Ref.
No. (Scm™)
1 PVA-PVDF-LICIO, 3.03x10° [59]
2 PVA-PVDF - LiCF3SO; 2.7x107° [60]
3 PEO-LiAsFs— MMT 4x10° [61]
4 PVA - LiCFsSO; 7.0x 10 [62]
5  PEO - LiPFs 1.5x 10" [63]
6 PEO- LiBF, 1x10° [64]
7 PEO-LiClIOs—PC 8x 10" [10]
8  PEO - LiCFsS0s— EC 1.4 x 10 [65]
9  PEO - LiCFsSOs— PC 5.4 x 108 [65]
10 PVC-PEMA - LiCIO;— PC 3.45 x 1073 [66]
11  PAN — EC/PC/DMF - LiClO, 4x10" [67]
12 PMMA — EC/PC — LiClO, 1x10° [52]
13 PVDF/PMMA — EC/DMC - LiPFs 1.21x10° [68]
14 PVDF/PEMA - EC/PC — LiC10s4 1.5x 10" [69]
15 PVC — EC/PC - LiC104 4 %107 [70]
16 PAN —EC/PC - LiClOs4 4x10° [70]
17 PVAF(HFP) — PC — DEC — LiCIO, 2.6x10° [71]
18  PAN - PC — EC - LiN(CF3S05); 2.0x10° [72]
19 PMMA — DMA — LiCF3SO; 5.5 x 10° [73]
20 PAN - PC-EC - LiCF4 4.5x10° [72]
21  PMMA - PC — DEC - LiClO4 — MMT 1.3x 1073 [74]
22 PMMA — LiCF3sS0; — SiO; 7.30x 10 [75]
23 PEO - LiBF;—TiO; 1x10% [76]
24  PEO — LiCF3S0; — Al,O3 9.78 x 10°° [77]
25 PEO - LiCIO, - TiO, 2x10° [78]
26 PVDF - HFP — EC — DEC — LiPFs — Al,O3 1.95 x 103 [79]
27 PVDF-HFP-PMMA-LiCF;SO3;—(PC-DEC) - SiO; 1x107 [80]
28  PVDF-HFP — LiTFSI - SiO; 13x10° [81]
29  PVDF-HFP — EC — PC — NaPF¢— TiO; 13x10° [82]
30 PVDF-HFP-PMMA-PEOQ -Si0; @PMMA 8.54x10°° [83]

The nano-filler with Lewis-acid surface group interacts with host polymer and ion which
reduces ion coupling between them gives rise to free charge carriers in the system.
Additionally, the volume, size, and shape of the added filler particles have an impact on
electrical properties. Li et al.[57] have investigated the effect of TiO2 on the morphology of
poly (vinylidene fluoride—co—hexafluoropropylene) (PVDF-co-HFP) complexed with
LiPFe. The incorporation of nanofillers to polymer electrolyte leads to better stability at the
electrode-electrolyte interface compared to micron size filler as reported by Kumar et al.
[58] and depicted in Figure 1.2.
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Some of the different polymer electrolytes with their conductivity values are given in Table
1.3.

(a) (b)
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Figure 1.2 Schematic view of polymer host with inorganic nanofiller with the size of nanometre
and (b) micron interfaced with electrodes [58]

1.4 Applications of Polymer Electrolytes

The polymer electrolytes have vast applications in different electrochemical devices due to
their owing properties such as high ionic conductivity, wider electrochemical stability, ionic

transport number close to unity.

Applications of
PEs

]
[ | | | | |
Electrochemical Electrochromic : Dye-sensitized
. Fuel Cells : Supercapacitors
Batteries displays Solar cells

1.4.1 Electrochemical Batteries

Batteries have become a need for everyone in everyday life. Batteries convert
electrochemical energy into electrical energy and store it by means of oxidation-reduction
reactions. EMF is developed across the electrodes due to the difference between the
chemical potential of the anode and cathode, which is governed by Gibbs free energy (AG)
involved in the chemical reactions at the electrode-electrolyte interfaces.
AG
E= — (1.1)
where n is the valency of conducting species and F is faraday’s constant.
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The main role of polymer electrolytes in electrochemical batteries is to separate electrodes.
i.e anode and cathode. The polymer electrolyte is an electron insulating material where
migration of ions takes place from anode to cathode during the discharge process and the
reverse process is done during recharging of batteries [84]. The battery generates power by
means of the transfer of electrons via external circuits. Batteries consist mainly of three
components. (1) The cathode as a positive electrode (2) Anode as a negative electrode (3)
Electrolytes as a separator. Figure 1.3 depicts a schematic representation of the battery.
Anode with low reduction potential undergoes an oxidation reaction at interface and electron
transfers towards cathode via an external circuit. Cathode with high reduction potential
undergoes a reduction reaction at the interface by accepting electrons which transferred from

the anode via an external circuit.

Figure 1.3 Schematic diagram of a typical battery

The energy of the battery depends on redox reactions that take place at electrodes. It is the

difference between the standard electrode potential of anode and cathode.
V=E cathode~ Eanode

The chemical reactions involve the Gibbs free energy which leads to generates the emf
across two electrodes. Generally, the batteries having gel polymer electrolyte compared to
liquid electrolyte have many advantages such as leakage-proof, long life cycle, and safe.
Till date, different types of electrochemical battery has been invented possess different
energy density. Figure 1.4 depicts a comparison of different batteries with respect to their
energy density.
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Figure 1.4 Comparison of all types of batteries in terms of energy density [85].

1.4.2 Electrochemical Capacitor or Supercapacitor

Supercapacitors are able to generate high power as compared to the battery but cannot store
charges as the battery can. A supercapacitor is an energy storage device that possesses higher
capacitance as compared to a conventional capacitor. Supercapacitor also consists of two
electrodes and electrolyte material. A schematic diagram of the supercapacitor is given in
Figure 1.5 [86]. A polymer electrolyte is sandwiched between two electrodes as shown in
the diagram [87]. Supercapacitors are classified into three categories (Figure 1.6) depending

on used electrode material and mechanism of charge storage.
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Figure 1.5 Schematic structure of Supercapacitor [89]
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Supercapacitors
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Figure 1.6 Classifications of Supercapacitor [88]

In the EDLCs capacitor, two identical electrodes are used which contain activated carbon
graphene, carbon nanotube, aerogel, xerogel, etc. In Pseudo capacitor, noble metal oxides
such as MnO», CoOx, RuOx, NiOx or conducting polymers such as polyaniline, polypyrrole,
polythiophene are used. In a hybrid supercapacitor, one electrode is of EDLC type and

another electrode is of pseudo-capacitor type is used.

1.4.3 Fuel Cell

The Fuel cell is an electrochemical device that converts chemical energy into electrical
energy. A schematic representation of the Fuel cell is depicted in Figure 1.7. Polymer
electrolytes in the fuel cells are capable of carrying H* produced by fuel oxidation at the
anode to cathode. Anode act as a reducing electrode and cathode act as an oxidizing
electrode. The difference between fuel cell and battery, in which fuel should be continuously

applied to it through external agencies, whereas reactants are stored in the case of battery.
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Figure 1.7 Schematic diagram of fuel cell
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The fuel cell provides electrical energy as long as fuel is present whereas, in the case of a
battery, it provides electrical energy depending on the charging-discharging cycle life of the
battery. The fuel cell can be classified into different categories according to the type of
electrolytes and electrode such as molten carbonate fuel cells (MCFC), alkaline electrolyte
fuel cells (AFC), solid oxide fuel cells (SOFC), phosphoric acid fuel cells (PAFC), proton
exchange membrane fuel cells (PEMFC) [90], direct methanol fuel cells (DMFC), etc [91].

1.4.4 Dye-Sensitized Solar Cell (DSSC)

A dye-sensitized solar cell (DSSC) is a photo-electrochemical device. The prediction of the
generation of electricity by illuminating an organic dye was given in 1968 [92] and the first
DSSC was constructed and shown in 1972 [93]. The design of a DSSC is shown

schematically in Figure 1.8.

Ti02 with dye

Electrolyte (I'/ 1)

Figure 1.8 Schematic representation of Dye-sensitized Solar Cell

In traditional semiconductor solar cells, Si is used both for the generation of charge and as
a transport medium but in DSSC photoelectrons are provided by the dye, and TiO: is used
for their transport only. In DSSC, titanium oxide (TiO2) nanoparticles are coated with a dye
to absorb light from the sun and then covered by a conducting glass [94]. DSSC contains an
electrolytic solution having /13~ couple and platinum electrode. The electron gets excited
after absorption of light energy in dye and injected electrons into TiO2 nanoparticle diffuse
towards glass electrode. These electrons pass through an external circuit and are received
by the platinum electrode and then received by the iodine molecule within the electrolytic
solution. Thereafter, the regeneration process takes place. The DSSC having liquid

electrolyte has high efficiency compared to solid electrolyte but suffers from leakage and
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corrosion problems. Nowadays, a wide range of solid, gel, and nanocomposite polymer

electrolytes have been invented to fabricate solar cells [95,96].

1.4.5 Electrochromic Display Devices (ECDs)

It is an electrochemical display device in which color changes as a result of energy output.
The phenomenon in which material changes their optical properties under the application of
a small electric field called “Electrochromism” and the material is known as electrochromic
materials. Because of the electrochemically induced oxidation and reduction process, it can
reversibly change color with the response of the electric field [97]. This type of material has
promising applications in various fields such as smart windows, color-changing displays,
aircraft, sunglasses, sunroofs, etc [98].

Substrate |

Conducting film

Elcctrochromic fil

Polymer electrolyte

f} lectrochromic film 1 I

Conducting film

Substrate 11

Figure 1.9 Schematic diagram and configuration of electrochromic device design [99]

The electrochromic display devices usually consist of multi-layered structures such as
substrate, transparent conductor, electrochromic, electrolyte, ion storage/electrochromic
layer, transparent conductor, and substrate as shown in Figure 1.9 [100]. In a typical
electrochromic device, the transparent conductor (electronic conductor) works as a working
electrode that needs to follow the electrochromic layer. The polymer electrolytes where
conduction of ions takes place and supporting oxidation-reduction between the electrodes.
The electrochromic layers change color under the application of the field. While the ion
storage layer act as a buffer. When ions in the electrolyte are intercalated into the
electrochromic layer, the ion storage provides ions to the electrolyte and captures ions.
Nowadays, ion storage is replaced by an electrochromic layer. This electrochromic film is
a mixed electronic-ionic conductor. The colorful responses of conjugated polymers to

voltage are derived from the changes of electron states in molecules [101].

18| Page



Chapter 1 Introduction

1.4.6 Sensors

Electrochemical sensors are studied widely and they are based on a redox reaction, at a
working electrode resulting in a change in the electrical signal. The main principle of this
device is monitoring change in electrical signal [45].

solid state sensors are commercially used to sense gases and ions in different systems. Solid-
state sensors can be classified into two types (i) Impedance type (ii) Electrochemical type.
In the first type of sensor, the conductivity of the solid electrolyte changes due to different
gaseous atmospheres and is monitored. In the second type of sensor, electrochemical
reactions (redox reaction) at the electrode/electrolyte interface are monitored. Polymer
electrolyte-based sensors so far developed for gas sensing and humidity. Some examples
are COx, NOx, SOx sensors for controlling pollution, ammonia sensors, oxygen Sensors
[102].

1.5 Motivation and Objective of The Present Work

As discussed above, the polymer electrolyte is an essential component as a separator
in various electrochemical devices such as batteries, supercapacitors, solar cells, fuel cells,
etc., The function and working of the device depend on the properties of the polymer
electrolyte. The basic requirements of the polymer electrolyte are high ionic conductivity,
wider electrochemical stability, high ionic transference number, good mechanical strength
to withstand with electrodes, long life cyclability, etc., especially for the battery application.
Various kind of polymer electrolyte systems using polymer hosts such as poly(ethylene
oxide) (PEO), poly(methyl methacrylate) (PMMA), poly(acrylonitrile) (PAN), poly(vinyl
chloride) (PVC), and poly(vinylidene fluoride) (PVDF) have been studied as discussed in
the previous section. However, the solid polymer electrolytes system with the above said
host polymer still faces the problem of low ionic conductivity of 10° to 107 S cm™ which
is not suitable for the battery application. Alternatively, the gel polymer electrolyte system
has been found as a potential candidate due to its high ionic conductivity of the order of 10
“t0 10 S cm™. Apart from it, other interesting points are no leakage, ease to prepare and
shaped it in the form of thin-film, no degradation, high compatibility with electrodes, high
energy density, etc. Gel polymer electrolyte can be obtained by incorporating a large amount

of plasticizers having the ability to dissolve the salt and provide a large number of free ions

19| Page



Chapter 1 Introduction

for ion conduction. The plasticizer also maintained a liquid state in between polymer matrix
owing to its non-volatile nature and ion transportation takes place through this liquid-rich
swollen gel phase. The discussed parameters of polymer electrolyte depend on the properties
of the individual constituent and their compatibility with each other while forming
composition. Despite these outstanding properties of GPE, a large amount of plasticizer
leads to poor mechanical strength and less compatibility towards the metal anode. Hence,
in the present study rather than a single polymer, blending of the two polymers has been
considered. As a host polymer poly(vinylidene fluoride - hexafluoropropylene) (PVDF-
HFP) has been adopted due to its superb properties such as semi-crystalline nature which
provide mechanical integrity and high dielectric constant &’ ~ 8.4 which helps for the higher
dissociation of salt. Along with this, poly(methyl methacrylate) (PMMA) is blended with it
owing to its amorphous nature which facilitates in increasing the amorphicity. A schematic
diagram of the structure for the blended polymer electrolyte is shown in Figure 1.10.

crystalline
region

amorphous
region

Polymer with a more
amorphous region
Figure 1.10 schematic diagram of the structure for the blended polymer electrolyte

Semicrystalline polymer Amorphous polymer

Another required component is salt which should have a low lattice energy and small
anionic radius so that the ion can diffuse easily through the polymer matrix. The present gel
polymer electrolyte system consists of LiClOg as a salt due to its smaller dissociation energy
and high solubility in the solvent. In gel polymer electrolyte, plasticizers play an important
role which softens the polymer backbone as well as dissociates salt species that increases
the number of free ions. Hence, high dielectric permittivity and low viscosity are essential
properties of plasticizers to promote ion-pair dissociation. Hence in the present study the
mixture of PC (&'~ 64.4, viscosity n at 25 °C ~ 2.53 mPa S) and DEC (&' = 2.82, viscosity
n at 25 °C ~ 0.748 mPa S) is taken. However, excessive use of plasticizers deteriorates its

mechanical strength and makes the electrolyte non-compatible with the electrodes of the

20| Page



Chapter 1 Introduction

battery system. To overcome this problem, the nano-particles are incorporated in the
optimized gel polymer electrolyte system. It is expected that the combination of plasticizers
and nano-particles would be of great importance to achieve desirable properties of polymer
electrolytes for battery application. Al,Oz is chosen as a passive nano-filler to achieve nano-
composite gel polymer electrolyte (NCGPE) because of its hydrophilic nature, high
dielectric constant, and surface area. All these properties of the nano-filler lead to a decrease
in the degree of crystallinity which enhances the free volume through the polymer matrix
and consequently the number of free charge carriers increases.

After a deep literature review and with consideration of all discussed parameters
above, the aim of the present study is to study the properties of the gel polymer electrolyte
system for the Li* ion battery application. In the present work, the designed polymer
electrolyte constitutes PVDF-HFP and PMMA as host polymer, LiClO4 salt as an ion-
conducting species, PC and DEC as plasticizers, and Al,Os as nano-filler. The main
objective of the present thesis is “Electrochemical properties of nano-composite polymer
blend gel electrolytes for battery applications”

Prepared series in the current study are:

Series (a): PVDF-HFP:PMMA -PC:DEC (1:1)- x wt.% LiCIlOg,
where x =2, 4,5, 7.5, 10

Series (b): PVDF-HFP:PMMA - 10 wt.% LiClOs- x wt.% PC:DEC (1:1),
where x = 20, 30, 40, 50, 60

Series (¢): PVDF-HFP:PMMA — 10 wt.% LiClO4- 60 wt.% PC:DEC (1:1)- x wt.%
Al;O3, where x=0.5,1, 2, 3,4

To achieve the above objectives of the prepared gel polymer electrolyte system, it is
necessary to understand the ion conduction mechanism, various physical characterization
techniques such as X-ray diffraction (XRD), fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), differential scanning calorimetry (DSC),
atomic force microscopy (AFM), impedance measurement, ion transport number, linear
sweep voltammetry (LSV), cyclic voltammetry (CV), mechanical strength, etc. are must

understand.

Therefore, following characterization with the above objectives of the thesis are discussed
below.
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e Gel polymer electrolytes system is synthesized by solution casting technique.

e The X-ray diffraction study to understand the increase or extent of amorphousity due
to the addition of LiClO4 salt, the addition of plasticizers, and dispersion of nano-
fillers.

e Fourier transform infrared spectroscopy (FTIR) identifies the nature of bonding or
complex formation after blending polymers, the addition of salt, plasticizers, and
nano-fillers, and finally to understand the functional group present in samples.

e The change in the surface morphology with the change in compositions can be
visualized by scanning electron microscopy (SEM) and atomic force microscopy
(AFM).

e The thermal characterization is carried out to investigate the working temperature of
the gel polymer electrolyte system for the batteries.

e Total ionic transport number (tion) was determined using Wagner’s DC polarization
technique to probe ionic nature.

e The electrochemical stability window and the cyclability of the present gel polymer
electrolyte systems can be measured by linear sweep voltammetry (LSV) and cyclic
voltammetry (CV) test.

e A mechanical study by a mechanical tester is a must to confirm the mechanical
strength of the polymer electrolyte films.

e Electrical parameters were evaluated by using Electrochemical impedance
spectroscopy (EIS) which is important for the measurement of electrical parameters
such as bulk resistance, ionic conductivity, activation energy, dielectric properties,
and electric modulus (bulk properties), and various relaxation processes in the gel
polymer electrolyte system.

e Finally, the optimized gel polymer electrolyte films are selected as a separator in the
fabrication of battery with a suitable anode and cathode material. The performance
of the battery is studied by measuring the open-circuit voltage at no load and
discharge characteristics at varying load conditions to estimate energy density,
power density, etc. of the battery.
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