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ABSTRACT

Developing Various Design Strategies for Poly (Ethylene Oxide) (PEO) Based Dry
Polymer Electrolytes (SPEs)

Recep Bakar
Doctor of Philosophy in Materials Science and Engineering

December 2022

Poly (ethylene oxide) (PEO) based electrolytes promise high ionic conductivity because
of high solubility of various lithium salts and fast ion mobility coupled with segmental
dynamics of the polymer. Due to its simple monomer structure with no bulky side groups,
PEO crystallizes at room temperature, therefore impedes ion transportation. Furthermore,
its low glass transition temperature (-55°C) results in poor mechanical performance.
Obtaining highly conductive solvent-free polymer electrolytes without much sacrificing
mechanical stability near room temperature remains as a major challenge. In this work,
we systematically investigate the role of polymer architecture on crystallization,
segmental dynamics, and ionic conductivity in various PEO-based solid polymer
electrolyte types, including homopolymers, polymer blends, and nanocomposites. While
the homopolymer electrolytes allowed to understand the effect of branching and
nanoscale dynamics on Li-ion transport at the fundamental level, the blends of PEO of
non-linear architectures of PEO, such as stars, hyperbranched, and bottlebrush, with linear
PMMA and their nanocomposites with silica (SiO2) nanoparticles enabled us to decouple
segmental dynamics from ionic conductivity. Our results showed a remarkable
suppression of crystallization of PEO in the nonlinear blends. Furthermore, the ionic
conductivity of the electrolytes which depends on the salt concentration and polymer
architecture could be improved with increased mechanical performance by simply
modifying the PEO architecture from linear to branched structures. Overall, our study
provides a promising and compelling experimental evidence that macromolecular
architecture could be a powerful new tool for tuning the ionic conductivity PEO-based
electrolytes, opening a new research avenue in the field of polymer electrolytes for

lithium-ion batteries.
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OZETCE
Poli (Etilen Oksit) (PEO) Bazh Kuru Polimer Elektrolitler (SPE'ler) icin Cesitli

Tasarim Stratejilerinin Gelistirilmesi
Recep Bakar
Malzeme Bilim ve Miihendisligi Doktora Tezi
Aralik 2022

Poli (etilen oksit) (PEO) bazli elektrolitler, ¢esitli lityum tuzlarinin yiiksek ¢oziintirliigii
ve polimerin segmental dinamikleri ile birlestiginde hizli iyon hareketliligi nedeniyle
yiiksek iyonik iletkenlik vaat eder. Hacimli yan gruplari olmayan basit monomer yapisi
nedeniyle, PEO oda sicakliginda kristallesir, bu nedenle iyon tasinmasini engeller. Ayrica
diisiik cams1 gecis sicakligr (-55°C) diisiik mekanik performansa neden olur. Oda
sicakligina yakin mekanik stabiliteden fazla 6diin vermeden yiiksek diizeyde iletken
solvent icermeyen polimer elektrolitler elde etmek biiyiik bir zorluk olmaya devam
etmektedir. Bu calismada, homopolimerler, polimer karisimlar1 ve nanokompozitler dahil
olmak tizere ¢esitli PEO bazli kat1 polimer elektrolit tiplerinde polimer mimarisinin
kristallesme, segmental dinamikler ve iyonik iletkenlik iizerindeki roliinii sistematik
olarak arastirtyoruz. Homopolimer elektrolitler, dallanma ve nano 6l¢ekli dinamiklerin
Li-iyon tasimmimu iizerindeki etkisini temel diizeyde anlamaya izin verirken, PEO'nun
yildizlar, asir1 dallanmis ve sise fircasi gibi dogrusal olmayan mimarilerinin PEO'sunun
dogrusal PMMA ile karigimlart ve bunlarin silika (SiO2) nanopartikiilleri iceren
nanokompozitler, segmental dinamikleri iyonik iletkenlikten ayirmamizi sagladi.
Sonuglarimiz, dogrusal olmayan karigimlarda PEO'nun kristallesmesinin kayda deger bir
sekilde bastirildigini gosterdi. Ayrica, tuz konsantrasyonuna ve polimer mimarisine bagli
olan elektrolitlerin iyonik iletkenligi, PEO mimarisinin dogrusaldan dall1 yapilara basit
bir sekilde degistirilmesiyle artan mekanik performansla iyilestirilebilir. Genel olarak,
calismamiz, makromolekiiler mimarinin, lityum-iyon piller i¢in polimer elektrolitler
alaninda yeni bir arastirma yolu acarak, iyonik iletkenlik PEO bazli elektrolitleri
ayarlamak i¢in gii¢lii ve yeni bir ara¢ olabilecegine dair umut verici ve ikna edici bir

deneysel kanit sunmaktadir.
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Chapter 1
INTRODUCTION

Today, the needs of our modern societies are heavily provided by the fossil fuels.[1] The
global population is also estimated to reach around approximately 10 billion in midst of
2200s according to the recent report released by Department of Economic and Social
Affairs of the United Nations in 2019.[2] Additionally, the energy outlook 2022 released
by BP reveals that the world economy will be developed more than doubles by 2050.[1]
As a result of the expectations regarding the world economy and population, the energy
consumption and production from fossil fuels throughout the world will increase
dramatically. This could even deepen one of the most challenging crisis we are facing
today: global warming and climate change.[3] The essential reason, primarily because of
burning hydrocarbons, is the increased greenhouse gas concentrations consisted of mainly
CO: for which the total emissions recently reached out to a record high of 36.3 Gt in
2021.[3] Thus the world-wide efforts of the governments to solve this crises have
increased significantly in various forms. Since the main contributors of the COz emissions
are predominantly composed of transport, electricity, and heat sectors given in Figure 1.1,
application of alternative clean energy sources new wind and solar power facilities and
electric vehicles have been prioritized and even subsidized for a wide-scale and successful
transformation the globe into having low-carbon emission energy system in an effort to

protecting both health and economic well-being of world.[1, 3]

Although the implementations of these different ways with advanced technologies will
help decarbonatization of the world energy supply, it has certain shortcomings. Firstly,
renewable energy is naturally irregular and unforeseen. Secondly, not only the supply of
energy fluctuates but also the load required by the system could be varying in some
installations such as in electric cars. Both reasons can cause instabilities within the
systems between supply and load demands. Although the implementations of these
different ways with advanced technologies will help decarbonatization of the world

energy supply, it has certain shortcomings.
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Figure 1.1: The sectorial contributions for CO> emissions between 2020-2021.[3]

Firstly, renewable energy is naturally irregular and unforeseen. Secondly, not only the
supply of energy fluctuates but also the load required by the system could be varying in
some installations such as in electric cars. Both reasons can cause instabilities within the
systems between supply and load demands. To sustain the energy balance within the
renewable energy system that could substitute the fossil fuel dependent chain of energy
supply as much as possible, employing energy storage is indispensable, playing a vital
role in integrating and stabilising alternative energy systems. Among all different energy
storage techniques, rechargeable batteries were found to be the most convenient and could
be easily used for large- and small-scale energy storage and conversion for both stationary
and mobile installations because of several good characteristics including lightweight
packed structure, more importantly high energy, power density, and discharge rate. When
compared to other secondary battery systems, the usage of lithium-ion batteries in
powering the consumer electronics and electric vehicles has been developing the fastest
due to its various excellent properties such as higher energy density, longer cycle life,

wide range of operating temperatures, lower self-discharge rate loss and toxicity.

One of the key elements of all commercial Li-ion batteries is composed a separator
immersed with a liquid electrolyte allowing the ions to move back and forth, which is

associated with very high ionic conductivities.
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Nevertheless, they usually happen to be extremely volatile, flammable, and toxic,
which may result in environmental and safety hazards such as fire, leakage, explosion,
and short circuit, , limiting their usage in the commercial lithium-ion batteries.[4-7] To
address these issues, solid polymer electrolytes (SPEs) have attracted much attention in
recent years as the most promising candidates to substitute these liquid electrolytes owing
to their very useful features such as higher flexibility, greater energy density and
processability, good thermo-mechanical stability, nonflammability, and wide
electrochemical stability, leading to more compacted and safer batteries. [4, 8-10]
However, their commercial utilization is severely limited because of their extremely low
ionic conductivity at room temperature (<10° S/cm)[11] compared to the liquid

electrolytes (~102 S/cm)[11], being a major challenge.[12]

Several polymers, including poly(acrylonitrile), poly-(vinylidene fluoride) (PVDF),
poly(methyl methacrylate) (PMMA) have been studied as SPEs [13]; the most commonly
used one is poly(ethylene oxide) (PEO) due to its fast segmental dynamics[8], low glass
transition temperature (T ~ 220 K[8]), electrochemical stability as well as the excellent
ability for solving a wide range of lithium salts.[13-16] However, it has some drawbacks.
Below its melting temperature (T,,, = 60°C)[8, 17], it is highly a semi-crystalline polymer
with low ionic conductivities ranging between 107 — 10™® S/cm whereas above the
melting temperature its ionic conduction rapidly increases, but this time it mechanically
lacks because of melting crystals.[18] Therefore, the emphasis for developing better
designs of the PEO-based SPEs essentially revolve around enhancing both the ionic

conductivity and mechanical toughness at the same time.

To accomplish this in a PEO-based polymer electrolyte, polymer scientists have been
working on various methods including blending polymers [8, 18], using different
topologies [8], cross-linking [13], copolymerization [19, 20], addition of fillers [9, 21]
and plasticizers. [21-23] In this context, this PhD thesis here systematically aims at
exploring and investigating several new and innovative PEO-based solid polymer
electrolytes for lithium-ion batteries focusing two different techniques including blending
PEO with another polymer namely PMMA and addition of a passive inorganic filler such
as silica nanoparticles (SiO2) into PEO matrixes architectures along with using non-linear

architectures of PEO such as stars, hyperbranched, and bottlebrush in preparing PEO-
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based SPEs. We also investigated the dependence of the electrolyte properties including

ionic conduction and mechanical strength on the salt concentration.

Finally, we synthesized new PEO-based grafted copolymer that will be used to be

explored its potential as polymer electrolytes in further studies.
1.1 Objectives and Scope

The aim of this thesis study at the fundamental level is to specifically investigate polymer
architecture effect on ion conduction mechanisms in solid polymer-based electrolytes
suitable for rechargeable Li-ion batteries using different techniques blending, using
addition of fillers, changing molecular weight of the host polymer and salt concentration.
Poly (ethylene oxide) (PEO) is chosen as the host polymer for the polymer electrolyte
preparation due to high solubility of lithium salts and fast ion mobility that is coupled
with the segmental dynamics of the polymer. Due to its simple monomer structure with
no bulky side groups, PEO crystallizes at room temperature, thus impedes ion motion.
Furthermore, its low glass transition temperature (-55°C) [8] results in poor mechanical
performance. To overcome these challenges, The investigations will focus on four
different aspects in the preparation and characterization of the Poly (ethylene oxide)
(PEO) based electrolytes for improving electrolyte properties: (1) to develop a blend
electrolyte by blending various topologies of soft (low Tg) PEO with a rigid PMMA
(high Tg) polymer, (2) to form a polymer composite based electrolyte including different
architectures of Poly (ethylene oxide) (PEO) as the polymer matrix and nanoscale silica
as fillers, (3) to synthesize a PEO-grafted-PMMA copolymer and to prepare its
corresponding electrolyte, and finally (4) to investigate the effect of polymer architecture,
salt concentration and molecular weight of the PEO host polymer on the phase and
conductivity behaviours to develop the performance characteristics in neat PEO-based

electrolytes
1.2 Organization of Thesis

Chapter 2 introduces a literature review about the advantages and disadvantages of
different methods used for the energy storage and conversion have been applied in power
systems. Later, among these various methods, the chemical storage namely the batteries
which is the most convenient and commonly used method for the energy storage and is

more intensely discussed, including different types of primary and secondary batteries.
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The fundamental materials and concepts in relation to the different battery systems are
presented in terms of how a cell assembly for a battery works. Then, the lithium-ion
batteries, the most promising one within the rechargeable batteries, is extensively
investigated in the aspects of properties and recent status including anode and cathode
materials, more importantly various electrolyte types such as liquid and solid based ones.
Next, the advantages and disadvantages of the liquid electrolyte, the commercially used
in the state of art of the lithium-ion batteries, are comprehensively presented and
discussed. Finally, PEO-based solid polymer electrolytes are deeply examined from the
standpoints of the background and mechanism of ion transportation and consistently
analysed using various methods including blending polymers, addition of fillers, and
applying various PEO topologies in terms of materials preparation, structural and

dynamical characterization.

Chapter 3 includes the experimental details used in this study. The experimental apparatus

and procedures are presented in detail, along with the facilities utilized in this research.

Chapter 4 shows the effects of chain architecture on miscibility, glass transition,
segmental dynamics, and ionic conductivity for the PEO/PMMA doped with a fixed
amount of LiTFSI in the blend electrolyte systems. Various well-defined PEO
architectures, specifically linear, stars, hyperbranched, and bottlebrushes, and

compositions were investigated.

Chapter 5 presents the application of a series of different topologies (linear, stars, and
hyperbranched) for PEO polymer with varying molecular weight and salt concentration
as model to further improve the performance of solid polymer electrolytes for Li-ion

batteries.

Chapter 6 summarizes for the findings related to the performance of the newly designed
new polymer nanocomposites (PNCs) based electrolytes composing of different PEO
topologies (linear, stars, and hyperbranched), and silica nanoparticles with the addition

of fixed amount LiTFSL

Chapter 7 proposes the approaches of the newly synthesised PEO-grafted-PMMA
copolymer with varying graft density and length for PEO onto PMMA backbone and

presents the characterization results for this grafted copolymer in detail.
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All our experimental results indicate that the macromolecular architecture can be an
effective and promising tool for improving performance characteristics primarily ionic
conductivity and mechanical strength in PEO-based polymer electrolytes, thus opening a
new research avenue in the field of energy and environment concerning lithium-ion

batteries and polymer electrolytes.

Eventually, Chapter 8 concludes a detailed overview, summary of the results, as well as

suggestions for future works in this thesis.
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Chapter 2 Literature Review
2.1 Energy Storage and Conversion in Batteries

In an effort to fighting against the climate change, the structure of the energy demand will
be rapidly shaped with a transition towards increasing the share of the renewable energy
sources including solar and wind, resulting a growing electrification of the world.[1]
More specifically, the contribution of these replenishable natural sources in the global
primary energy is expected to reach something between 35% and 65% by 2050.
Combining this with the increasing attempts to decarbonize the transportation industry
from internal combustion engine dominated domain to electrically operated vehicles will
skyrocket the demand for the safer, more sustainable and reliable transition.[1] The large-
scale integration of this transition in the energy supply will only be accomplished by the
cutting-edge technological developments in the materials chemistry, a significant aspect
of which essentially revolves around energy storage and conversion.[24, 25] To meet this
huge demand for the change over from fossil fuel dependent power sources, the device
which will play a key role in the energy storage and conversion must have the
fundamental characteristics such as high energy, great power density, and possibility for
large scale production and application.[24-26] Additionally, the charge and discharge of
this device called as cycle life must be numerously performed at the desired rates for
particular applications within an economically reasonable period of time from a
commercial point of view. [24, 26] Furthermore, it should be cost effective, packed,
lightweight in terms of manufacturing and easily employed for both immobile and mobile

applications such as electric cars and consumer electronics.[26-28]

Several studies focused on developing different technologies for the energy storage and
conversion have been applied in power systems.[24-26] One of the conventional methods
is to use a mechanical device including pumped hydroelectric or compressed air, and
flywheel. Although these well-established methods are safe, stable and could provide
either high energy in the case of pumped hydroelectric and compressed air, or high power,
in the case of flywheels, they have certain disadvantages limiting their commercial use
for the energy storage and conversion at this very large scale. More specifically, pumped
hydro storage and compressed air depend highly on the geographical locations to provide
the essential water and compressed air reservoir storage areas and they are costly to

operate.[24, 25] In addition to this, flywheels could provide and preserve power at a very
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high rate, yet they must be stored within a vacuum and yield large standby losses, which
makes them very expensive and unsustainable to maintain for long period of times.[24,
26] Most importantly, none of these traditional methods supply high energy and density
at the same which have a vital importance in terms of energy storage and conversion
towards electrification of the globe in great numbers, these devices are extremely limited
by their size, structure, applicability to mobile applications. On the other hand, electrical
devices such as capacitors and superconducting magnetic technologies could also be used
for energy storage and conversion. Even though they could supply very high-power
density, they significantly lack the ability to fulfil large-scale energy storage requirements

and they are very expensive to implement.[24, 26]
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Figure 2.1: The general structure of a cell assembly for a battery.[26]

The most promising and widely used method for the energy storage and conversion is
using the chemical storage namely the batteries. Because not only they provide high
energy and power density with a variety of current and voltage ranges when utilized in
series or in parallel, but also, they could be employed for both stationary and mobile
applications due to their packed and lightweight structure.[4, 5] The structure of cell
assembly for a battery is given in figure 2.1. Each battery is consisted of fundamental
components including a positive (cathode) electrode, a negative (anode) electrode, an
electrolyte, a separator, and current collectors.[26] The electrodes are key components
directly controlling the electrochemical processes: the cathode is an electron acceptor
such as lead oxide, manganese dioxide, or lithium cobalt oxide whereas the anode is an
electron donor such as lead, zinc, or lithium and they should be particularly chosen with
tunable properties based on operational conditions such as cost, temperature, mobility. In

addition to this, the current collectors must be selected depending on working conditions
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including temperature, type of the electrolyte (aqueous, nonaqueous, ionic liquids, solid,
acids, bases), and etc and are generally made of extremely conductive materials (stainless
steel, aluminium, and copper). They should also be readily malleable, cost-effective,
packed, and form excellent contact with the electrodes as much as possible. Moreover,
the electrolyte commonly made of a salt, acid, or base dissolved in an organic, aqueous,
ionic liquid or polymer solvent plays a significant role by providing the ionic migration
between the electrodes. The electrolytes, which are generally soaked within a porous
medium consisting of typically polymers, should be thermally and chemically stable
under the working conditions. This polymeric material soaked with the electrolyte is also
known as the separator that should prevent the electrons move through but let ion
movement back and forth during the processes of charging and discharging of the

batteries.

Several parameters such as the equilibrium potential, specific capacity, and cycle rate
have been primarily dictating performance characteristics of the batteries. In case of
discharging the battery, a thermodynamically driven process, when these electrodes are
attached by an external device, the electrons naturally flow out of the negative electrode
to the positive electrode, which happens in the reverse direction in another process known
as charging. In either of these operations, ions are transferred through the electrolyte
separating the electrodes, preserving the charge balance. The driving force for these
chemical processes are attributed to the difference in Gibbs free energy between the

products and the reactants given as:
AGPq = X AGP (products) — Y AGF (reactants) (2.1)

From this relationship, we could estimate the average voltage of the battery, also known
as the equilibrium potential E° for the reaction, using the calculated difference in Gibbs
free energy of the reaction, the number of electrons (n) transported in the reaction and the
Faraday’s constant (FC) (96,485 C mol ™), which is related by the following equation:

o _ AG19xn
o = =Im (2.2)

Furthermore, the amount of energy that can be stored per unit mass of total electrode
material which is usually known as the specific energy (Woatery) and often is given in

terms of Wh kg™!' can be calculated as:
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C xXC
Wbatte‘ry — Eo X cathode anode (23)
CcathodetCanode

Where Ccuthode and Canoge account for specific capacities of the cathode and anode
materials, respectively, also known as the amount of charge in the respective electrode
that can be stored per unit mass of material, and is commonly given in terms of mAh g/,
could be calculated for the corresponding electrode using the relationship consisting of
the number of electrons transferred in the reaction (n), the Faraday’s constant (FC)

(96,485 C mol™!), and finally the molar mass of the electrode material (M g mol™) :

nF 1000
C =—X— 2.4
electrode M 3600 ( )

The Coulombic efficiency (CE), given as the ratio of the discharge to the charge capacity,
also one of the important parameters that indicates the ability of the battery to reverse the
lithiation/lithiation process which affects cycle life in the aspect of battery performance.
CE value is usually less than 100% because of undesired reactions, such as a reaction
happening with the electrolyte by forming an interfacial layer in the electrode.
Additionally, the rate at which the battery is charged and discharged is another key factor
in evaluating battery performance. In this context, the current required for a complete
discharge or charge the battery in 1/n hours can be equal to Cn, where C stands for the
cycle rate (C-rate) determined during different charge/discharge process depending on
the power requirement for various applications. This cycle rate is also theoretical and

highly based on the electrode material.

Although various scientific progress has been made in terms of both designs and
chemistry in developing the batteries since the existence of the first battery invented by
Alessandro Volta in two hundred years ago [29-31], they can be essentially classified into
two types: primary and secondary. Primary batteries, also called ‘disposable or non-
rechargeable batteries’, still depend on the concept of a voltaic cell in which
electrochemical energy generated because of decaying electrode material and
electrolyte.[30, 32] This decomposition is also not reversible, so when this process is
over, the battery does not produce electricity and cannot be charged, thus it must be
replaced by a new battery.[30, 33] These batteries have been the simplest and most
suitable sources for portable electronic and electrical device applications like lights,
cameras, watches, toys, radios etc, since they are typically light weight, small, and easily

manufactured in different shapes. Having said that zinc anode-based primary batteries
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were at the forefront of this type of cells up to 1970s, other types such as zinc—carbon,
zinc / alkaline manganese dioxide, and metal—air-depolarized based primary batteries
were developed, and they were finally replaced by the advancement of lithium based over
traditional ones due to higher specific energy and longer shelf life.[30, 32, 34, 35]
Although these primary batteries have been dictating the market share over secondary
batteries for a small-scale usage within a specific range of applications, the change-over
towards rechargeable batteries is inevitable due to fundamentally their environmentally
unfriendly character (disposability) as well as some other performance related properties
such as low discharge rate and temperature range, which could be obviously an obstacle
for the above mentioned large-scale integration of this transition to be more reliable,

robust, and sustainable in the energy supply of the globe.

A secondary battery, also known as a rechargeable battery, is the most actively studied
cell systems because of a wide variety of reasons related to the chemistries, operating
conditions, and applications.[26, 36, 37] As opposed to the primary batteries, they can be
electrically recharged and discharged again for many times over a long period of time
instead of discarding. Traditional secondary batteries are composed of four major
categories including lead—acid batteries, nickel-cadmium (Ni—Cd) batteries, nickel—
metal hydride (Ni-MH) batteries, and lithium—ion batteries. The energy densities of these
rechargeable battery system are illustrated in figure 2.2. Among all the rechargeable
batteries, the lead-acid battery systems, developed by Gaston Planté in late 1850’s, are
the most widely used and favoured ones. [24, 29, 35, 38] They depend on the usage of
lead — lead Dioxide (Pb — PbO2) electrochemical couple with a sulfuric acid-based
electrolyte. With a large voltage range and an electrical efficiency ranging approximately
around 75%, they could reach up to a life span of 2000 cycles depending on the discharge
rate, making them convenient to be used for a wide range of applications such as energy
storage, communication systems and emergency lighting systems, etc.[24] Of these
applications, the most commonly used application of the lead—acid batteries is for low
cost, and easy maintenance.[24, 29, 39] Even though these advantages pave the way for
the lead—acid batteries in comparison with the other secondary battery, they have
significant certain drawbacks limiting their wider usage for the large-scale energy
systems. They are environmentally unfriendly mainly because of the lead usage and more
importantly their specific energy is extremely low revolving around (35 Wh kg!), and

their cycle life is comparatively short and needs significant development. [24, 29] While
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nickel-cadmium (Ni—Cd) batteries, which utilize nickel oxyhydroxide as the positive
electrode and cadmium metal as negative electrode separated by an alkaline solution of
potassium hydroxide, have a similar efficiency and are considerably developed in terms
of cycle life approaching to 3000 cycles when compared to the lead—acid batteries, they
are not the potential candidates for the large-scale energy storage and conversion because
their low energy density along with progressively high self-discharge rate loses is not
sufficient and they contain environmental and health concerns due to their toxicity.[24,
29, 38, 40] Furthermore, relatively recent type of secondary batteries in which the positive
electrode is the nickel oxyhydroxide (NiIOOH) whereas the negative electrode is a metal
alloy, where hydrogen is stored reversibly is nickel — metal hydride based batteries. The
applications of these (Ni-MH) battery systems which have greater energy density in
comparison with the former counterparts are various and consist of portable electronics,
hybrid electric vehicles, and satellites.[29, 36, 37] Nevertheless, their energy density can
only reach as close as about approximately half (~60 Wh kg-1) of the energy density
generated by the lithium-ion batteries (LIB) which usually use graphite as anode and a
metal oxide, originally LiCoO2, as cathode, with an electrolyte including LiPF¢ salt
dissolved in typically organic solvent composed of ethylene carbonate and dimethyl
carbonate-(EC-DMC) as shown in figure 2.2.[41-43] Combined with new improvements
in the materials chemistry, the energy density of the state-of-art rechargeable lithium-ion
battery could increase up to three times (~400 Wh kg-1) when compared to other
rechargeable batteries. In addition to these, the lithium-ion batteries have significant other
advantages such as slow self-discharge rate, longer cycle life, wide range of operating
temperatures, lightweight, high efficiency, being environmentally more friendly since
they contain no lead or cadmium. Therefore, the applications of rechargeable lithium-ion
batteries in the last couple of decades has been quite phenomenal for different industries
such as electric vehicles, consumer electronics, and energy storage systems with a market
cap of couple of billion dollars.[27, 36, 37, 44, 45] Because of having a very mature
technology, extensive research, and most importantly excellent properties, rechargeable
lithium-ion batteries have been the best candidate for the large-scale transformation
towards highly decarbonized and electrified global energy supply within the years to

come and will be discussed with further details in the subsequent sections of this thesis.
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Figure 2.2: The schematic of the energy densities of various secondary (rechargeable)

batteries.[46]

2.2 Fundamentals of the Lithium-ion batteries

The development of the first rechargeable lithium-ion batteries was started by Exxon
corp. in 1970s using lithium metal and TiS: as electrodes and LiPFs in propylene
carbonate as electrolyte. Following this, various studies have been done in 1980s in efforts
to further increase battery performance of this early design by incorporation of the
cathode and anode electrodes made up of other alternatives such as LixMO> (M: Co, Ni,
Mn) and graphite, which did the groundwork for the first commercial lithium-ion battery
manufactured by Sony and Asahi Kasei in 1991.[43] Since then, large-scale
commercialization of secondary batteries using Li-ion chemistries has paved the way for
advances in portable electronics and hybrid vehicles mainly owing to its excellent
characteristics such as low density, relatively high reduction potential, long cycle life and
extremely large energy density. [31, 41, 45] The conventional lithium-ion batteries
compose of two electrodes namely, a lithium metal oxide-based cathode (positive) and a
graphite-based anode (negative), a liquid electrolyte consisting of a lithium salt (e.g.
LiPF6) and an organic solvent (e.g. ethylene carbonate and dimethyl carbonate-EC-

DMC) which provides the medium for the ion transfer between the anode and the cathode,
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and separator physically separating the anode and cathode to avoid a short circuit, which
eliminates electron passage but facilitates ionic movement back and forth.[43, 46, 47]
The fundamental parts and working principle for the commercial lithium-ion battery are

shown in figure 2.3.[46]

DISCHARGE CHARGE
ELECTROLYTE ELECTROLYTE
SEPARATOR ANODE () SEPARATOR ANODE (-)
COPPER CURRENT COPPER CURRENT
- QOO L COLLECTOR . GRINOUE ) COLLECTOR

ALUMINIUM CURRENT ALUMINIUM CURRENT
COLLECTOR COLLECTOR

LI-METAL

CARBON CARBON

LITHIUM ION LITHIUM ION

LI-METAL
OXIDES

ELECTRON ELECTRON

OXIDES

Figure 2.3: The fundamental parts and working principle during charging and

discharging for the commercial lithium-ion battery.[44]

The operation of the traditional lithium-ion battery is based on electrochemical oxidation-
reduction (redox) reaction. In the case of discharging, Li ions exit the anode and go into
the cathode through the electrolyte and separator. The reverse reaction takes place during
charging. In other words, the li-ions are removed reversibly from one side and intercalated
into another side without causing structural damages in the host electrode to increase
cycle life of the battery, known as intercalation mechanism. The chemical reactions
including oxidation and reduction mechanisms happening in the case of charging within

the electrodes can be seen below as:[43, 44, 47]

Anode (Reduction reaction): C+yLi* +ye™ - Li,C

Cathode (Oxidation reaction): LiMO, - Li;_,MO, + xLi* + xe~
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Figure 2.4: The detailed summary of the materials for the preparation of anode and

cathode electrodes of the lithium-ion batteries.[43]

Designing of the lithium ion-battery in a suitable manner in terms of cathode, anode, and
electrolyte has been a key player in optimizing the battery performance. Although several
materials for both anode and cathode electrodes for the lithium-ion battery (LIB) have
been studied, extensively summarized in figure 2.4, commercial LIBs generally comprise
of graphite-based anode and a metal oxide-based cathode namely LiCoO-, both of which
has a layered structure, facilitation the lithium-ion intercalation.[43, 44, 46, 47] While
graphite and its doped derivatives as anode material are accompanied with supplying
perfect interfacial stability and low potential, LiCoO: and its based derivatives have been
providing better thermal stability for the cathode electrode, eliminating safety concerns
in relation to the overheating issues encountered in other layered oxide-based cathodes
such as LixNiO,.[46, 47] Since both cathode and anode electrodes play a very essential
role in the evaluation of the performance characteristics of the lithium-ion battery, it is
significant that the materials used for cathode and anode preparation must own certain
properties to have high specific capacity, long cycle life, high energy density and these

properties could be generally summarized as follows:[41, 46]
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Anode electrode:

e Low potential for the continuous lithium intercalation and deintercalation in the
anode with respect to lithium

e High storage of the lithium within the anode material

e Structural stability during charging/discharging, not being very reactive with the
electrolyte

e Fairly good electrical and ionic conductivity

e Cost efficiency, environmental friendliness, and easily producible

Cathode electrode:

e High potential when compared to the Li/Li* reference electrode

e High capacity and ability of the electrochemical extraction of the lithium atoms
from the cathode material

e High electronic conductivity and power density

e Structural stability during charging/discharging to avoid any damages

e Cost efficiency, environmental friendliness, and smooth manufacturing

2.3 Electrolytes for the Lithium-ion batteries

Although significant amount of research with regards to lithium-ion batteries have
concentrated on developing better performing anode and cathode materials, it is also
important to note the electrolytes are very vital for transporting positive lithium ions
between electrodes, critically impacting the electrochemical performance of a battery in
the aspects of power density, stability and safety. [8] Electrolytes are primarily divided
in two types, depending on their states: (1) liquid, and (2) polymer electrolytes, which are
subcategorized as aqueous, organic, and ionic in the case of liquid-based electrolytes
while gel and solid electrolytes when polymers are employed. To have a good performing
lithium-ion battery, all the electrolytes, regardless of the different types, must meet the

following requirements: [8, 29, 41, 48, 49]
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e Large electrochemical stability window

e Having thermal and chemical stability, ability to have good salt dissolution, as
well as high boiling point for safety

e High ionic conductivity (o), at least 102 S cm™ at room temperature and low
viscosity for the easier lithium-ion transportation

e Low electronic conductivity (~ < 1071°S cm™!) to prevent the formation of a short-
circuit

e Being non-toxic and environmentally friendly

Currently, the commercial lithium-ion batteries mainly utilize a separator immersed in
organic liquid electrolytes containing a dissolved salt and associated with certain
advantages the most appreciated of which is the very high conductivity.[8, 49] However,
however they have drawbacks and potential risks[13, 16, 50-52] such that they are usually
highly volatile, flammable, toxic, and lithium dendrite formation at the interface between
electrolyte and electrode due to high reactivity of the lithium metal, which may result in
environmental and safety hazards such as fire, leakage, explosion, short circuit limiting
its use commercially.[4-7, 31, 41, 42, 44, 45] Additionally, their working range with
respect to temperature is limited and they are large and heavy in bulk size. On the
contrary, polymer electrolytes towards which scientific community has been giving a lot
of attention comprise simply of a lithium salt dissolved in a polymer matrix, providing

some advantages over liquid electrolytes.

In this context, they could be very useful in offering increased mechanical strength and
malleability. They could also be manufactured in different geometries, even in the form
of packed and lightweight thin films, providing greater volumetric energy and power
densities. Furthermore, when compared to liquid electrolytes, they lack leakage and are
less reactive with the electrodes, which results in decreased dendritic growth. They can
also often compensate the volume changes arising from the ion-electrode exchange
processes. Despite they possess these significant advantages, their low ionic conductivity
at room temperature (<10 S/cm)[11] compared to the liquid electrolytes (~1072
S/cm)[11] remains as a major challenge for their large scale commercialization,[12]
which is the main focus of this thesis. The figure 2.5 summarizes the characteristic

properties between liquid and polymer electrolytes.
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Property Liquid electrolytes Polymer electrolytes

Conductivity High ionic conductivity Low ionic conductivity

Safety Leakage of liquid or gas formation No leakage

Function Ionic conductor with a porous separator Ionic conductor and separator
(dead mass) (active mass)

Design Protective case and packaging Thin, flexible, and space-efficient

/Package designs with different configurations

laminated packaging
Device - Increase in volumetric energy and
performance power densities

Figure 2.5: The comparison of the properties for the different electrolytes used in the

lithium-ion batteries.[49]

Since an electrolyte in the lithium-ion battery is made up of a salt and solvent, the
chemical and physical interaction between the solvent and the salt(s) plays a key role in
determining the battery performance. There are certain factors such as dissociation
constant, ion mobility, solubility, thermal and chemical stability that need to be assessed
for choosing the best option to prepare the electrolytes in the lithium-ion batteries.[41]
The host solvent must own high salt solubility usually associated with a high dielectric
constant and low viscosity to facilitate ionic movement and thus increasing ionic

conductivity.

The salt should also have good chemical and large thermal stability over a wide range of
temperature. The comparison below shows a detailed evaluation based on the mentioned-
above factors among the most widely used various salts for both liquid and solid
electrolytes salts including primarily lithium hexafluorophosphate (LiPFs), lithium
tris(pentafluoroethyl) trifluorophosphate (LiFAP), lithium tetrafluoroborate (LiBF),
lithium hexafluoroarsenate (LiAsF¢), lithium perchlorate (LiClO4), and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). LiTFSI also owns very high ionic
conductivity in liquid solvents.[8, 42] Additionally, it has low lattice energy and bulky
anions which could slow down the polymer crystallization when used with PEO-based
solid polymer electrolyte which is the earliest and most studied SPE system.[8, 42]
Because of these fundamental reasons, we chose as the LiTFSI salt candidate to be used
in the solid polymer electrolytes investigated in this thesis. The subsequent sections will

deal with liquid and polymer electrolytes in much more in detail.
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e Dissociation constant: LiTFSI > LiAsFs > LiPFs > LiClO4 > LiBF4
e Solubility: LiTFSI > LiPFs > LiAsF¢ > LiBF4

e Thermal stability: LiTFSI > LiAsFs > LiBF4 > LiPFs

e Chemically inertness: LiTFSI > LiAsFs > LiBF4 > LiPFg

2.3.1 Organic Liquid Based Electrolytes

When compared to other liquid electrolytes including aqueous and ionic liquids, organic
liquid-based electrolytes have fundamental advantages such as increased energy density,
wide electrochemical window for operating voltage reaching up to 2.5 V, and low
viscosity favouring ion migration.[29, 49] Nevertheless, they have some drawbacks
including lower ionic conduction, power output, as well as their highly volatile and
flammable nature, causing environmental and safety risks.[29] Even though Acetonitrile
(ACN) has been used as one of the first organic solvents for producing liquid electrolytes
due to its excellent properties like low viscosity, good salt solubility, and high ionic
conduction, it was later substituted, because of its extremely evaporable and poisonous
features, by mostly alkyl carbonates including propylene carbonate (PC), ethylene
carbonate (EC), ethyl methyl carbonate (EMC), diethyl carbonate (DEC), dimethyl
carbonate (DMC).[41, 43, 49]

Furthermore, the most commonly used the state of art liquid electrolytes depend on
binary/ ternary mixtures of these linear and cyclic carbonates, which is considered to be
one of the most significant developments achieved when liquid electrolytes for Li-ion
batteries are concerned. The essential reasons in using combinations of carbonates are
relevant to their crucial distinctive characteristics. As it is known that low viscosity and
high enough dielectric constant are desired for developing the performance characteristics
of the electrolytes for easier ionic transportation and better salt dissolution respectively,
therefore resulting in higher ionic conduction, the only way to accomplish these
requirements appeared to be strongly related to using combinations of low viscosity of
linear carbonates namely ethyl methyl carbonate (EMC), diethyl carbonate (DEC), as
well as dimethyl carbonate (DMC) and cyclic carbonates associated with high dielectric
constant such as propylene carbonate (PC) and ethylene carbonate (EC).[29, 41, 43] Other

advantages of using mixtures of different solvents are mitigated exfoliation, toxicity and
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the formation of gaseous compounds as well as increased ability to form a more stable

solid electrolyte interphase with the electrodes. [29, 41, 53]

The figure 2.6 shows some of the properties of the most widely used organic solvents for

the preparation of liquid electrolytes.

Solvent Melting Boiling Viscosity at Dielectric
Temperature  Temperature 25 % constant
Tm (OC) Tb {CC,} n ('mPa S) €

Dimethyl carbonate
(DMC) 4.6 91 0.59 3.1

Diethyl carbonate
(DEQ) -74 126 0.75 2.8

Ethyl methyl carbonate
(EMC) -53 110 0.65 3.0

Ethylene carbonate
(EC) 36 248 1.9 (40 °C) 90

Propylene carbonate

(PC) -49 242 2.5 66

Figure 2.6: The comparison of the properties of the most widely used organic solvents

for the liquid electrolytes in the lithium-ion batteries.[29]
2.3.2 Aqueous Electrolytes

Since the water is extremely cheaper, more abundant, and easily accessible in comparison
with the organic solvents, it has been considered the most convenient solvent and applied
in the first electrolyte preparation for the batteries.[54] Although the water dissolves a
variety of salts and yields the highest ionic conductivity among the liquid electrolytes,
which is attributed to the very high dielectric constant (80)[29] and very low room
temperature viscosity (0.89 mPa s)[29, 55, 56], it has certain shortcomings such as a very
narrow maximum operating voltage limited by the electrolysis of the water (~1.2 V)[29,
55] and low thermal stability.[49] Therefore, scientists have been working on alternative
solvents for the liquid electrolytes like ionic liquids (ILs) which is discussed in the

following section.
2.3.3 Ionic Liquid Based Electrolytes

Ionic liquid (IL) based electrolytes have been studied as the substituting electrolytes
when compared to more commonly known and conventional aqueous and organic

electrolytes owing to their favouring properties including very wide potential window and
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extremely high thermal stability.[29, 49] Furthermore, the ionic liquids, which are salts
consisting of organic cations and organic and inorganic anions with a comparatively low
melting point (< 100 °C)[49], could have structural changes and combinations, which
make them suitable for better tunability in terms of properties for various battery
applications. However, they have one major drawback that is they have very high
viscosity widely ranging from 30 cP to 500 cP [49], which results in decreased ionic
conductivities among liquid electrolytes. Thus, different types of methods such as mixing
them with stable solvents within protic or aprotic ionic liquids have been investigated to

enhance the ionic conductivity of these types of electrolytes.[49]
2.3.4 Polymer Based Electrolytes

Polymer based electrolytes is composed of ion conducting systems based on
complexation between polymer matrix and salt by the dissolution of a salt in the polymer
host.[8, 43, 57] Polymers have been proposed as suitable solvents for battery electrolytes
thanks to their excellent mechanical properties, lack of solvent leakage, decreased
dendritic growth, good interphase contact, as well as thermal and chemical stability.[8,
29, 37, 58] Other significant advantages of the polymer based electrolytes over liquid
ones are light-weight packed structure, easy processability, good flexibility and elasticity,
which is why polymer electrolytes could compensate better the volume change associated
with charging and discharging processes.[8, 31, 45, 57] Additionally, the polymer host
for a good performing polymer electrolyte should have the following fundamental
characteristics.[31] First the polymer chain should be able to dissolve the lithium salts
well and incorporate atoms capable of creating coordination bonds with the lithium
cations, located within a suitable distance that allows relatively easy transfers of the ions
to the next site.[8, 31, 43, 49] Secondly, as ionic conduction which is coupled with
segmental dynamics of the chains occurs in the free volume of the amorphous phase,
flexible polymers with low glass transition temperatures and low crystallinity are
preferred.[8, 31, 49] Thirdly, the chemical and thermal stability as well as mechanical
strength of the polymer host are also desired factors as they affect the overall performance

of the polymer electrolyte. [8, 48, 49]

Since the earliest work conducted by Wright and Armand et al. on the polymer
electrolytes dating back to 1970s[59-61], although several polymers have been

considered in order to satisfy these criteria for the polymer electrolytes, polyethers (-
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(CH2)mO-)n especially poly (ethylene oxide) (PEO) were the first ones that obtained
great deal of attention from the scientific community mainly because of their superior
ability of dissolving various salts through the interactions between the salt and ether
oxygen atoms and providing enough cation coordination sides.[8, 29] The PEO,
polyether with a very low glass transition temperature ranging about (~-55°C)[8] , with
an appropriate lithium salt could reach very high ionic conductivities (~107 S/cm)[8]
above its melting temperature (~60°C)[8]. Nevertheless, the major drawback of
electrolytes based on PEO is the existence of the highly semi-crystalline phase below the
melting temperature, which dramatically decreases the ionic conductivity (~10-10¢
S/cm)[8]. Therefore, most of the studies have been focusing on completely inhibiting the
crystallization of PEO using different techniques including blending polymers[8, 18],
cross-linking[13], copolymerization[19, 20], addition of fillers[9, 21], plasticizersS’ 15,16
and considering architectural variations[8]. Another example of the polymer host that has

a very low and favourable glass transition temperature of about (~-60°C) is poly

(propylene oxide) (PPO).

However, the ionic conductivity of the poly (propylene oxide) (PPO) based electrolytes
is lower than PEO-based ones by far and not comparable, which could be attributed to the
presence of higher distance and a smaller number of the cation coordination sites. Another
polymer that could be considered is amorphous poly(methyl methacrylate) (PMMA). The
carbonyl groups coordinating lithium via the oxygen atom are not located within the
polymer backbone yet are connected to the main chain through side groups.[8, 49] The
essential problems with PMMA are relatively very low and unsatisfied ionic conductivity
(~10” S/cm at around 100°C)[8] accompanied with low segmental motions, as well as its
rigidity and the brittleness associated with the high glass transition temperature
(~120°C)[8]. Furthermore, another alternative polymer studied for polymer electrolytes
with a reasonably low glass transition temperature (-40°C) is poly(vinylidene fluoride)
(PVDEF). Although the PVDF polymer matrix provides convenient mechanical properties,
it is also highly semi-crystalline with a very high melting temperature (~170°C), resulting
low fraction of the conductive amorphous phase, and thus limiting ionic conduction.
Moreover, the efficient solution of the lithium salts could also be achieved by
poly(acrylonitrile) (PAN) with the help of by nitrogen atoms from nitrile groups. The
(PAN) polymer provides electrochemical stability, however its highly elevated glass

transition (~125°C) and melting (~320°C) temperatures make it incomparable with other
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polymers, lacking support for the ion transport by segmental motions and resulting poor
ionic conductivity. In short, the investigation of PEO shows the advantages of poly
(ethylene oxide) (PEO) are still unmatched by the polymers mentioned above. Therefore,
we determined the focus of this thesis to be the formation a PEO based polymer
electrolyte with increased ionic conductivity and mechanical strength to be the best

promising potential for the next generation of solid polymer electrolytes.

To kind of summarize, regardless of the various types of the polymer electrolytes, they
must meet the following criteria for solid-state flexible lithium batteries[29, 31, 41, 49,

57, 61]:

e High ionic conductivity
e Well chemical, thermal, and structural stability
e Strong mechanical strength with enough flexibility

e Availability and cost-effectiveness of the materials

There are mainly two different types of polymer electrolytes including gel and solid

polymer electrolytes, each of will be discussed now with more detail.[48, 58]
2.3.4.1 Gel Polymer Electrolytes

The gel polymer electrolytes (GPEs), which were firstly employed for lithium-ion
batteries, composed of a polymer and a liquid electrolyte, up to ~250 wt% and could be
formed by placing this high amount of liquid electrolyte a lithium ion conducting organic
solution in a polymer matrix (e.g. poly(ethylene oxide) (PEO), poly(vinylidene
difluoride) (PVdF), polyvinyl chloride (PVC), poly(methyl methacrylate) (PMMA) and
poly-(vinylidene fluoride-hexafluoropropylene) (P(VDF-HFP)) copolymer) through
physical and chemical methods.[29, 62-64] They could have room temperature ionic

conductivities on the order of 10 S/cm. [29, 63-65]

Even though gel polymer-based electrolytes are usually accompanied with high ionic
conductivities (~10 S/cm) at room temperatures, as well as increased flexibility and
safety in comparison with the liquid ones, however the problems associated with GPEs
are similar to those encountered for liquid electrolytes, like compatibility, flammability,
formation of interfacial layers, and mechanical strength, and are still need to be solved,
which remains as challenging obstacles for their widely use in the transition of safer and

more reliable electrolyte systems for the next generation of the lithium-ion batteries. [42,
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63] Therefore, it is urgent to improve the electrochemical properties of solid polymer
electrolytes which lack of overheating, electrolyte leakage and fire safety because of no
incorporation of liquid part and provide necessary developments in the form of higher
flexibility and easier manufacturing, which will be extensively reviewed from different
aspects of it like advantages, shortcomings, and ion transport mechanism in the following

parts of this thesis.
2.3.4.2 Solid polymer electrolytes

Solid polymer electrolytes (SPEs) which are commonly comprise of a polymer host and
a salt have been widely investigated by many scientists owing to their excellent properties
such as increased mechanical strength, ease of manufacturing, enhanced flexibility,
improved ability of forming interfacial contact between electrode and electrolyte, large
electro-chemical window, superior energy density, and nonflammability, which leads to
more compacted and safer batteries.[8, 41, 49, 66] [61, 67-69] These advantages
significantly paved the way for the worldwide interest of researchers towards developing
SPEs with desired electrochemical properties to replace the liquid electrolytes since the
first discussion and application that used a solid polymer electrolyte composed of
PEO/alkali salt complex was explored at the of 1970s.[29, 31, 41, 69] Then, more efforts
were made in the 1980s for understanding the ion transport mechanism as well improving
the ionic conductivity within these PEO-based polymer electrolytes.[41, 70] These
extensive and intense studied conducted in 1980s led to the production of the first lithium
battery consisting of a PEO electrolyte in 1985, which is followed by the development of
the first commercial and successful lithium-ion batteries by Yoshino and Sony
Corporation in the 1991s.[41, 69] This started the use of lithium-ion batteries in the mass
production of portable electronics. [8, 41, 69] At the same time, having a successful
transformation towards clean energy sources including wind and solar power facilities as
well as electric vehicles in an effort fighting with climate change and global warming
increased dramatically the importance and wide application of the research for the usage
of lithium-ion battery in these systems, which will intensify the need for these types of
batteries. However, the state of art lithium-ion batteries continued to use liquid
electrolytes associated with numerous significant drawbacks. They contain types of
solvents that are toxic, flammable, and volatile, which could pose safety and

environmental concerns such as explosions, fires, and short circuits. [8, 41, 45] They also
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have problems like dendrite formation, exfoliation or degradation, leading further safety
risks, and lack of performance. [41, 42, 45] Therefore, it is needed to have a more
compact, safer, cost-efficient, lightweight, and packed structures with higher energy and
power density in great numbers for the lithium-ion batteries[8, 49, 69], which could be
provided by solid state- batteries composing of solid polymer electrolytes, cathode,

anode, and insulated separator as shown by the figure 2.7 below.
2.3.4.2.1 Background

Among the polymers used for solvent-free polymer electrolytes, the most widely used
polymer matrix is PEO composed of ethylene oxide repeating units (Figure 2.8), due to

its various number of favourable properties.

insulated separator ——

cathode / [

solid polymer electrolyte
anode

Figure 2.7: The representation for the parts of solid-state batteries.[69]

First, PEO has the ability to solve a variety of ionic conducting salts such as LiTFSI and
LiClO4 which are the most commonly used salts in PEO-based electrolytes.[8, 49, 66]
The strong solvating ability of PEO could be attributed to the increased ionic dissociation
provided by the C-O polar groups in the backbone.[8, 29, 49] Furthermore, other
beneficial characteristics in relation to PEO are wide range of electrochemical and
thermal stability, as well as exceptional compatibility with other organic or inorganic
materials.[8, 49, 69] As the ionic transportation in SPEs primarily takes place through the
free volume in the amorphous phase, where the movement of ions is coupled with the

segmental motion of the polymer chain (Figure 2.8), more importantly, another advantage
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of PEO is related to the its very fast segmental dynamics (low glass transition temperature

(Tg ~ 220 K[8, 61]), which facilitates ion transport.

Figure 2.8: The chemical structure of PEO and schematic illustration of the Li ion (filled
blue symbols) conduction through segmental dynamics of the cation coordinating PEO

chains (Filled red symbols represent the oxygen atom).[8, 71]

However, the PEO based SPEs are usually semi-crystalline with the crystalline phase due
to PEO chains having the tendency to ability of close packing of the polymer chains (chain
folding). Because of this high degree of crystallinity impeding the ion transport (Figure
2.9), the room temperature ionic conductivities (~107® — 10~8 S/cm)[8] of neat PEO-
based electrolytes are not certainly comparable as far as liquid electrolytes are concerned.
The ionic conduction is extremely increased up to the values ranging around (1073
S/cm)[8] above its melting temperature (T;,, = 60°C)[8], but this results in a tremendous
decrease in the mechanical strength, limiting its use in a solid-state electrolyte [18], both
of which hampers its wide and practical uses in a solid-state battery. Therefore, the
emphasis for developing better designs of the PEO-based SPEs essentially revolve around

increasing both the ionic conductivity and mechanical toughness simultaneously.

T,, < 60°C T,, > 60°C




Chapter 2 Literature Review 27

Figure 2.9: The semi-crystalline nature of PEO at temperatures below T, and completely

amorphous state above T in PEO-based electrolytes.

To accomplish this, numerous approaches have been deeply investigated, which have
been successful to some extent in increasing mechanical strength without sacrificing the
ionic conductivity. These methods commonly include addition of organic and inorganic
fillers[9, 21], plasticizersS’ 15,16 "and cross-linkers[13] into PEO matrix. Additionally, the
use of PEO with other polymers[8, 18] in blends and synthesizing new PEO-based
copolymers[19, 20] have been extensively applied. Eventually, another effective method
in improving the electrochemical characteristics of the PEO-based electrolytes is based
on using architectural variations in PEO architecture with varying branching and salt
content, which has been relatively new and less employed when compared to previously
discussed former approaches,[8] thus being the fundamental focus of this thesis in

developing PEO-based solid polymer electrolytes.

Before discussing the new approach based on topological variations of PEO proposed in

this thesis, the ion transport mechanism in SPEs is examined in the following section.
2.3.4.2.2 Ton Transport Mechanism

The ionic conductivity (o) in a polymer electrolyte which is one of the most significant
parameters in evaluating the performance of an electrolyte is greatly affected by two
fundamental factors including the segmental motion of the polymer chains and ion

dissociation in the polymer host. [8, 29, 31, 45, 49, 58, 69]
It is generally expressed as:[29, 57, 69]

o= X Niqil (2.5)

Where n; is the number of charge carriers, g; is their charge and y; is their mobility.
Furthermore, the temperature plays a key role in affecting the ionic conduction by
changing the charge mobility, known as ion mobility as well, which can also be expressed

by the relationship as follows:[69]

_ Dba
=T (2.6)

Based on the Eq. 2.5, it could be said that enhancing the conductivity could be achieved

by increasing ion concentration and charge accompanied with fast mobility. However,
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increasing the salt concentrations (amount dissolved salts) does not inevitably result in
higher ionic conductivity, because increasing charge carries over certain concentration
leads the formation of the formation of ion pairs and aggregates due to increased
interaction between the ions.[8, 14, 29] More specifically, ion pairs do not contribute to
the ionic conductivity, leaving less available free ions for the ion transport and ionic
aggregates increases mainly the viscosity of electrolytes, decreasing the ionic mobility,
thus ionic conductivity. [8, 14, 29, 72-74] Moreover, the ionic conduction generally
decreases with increasing molecular weight (MW) of the polymer host used in the
polymer electrolyte.[29] The figure 2.10 shows the dependence of the ionic conductivity

on the salt concentration in solid polymer electrolytes.[29]

logo

Figure 2.10: The dependence of the ionic conductivity with respect to salt concentration

(m) in an SPE.[29]

Solid polymer electrolytes (SPEs) including lithium salts dissolved in dissolved in
polymer matrices composed of atoms or functional groups such as only oxygen, nitrogen,
and sulphur have an ability of forming coordination bonds with the lithium ions, which
facilitates ion migration.[8, 69, 75] Especially, in the case of PEO-based solid polymer
electrolyte containing the most stable lithium complexes among the atoms mentioned
above, the Li ions transport is coupled with segmental dynamics of PEO chains through
coordination bonds between PEO chain and the salt and are transferred through hopping
provided by the segmental motion of the polymer chains between any two adjacent

coordinating sites in the intra as well as inter chain movements as depicted in figure 2.11.

It is also very important to remind that that ion conduction is accepted to primarily occur

in the free volume of the amorphous phase where ion transport is highly coupled with
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segmental dynamics, [8, 15, 18, 76] Therefore, the ionic conductivity of solid polymer
electrolytes based on polymer hosts with semi-crystalline nature, such as PEO-based
electrolyte (Figure 2.9), has been also impacted by the presence of phase transformations
depending on the temperature such as the formation of crystallization at temperatures
below its melting temperature (T;, = 60°C)[8], which restricts the segmental motion of
the chains and hinders the ionic conduction,[8, 29, 49] whereas At above the melting
point, the polymer electrolyte is fully amorphous state in which the polymer chains are

flexible and could facilitate the ion migration.[8, 49]
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Figure 2.11: The schematic representation of inter and intrachain transportation for Li
ions assisted by segmental motion in a PEO-based polymer electrolyte above the glass

transition temperature of PEO.[49]

Although several methods such as Arrhenius and Vogel-Fulcher—Tammann models have
been developed to capture the relationship between ionic conductivity as a function of
temperature in polymer electrolytes,[8, 49, 69] the best model to describe this relationship

1s proposed by the Vogel-Fulcher—Tammann (VFT) equation given as:[8, 29, 45, 49, 69]

0 =0y exp(%) 2.7)
where gy, B, and Ty are VFT constants for a given component in a particular electrolyte.
They are attributed to the factors related to the ionic conductivity at the equilibrium glass
transition temperature, the pseudo activation energy of conductivity which is estimated
by the relationship of E, = R * B where R is the universal gas constant, and the ideal

glass transition temperature at which the available free volume can be neglected,



Chapter 2 Literature Review 30

respectively. Eventually, it can be summarized that Li ion transportation in a solid
polymer electrolyte happens in the free volume of the amorphous phase of the polymer
matrix through ion hopping between coordination sites, which is considerably linked with

the polymer segmental dynamics.

Now, in the following part of this thesis, the new approach using the architectural
variations of the PEO will be presented and discussed in detail about how to improve to
increase ionic conductivity, mechanical strength, chemical and thermal stability in PEO-

based solid polymer electrolytes.

2.3.4.2.3 A New Approach — Topological Variations in PEO-based Solid Polymer
Electrolytes

As discussed above, the fundamental challenging drawback associated with PEO-based
electrolytes is the high degree of crystallizations of PEO chains at room temperature,
reducing chain dynamics and ionic conductivity significantly (~107° — 1078 S/cm)[8]
whereas when the temperature is increased above its melting temperature (T, =
60°C)[8], the ion transport is considerably increased up to the values revolving around
(1073 S/cm)[8] due to melting crystals, but this comes with a disadvantage, a dramatic
decrease in the mechanical strength, both of which limit its usage commercially in battery
applications over a wide range working temperature.[18] Thus, Therefore, the studies
proposed have been primarily focused on enhancing both the ionic conductivity and
mechanical toughness simultaneously through various approaches and modifications in
the PEO-based SPEs. These different methods and modifications of the PEO-based

electrolytes could be classified in the following five major categories:

1. Blending PEO with another rigid polymer with high glass transition temperature where
the fundamental goal is to develop the mechanical properties of the PEO without slowing
down segmental dynamics of the PEO, mobile component, hence not decreasing the ionic

conductivity.[8, 18]

2. Preparation of crosslinked polymer networks and synthesis of new and various PEO-
based copolymers in order to reduce crystallization to enhance the ion transportation with

sufficient mechanical strength.[19, 20]

3. The addition of inorganic and/or organic additives, with the objective of decreasing the

crystallization ability of the PEO chains and increasing mechanical characteristics of the
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electrolyte without compromising the ionic conductivity, usually called as polymer

composite based electrolytes.[9, 21]

4. The incorporation of topological variations in the polymer architecture for suppressing
PEO crystallization with the objective of increasing ionic migration through increased

free volume provided by the architectural variations such as branching.[8, 18]

5. Use of modifications with various salt concentrations and chain lengths for the host

polymer in PEO-based electrolyte to optimize the electrochemical properties.[8, 51]

Of these major categories, among the studies investigating blending linear PEO with
another polymers,[7, 18, 77, 78] the most widely used is polymer poly(methyl
methacrylate) (PMMA) associated with a high glass transition temperature (7%). Addition
of PMMA into PEO considerably developed the mechanical properties of PEO/PMMA
blends, making the liquid-like behavior of PEO to a more solid-like behavior. [18, 79]
Furthermore, because of a slight attractive interaction between PEO and PMMA (y ranges
between -0.005 to -0.001),[80] the blend could be thermodynamically miscible up to 370
K[81], which led into elimination of the PEO crystallization effectively in blends as
shown in Figure 2.12. However, despite these advantages provided by PMMA, the
incorporation of PMMA also resulted in a significant disadvantage that is tremendous
slowdown of linear PEO segmental dynamics which could be attributed to the high
interpenetrability of these linear polymers and the large difference between the 7;’s of
the homopolymers (AT, ~200 K).[82-84] This decreases the ion transportation drastically
since it fundamentally happens in the amorphous phase, and is coupled with the segmental
dynamics,[8] therefore remains as a challenging problem for the aspect of blend based

electrolyte performance.

Another promising method is to distribute inorganic nanoparticles (e.g., S102) into the
PEO polymer electrolyte to fundamentally impede the crystallization of the polymer
chains and improve the mechanical properties of the polymer matrix.[6, 9, 21-23, 85-88]
Other benefits of incorporation of the passive inorganic silica nanofillers into PEO could
be facilitated ionic dissociation owing to the Lewis acid-base interaction between the
surface polar groups of the inorganic silica nanofiller and the ionic species in the
electrolyte and increased ionic transportation which could be due to the additional
conducting sites composed of the interfacial region between the particles and the polymer

matrix.[49, 89-91]
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Linear PEQ Linear PEQ/PMMA

Figure 2.12: The schematic for semi-crystalline nature of pure PEO and complete
elimination of the PEO crystallization with the incorporation of PMMA in linear

PEO/PMMA blends.[8]

Although addition of silica particles into linear PEO was performed and has been
successful in increasing mechanical strength of the polymer matrix and reducing of the
crystallization effectively as shown in Figure 2.13, the ionic conductivity was lowered
significantly as high as by an order of magnitude when compared to pure PEO based
electrolytes. Therefore, these composites need to be investigated more with the aim of

enhancing the ionic conduction.

Linear PEO/LITFSI Linear PEO/SIO, NPS/LITFSI
(PEO)
v
\‘?0’\ Si0, NPs
® (Li+)
(Li+)

Figure 2.13: The schematic for semi-crystalline nature of pure PEO and the elimination
of the PEO crystallization with the incorporation of Silica nanoparticles in linear PEO

based composite electrolytes.
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Although these previous studies provided significant amount of knowledge in
comprehending linear PEO/PMMA blend based as well as linear PEO/Silica composite
based solid polymer electrolytes including LiTFSI salt, however they did not incorporate
the architectural variations of PEO in these SPEs further improve the electrolyte
performance including ionic conductivity and mechanical strength which could be
enhanced when non-linear PEO architectures, instead of widely used linear chains in both
blend and composite electrolytes, are used, [12, 92-94] because, several previous studies
investigating the dependence of crystallization and free volume on non-linear PEO
architectures revealed branched PEOs had lesser degree of crystallinity, slower
crystallization kinetics, enhanced free volume when compared to their linear
counterparts.[16, 21, 51, 71, 92, 93, 95-98] In other words, these former findings suggest
that using non-linear PEO architectures can increase the fraction of amorphous PEO
phase with increased free volume, which could result in facilitated transportation of Li*
ions with the tremendous potential to increase the ionic conductivity in these SPEs,
leaving the critical fundamental questions in relation to the application of the architectural
variations in these blend and composite electrolytes on the crystallization, the segmental
dynamics, nanoparticle dispersion and correspondingly, the ionic conductivity and

mechanical properties unanswered, thus needs further investigation.

Even though effect of the changes in PEO architecture in PEO/PMMA and PEO/silica
based electrolytes containing LiTFSI salt, the architectural changes in neat PEO/LiTFSI
based SPEs have been applied by various studies with the goal of improving Li* ion
conductivity.[8, 13, 15, 16, 18, 99, 100] In almost all of these important studies, the
enhancement in the ionic conductivity was fundamentally attributed to the increased
amorphous fraction and free volume provided by the characteristics of non-linear
topologies along with the salt concentration particularly optimized for each electrolyte
system when used in preparing these SPEs. [8, 13, 92-94] As mentioned in Figure 2.8, the
ionic conductivity in an SPE could be strongly dependent on the salt concentration.
Increasing salt content, also known as salt molar ratio, generally results in enhancing the
ionic conduction because of mainly increased salt dissolution and free ions, however
further increase in the salt loading decreases the ion transportation which could be

attributed the formation of ion pairs and aggregates due to increased interaction between

the ions.[8, 14, 29]
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The salt molar ratio that maximized the ionic conduction for linear PEO based electrolytes
was [Li* ]/ [EO] ratio of 0.085[8], but this ratio could be architecture-dependent, which
means it needs further investigation when non-linear PEO architectures are employed to
enhance the performance of the homopolymer and blend-based SPEs. Additionally, since
PEO is highly semi-crystalline, forming different variations of phases depending on
composition, temperature, and the salt concentration when used in through different
methods and modifications in polymer electrolytes, the interdependence of ionic
conductivity and the phases and proportion of these phases present has also attracted a

great amount of interest in PEO based electrolytes. [57, 101]

To observe these changes in the phases which could importantly affect electrolyte
properties such as ionic conduction and mechanical strength, it is very crucial specifically
to draw first a phase diagram for each PEO electrolyte system investigated that could
clearly present which phases are present in the system based on composition, temperature,
and salt concentration. Although several studies investigated the phase diagrams of PEO
systems with most used salts for solid polymer electrolytes salts including primarily
lithium hexafluorophosphate  (LiPFg), lithium triflate  (LiCF3SOs3), lithium
tetrafluoroborate (LiBF4), lithium hexafluoroarsenate (LiAsFs), lithium perchlorate
(LiClO4), and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and helped our
understanding of these systems, [101-105] architectural variations have not been taken
into account in forming these phase diagrams related to PEO/LiTFSI systems, which
could also dramatically affect the degree crystallization, segmental dynamics, ion
dissolution, ion pairing, thus impacting the phase diagrams and electrolyte characteristics

essentially ionic conduction and mechanical strength.

With all being said, as could be seen in the discussions above, the previous studies have
been leaving the critical fundamental questions about the effect of polymer architecture
in these electrolytes on the crystallization, the segmental dynamics, optimized salt
concentration, phase behavior, nanoparticle dispersion and correspondingly, the ionic
conductivity and mechanical properties unanswered, hence the main objective of this
thesis is to investigate these factors more extensively in a more systematic way in
PEO/LiTESI, PEO/PMMA/ LiTFSI blend, and PEO/Silica/LiTFSI composite based

electrolytes.
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Chapter 3 Experimental Apparatus and Characterizations Techniques

In this chapter, the physical and electrochemical characterization techniques for the
samples as well as production of various polymer membranes and electrolytes are

described in detail.
3.1 Characterizations techniques
3.1.1 X-ray Diffraction (XRD) measurement

The structural characterization of most materials including polymers is performed
through the diffraction of X-rays associated with a wavelength comparable to interatomic
distance in materials with crystals. The reflections of x-rays arising from the crystal
planes with a spacing of d happen when the constructive interference of the reflections

occur fulfilling the Bragg’s law given as:[8, 45, 49]
2dsinfd = nA 3.1

where d accounts for the spacing of the atomic lattice crystal planes, 0 stands for the angle
between the X-ray beam and the planes, A is the wavelength of the X-ray, and n is an

integer.

Intensity

_, Crystalline

26(°)

Figure 3.1: Representation of an XRD pattern for the semi-crystalline polymer with

amorphous and the crystalline diffraction peaks.[49]

The XRD patterns of a semi-crystalline polymer are characterized by the broad
amorphous peaks and the crystalline diffraction peaks satisfying the Bragg’s law as

shown in Figure 3.1. Knowledge of the Bragg peaks fulfilling the Bragg’s law helps us



Chapter 3: Experimental Apparatus and Characterizations Techniques 36

identify the type of the unit cell for the crystal structures and combining that with the
information of the d spacing allows us to calculate the lattice parameters of the crystals.
In this thesis, crystal structure and phase composition of the materials are characterized
via X-ray diffraction (XRD) using D8 Advance (Bruker Co.) with Cu Ka X-ray source
(1.54 A) as can be seen in Figure 3.2.

Figure 3.2: The Bruker D8 advance diffractometer XRD system.

3.1.2 Differential Scanning Calorimetry (DSC) and Temperature-Modulated

Scanning Calorimetry (MDSC) measurements

Differential scanning calorimetry (DSC) is a conventional thermal analysis technique
which has been based on linear temperature programme modulated by a small
perturbation to understand the structure and morphology of polymeric materials including
melting temperature, glass transition temperature, heat of fusion, latent heat of melting,
specific heat or heat capacity, crystalline phase transition temperature etc.[8, 45, 49, 106]
In a modulated differential scanning calorimetry (MDSC) which is developed extension
of DSC, a sinusoidal modulation is preferred over the conventional linear heating or
cooling ramp to yield increased sensitivity for detecting weak transitions and melts and
also separates complex transitions into kinetic and thermodynamic components.[107,

108]

In both methods, the difference in the amount of heat required to increase the temperature
of a sample and reference is measured as a function of temperature. The figure 3.3 shows

phase transition processes during heating and cooling encountered in a typical DSC such
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as glass transition temperature, melting crystals and crystallization with corresponding

enthalpies.
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Figure 3.3: Schematic representation of A typical DSC thermogram including phase

transition processes with corresponding enthalpies.[49]

The degree of crystallization (X.) in percent for the polymeric material could also be

estimated using the relationship:[8, 49]

X, = (AA”Tm) £ 100 (3.2)

where AH,, stands for the melting enthalpy of the sample estimated from DSC and AH,
is the melting enthalpy of completely crystalline of the material. All DSC experiments in
this thesis are conducted with a TA Instruments DSC25 instrument equipped with a liquid
nitrogen cooling system given in Figure 3.4 and an aluminium pan was used as the

reference.
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Figure 3.4: TA Instruments DSC25 instrument equipped with a liquid nitrogen cooling

system.
3.1.3 Broadband Dielectric Spectroscopy (BDS) measurement

Broadband DS (BDS) which is a very powerful and excellent method to explore the
collective relaxation phenomena and to study the electrical properties of the material of
interest such as polymers, composites, and nanomaterials is depend on the interaction of
an external field with the electric dipole moment of the sample sandwiched between gold-
coated electrodes as shown in Figure 3.6 and represented by permittivity values of the
sample.[48, 49, 109] In a BDS, the dielectric properties are measured over a wide range
of frequencies ranging around 10°~10'> Hz under different temperatures, pressures, and
environmental conditions, allowing one to monitor a large variety of mechanisms at
various timescales, which makes it more advantageous in comparison with similar
techniques used to study molecular dynamics.[109, 110] A typical illustration of the
dielectric function with respect to wide range frequency of the electric field is given in
Figure 3.5, which has certain characteristic domains such as electrode polarization (EP)
at low frequencies usually due to ion accumulation at the electrode-electrolyte interface
and relaxation arising from polymer segmental or secondary relaxations occurs at high

frequencies.
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Figure 3.5: A typical illustration of the dielectric function with respect to wide range

frequency obtained in a BDS experiment.[49]

The dielectric function is a complex number composing of dielectric permittivity (g)
associated with the polarization of the polymer electrolyte under the electric field, and the
dielectric loss (¢") attributed to the fluctuations of molecular dipoles and the motion of
charge carriers.[48, 49, 110] In this study, dielectric relaxation spectra are obtained in the
frequency range of 1072 — 107 Hz and the temperature range of 30°C to 90°C using an

Alpha A analyzer (Novocontrol Co.) shown in figure 3.6.
3.1.4 Electrochemical Impedance Spectroscopy (EIS) measurement

Electrochemical Impedance Spectroscopy (EIS) measurement is one of the fundamental
methods to evaluate performance of electrolytes in which the magnitude and the phase
relation of an AC current is monitored in response to an applied low-amplitude fluctuating
voltage.[45, 49, 111] A sinusoidal voltage is employed to the sample and the resulting
current oscillation recorded where the current signal has a phase separation when

compared to the voltage as shown in figure 3.7.
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Figure 3.6: The Alpha A analyzer (Novocontrol Co.) equipment for Broadband

Dielectric Spectroscopy.

Based on this relationship, two parameters that are in requirement to have a relationship
the voltage to current are defined, which are found by taking the ratio of the maximum
voltage to the maximum current (Vmax/Imax), known as opposition to the flow of charge
and phase difference (0) between the two waves, combination of which used to find the
impedance, Z of the cell. Since both the magnitude and phase angle of the impedance are
controlled by the employed frequency, electrochemical impedance spectroscopy
measurement includes continuous observation over wide range of applied frequency.[29,

45]

Figure 3.7: Phase separation indicating the relationship between alternating current and

voltage signals with a phase difference (0).[45, 49]
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Additionally, the impedance which is a vector with magnitude and direction which is
given in Figure 3.8 and also known as Nyquist plot when plotted over the frequency range

can be defined using complex numbers as follows:
Z =17Z,+ jZ (3.3)

where Z ;. and Z; are defined to as the real and imaginary components, which could be

attributed to the resistance defined with the Ohm’s law in DC regime and the reactive

impedance depending on frequency.[29, 45]

v

Z

F

Figure 3.8: The impedance Z plot of a cell consisting of complex number where Z ,. and

Z; are defined to as the real and imaginary components.[29]

In the case of a single resistor in which no phase separation would be available between
the voltage and the current, there will be only real component in the complex impedance,
resulting in its modulus simply being equal the resistance (R). Based on this resistance
value, the ionic conductivity (o, S/cm) of the electrolytes is estimated using the following
relationship in which where d (cm) stands for the thickness of the electrolyte and A is

defined as the area of the electrolyte membrane between the electrodes.:

o =2 (3.4)

" R#A

In this thesis, impedance characterization was carried out using an Autolab Potentiostat
Galvanostat PGSTAT (Metrohm, Netherlands) in two-electrode configuration as

displayed in Figure 3.9.



Chapter 3: Experimental Apparatus and Characterizations Techniques 42

Figure 3.9: The Electrochemical Impedance Spectrometer.
3.1.5 Fourier Transform Spectroscopy (FT-IR) measurement

Fourier transform infrared spectroscopy (FTIR) in which the mathematical process
(Fourier transform) to translate the raw data (interferogram) into the actual spectrum is
applied, is a method to obtain the infrared spectrum of transmission or absorption of the
sample. In infrared spectroscopy, some of the infrared radiation is absorbed by the sample
and some of it is passed through.[112-114] The resulting spectrum represents the
molecular absorption/transmission, forming a molecular fingerprint of the sample by
identifying organic and inorganic compounds in the sample.[112-114] In a FTIR

spectroscopy, data can be collected with high spectral resolution which is typically 4 cm™!

over a wide range, usually between 5000 and 400 cm!

for mid-IR region
wavelength.[112-114] In this study, Fourier transform infrared (FTIR) spectra of samples
were recorded on a Thermo Scientific Nicolet iS10 FT-IR Spectrometer given in Figure

3.10.

Figure 3.10: The equipment for Thermo Scientific iS10 FT-IR.
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3.1.6 Rheology measurement

One of the important aspects is related to the study of the flow behavior of the polymeric
materials from the standpoint of polymer processing operations, which is also called as
the science of flow or deformation of polymeric materials, namely polymer
rheology.[115-117] In a rheology measurements, viscosity is often defined as the measure

of the resistance of a material when under an applied stress.[115, 118]

When more complex materials such as polymer blends or polymer composites are being
studied, rheology is used in order to properly study these complicated structures to
optimize their properties at various conditions including changes in temperature, and
polymer related factors such as molecular weight and architecture.[117] These materials
are primarily defined by properties which are between purely elastic material and
Newtonian fluids.[115, 117, 118] Anton-Paar’s Modular Compact Rheometer 302
(MCR) shown as 3.11 is a rheometer composed of EC motor technique, low friction
bearing, and an optimized normal force sensor for optimizing its performance. These line
of MCR’s could be fundamentally used to conduct different rheological tests, such as
rotational, oscillatory, and a combination of both. The RheoCompass software is utilized

for control of the system. The modularity of the system lets for the integration of a large

range of temperature devices and application-specific accessories.

Figure 3.11: Modular Compact Rheometer (MCR 302).
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3.1.7 Small-angle X-ray scattering (SAXS) Measurement

Small-angle X-ray scattering (SAXS) is a small-angle scattering technique which is
sensitive to nanoscale differences in the electron density of a sample.[119, 120] When X-
rays travel through the material with heating option at different levels, their elastic
scattering at small angles is recorded.[119-121] This allows to determine the size, shape,
and oligomeric state of the extensive range materials including for polymers, surfactants,
colloids, proteins, porous media, nanoparticles, and nanocomposites on a size scale of

one to several hundred nanometers.[120, 121]

In this work, SAXS measurements for the samples were performed using SAXSpoint 5.0

Anton Paar equipment shown in Figure 3.12.

Figure 3.12: SAXSpoint 5.0 Anton Paar equipment.

3.1.8 Thermal Gravimetric Analysis (TGA)

The thermochemical stability of materials over an extensive range of temperature can be
assessed by observing its gravimetric variation upon heating through a thermal
gravimetric analysis (TGA) for which a typical schematic of a TGA equipment is
illustrated in Figure 3.13.[29, 122, 123] The apparatus basically consists of a highly
sensitive scale to measure weight changes, a programmable furnace to control the heat up
rate of the sample, sample holder with a balance usually consisting of aluminium (for T
<600 °C), platinum or alumina for higher temperatures to place the sample as well as gas

outlet/inlet parts to allow gas flow such as usually nitrogen (N2) or Argon (Ar) through


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/small-angle-scattering
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the sample to remove volatile decomposition products.[29, 122, 123] In this study, the
simultaneous thermal analyser NETZSCH STA 449 F3 Jupiter given in Figure 3.14 was
used to carry out the thermal gravimetric analysis (TGA) of the samples.

Gas outlet |_| Crucible
—

<3

Balance

Gas inlet

<€

Furnace

Figure 3.13: Typical illustration of a TGA equipment.[29]

Figure 3.14: Equipment for Thermal Gravimetric Analysis (TGA).
3.1.9 Nuclear Magnetic Resonance (NMR) Measurement

Nuclear magnetic resonance (NMR) spectroscopy is an extremely developed
characterization technique used to identify the molecular structure at the atomic level of
a sample by analysing the chemical shift of the resonance frequencies of the nuclear spins
in the test samples.[124, 125] Besides, it would be also possible to monitor the
physicochemical properties including phase changes, conformational and configurational

alterations, solubility, and diffusion potential in the material of interest. [124, 125]
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Here, in this PhD thesis, we used Bruker 500 MHz NMR Nuclear Magnetic Resonance
Spectrometer equipped with BBO double resonance solution state probe and BBO double
resonance solid state probe to perform NMR Measurements. This device is also equipped
with wide range sample temperature controller and sampleXpress autosampler for liquid

state.
3.1.10 Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS), based on the Brownian motion, is one of the non-
invasive techniques commonly used to estimate the size distribution profile of
macromolecules such as polymers in solution.[126-129] The Brownian motion causes
collisions, which results in certain energy transfers related to the movements of the
macromolecules.[130, 131] In this context, the higher the particle size is, the smaller the
speed of the particles is. From these movements, hydrodynamic diameter upon on the size
and shape of macromolecules could be predicted.[126, 129, 130] In this study, the
MALVERN ZS — ZETASIZER shown in Figure 3.15 was utilized to calculate

hydrodynamic particle size and distribution.

Figure 3.15: Equipment for measuring the hydrodynamic radius of polymers used in

this work (DLS).
3.1.11 Positron Annihilation Lifetime Spectroscopy (PALS)

Positron annihilation lifetime spectroscopy (PALS) displayed in Figure 3.16 is a well-
established and very sensitive non-destructive spectroscopy technique that allows
studying a variety of phenomena and material properties on an atomic scale including
free volume and its fraction.[132-135] The PALS spectra were divided using the
computer program LT polymers into four lifetime components corresponding to

annihilation of para-positronium (p-Ps), free positrons, and two ortho-positronium (o-Ps)



Chapter 3: Experimental Apparatus and Characterizations Techniques 47

in the increasing order of their lifetime, respectively. 11 (the shortest-lived component
with an intensity I1) 12 (the intermediate-lived component with an intensity I2) and 13 (the
longest-lived component with an intensity 13).[132-135] t; and I, are associated with the
annihilation of para- positronium (p-Ps), 12 and I are allied with direct annihilation of
positrons, and t3 with I3 and t4 with 14 are associated with pick off annihilation of ortho-
positronium (o-Ps within the crystalline and amorphous regions of the polymers. In
estimating the longest lifetime parameters, t; and 12 were assumed as independent of free
volume and used as fixed at 125 and ? ps, respectively. Ortho-positronium lifetime, T3
and t4 are known to be sensitive to calculate free volume and their corresponding hole
sizes and I3 and I4 have straight correlation with the number of free holes in the materials.

[132, 135, 136]

The relation between the radius of free volume hole (R) and pick-off annihilation lifetime
is given by Tao-Eldrup Model, the radius was related with the lifetime t by the equation
below[133-135, 137];

27TR)_1 (3.5)

1 R, 1 .
T(ns)—(l ——+—sin—
2 RO 2T Ro

Where Ry = R + AR with AR = 0.1656 nm as an adjustable parameter for a measure of

electron layer inside the spherical potential well. By assuming spherical free volume, the

size of free volume holes (Vy) is finally then calculated by using the following equation;

v = inR3 (3.6)

Figure 3.16: The Positron Annihilation Spectroscopy (PALS) for Free Volume
Analysis.
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3.2 Experimental apparatus
3.2.1 Glove box & MTI Split Cell holder for EIS Measurements

The each SPE disc was sandwiched between two stainless steel blocking electrodes under
an argon atmosphere in a glove box given in Figure 3.17 (left figure) located at Kog
University Boron and Advanced Materials Application and Research Center (KUBAM)
and sealed in MTI Split Cell illustrated in Figure 3.17 (right figure) to carry out

electrochemical properties of the samples.

Figure 3.17: (Left) Argon atmosphere controllable glove box used for assembling,
(Right) MTT Split Cell on the right.

3.2.2 Special Mould for Sample Preparation of the polymeric membranes

This special mould shown in Figure 3.18 was used to fabricate the PEO membranes with
different sizes in diameters under vacuum which later was used for the relative

experiments and doped with LiTFSI salt for the electrochemical characterization.

Figure 3.18: Illustration of the Special Mould used for Sample Preparation of the

polymeric membranes.
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INTRODUCTION

Polymers and their blends have been widely applied in various industries from
aerospace and electric vehicles to consumer electronics and energy storage devices.[52,
138-142] For most of these applications, lithium-ion batteries play a significant role, in
which electrolytes are very critical for transporting positive lithium ions between
electrodes.[143] Liquid electrolytes that are currently in use are often flammable, volatile,
toxic, and more prone to short circuit and leakage, leading to environmental and safety
concerns.[53, 144, 145] To overcome these disadvantages, solid polymer electrolytes
(SPEs) have emerged as alternative systems for the fabrication of sustainable lithium-ion
batteries.[53, 144, 145] While SPEs provide decent mechanical stability,[11, 18]
deformability[146] and biocompatibility,[147] their low ionic conductivity at room
temperature (<10 S/cm)[11] compared to the liquid electrolytes (~102 S/cm)[11]

remains as a major challenge for their commercial use.[12]

Linear poly(ethylene oxide) (PEO) has gained significant attention as SPE[12, 17,
18, 76] due to its excellent characteristics including fast segmental dynamics as well as
the ability of form complexes with a wide range of different lithium salts. It is generally
believed that ion conduction occurs in the amorphous phase where ion transport is
coupled with segmental dynamics.[7, 12, 18, 51, 71, 76-78, 148] At room temperature,
however, PEO is a semi-crystalline polymer with an ionic conductivity ranging between
107 — 1078 S/cm,[17] in which crystalline regions impede ion transport (see Figure 1a
for scheme). The ionic conductivity increases up to 1073 S/cm above its melting
temperature (T,, = 60°C),!” yet with severe reduction in mechanical strength, which
limits its application in a solid-state battery. To overcome these drawbacks in relation to
crystallization and mechanical stability, one method is to blend PEO with another
polymer that can provide mechanical rigidity and eliminate crystallinity.[7, 18, 77, 78] In
this sense, a high glass transition temperature (7¢) polymer poly(methyl methacrylate)
(PMMA) is commonly used (Figure 1b). Incorporation of PMMA into PEO significantly
increased the mechanical properties, such as storage modulus, of PEO/PMMA blends,
making the liquid-like behavior of PEO to a more solid-like behavior. [18, 79]

The elimination of crystallinity requires thermodynamic miscibility of the
polymers. Due to a slight attractive interaction between PEO and PMMA (y ranges
between -0.005 to -0.001),[80] the system is shown to be miscible up to 370 K.B3!
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Moreover, studies showed that crystallization of linear PEO in the blends is observed at
concentrations exceeding 30% PEO.[149, 150] Also, the large difference between the
Ty’s of the homopolymers (ATy ~180 K) causes significant slowdown of linear PEO
segmental dynamics with the addition of PMMA.[82-84]As the lithium-ion transport
occurs primarily in the amorphous phase, and is coupled with the segmental dynamics,
increasing the amount of PEO without forming crystalline regions at higher
concentrations and accelerating the segmental dynamics in the amorphous phase in the
blend could further enhance the electrolyte performance. In this study, we show that both
miscibility and dynamics of PEO in the blends with PMMA could be significantly
enhanced when ‘non-linear’ PEO architectures, instead of commonly used linear chains,

are employed.

Several studies on the ‘neat” PEO showed the effect of polymer architecture on
crystallization.[12, 92-94] Zardalidis and co-workers[93] investigated the dependence of
crystallization on molecular weight and architectures including linear and ring topologies
and revealed that PEO with ring architecture exhibited lower crystallinity and apparent
melting temperature compared to the linear analogue due to its more strained structure.
In another work, Chen et al.[151] compared the degree of crystallization in linear and star
PEO architectures (3-arms and 4-arms) and reported the crystallinity of star polymers was
approximately 20% lower. Similarly, Coppola and co-workers studied crystallization of
poly(ethylene oxide) star polymers of varying arm number and size and unveiled a slower
crystallization kinetics of the stars compared to their linear analogues due to the high

degree of branching with slowed diffusivity.[92]

Moreover, studies conducted by Yao et al.[94] and Lee et al.[16] showed that the
crystallization of hyperbranched Poly(ethylene oxide) effectively decreased when
compared to linear one because of the increased number of branching. These previous
findings suggest that using non-linear PEO architectures can increase the fraction of
amorphous PEO phase in which the ions are transported within SPEs, therefore, the
PEO/PMMA blends have a significant potential to enhance the ionic conductivity when

the nonlinear PEO architectures are used is the SPEs.

Also, the effect of free volume, which results from the free spaces between
monomers along the (same or different) polymer chains,[21] on ionic conductivity was
investigated by various studies in PEO-based SPEs.[21, 51, 71, 95] The increase in free

volume in the polymer matrix resulted in assisted ion migration, enhancing the ionic
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conductivity in these SPEs. Recent studies confirmed that the hampered crystallization of
PEO due to the addition of nano-fillers or other polymers could increase the free
volume.[80, 152] Furthermore, it is known that increasing number of branches in the non-
linear topologies resulted in a decrease in crystallization, increasing free volume.[97, 98]
The ion-migration within SPEs, known as hopping mechanism, is well established, in
which the available free volume helps lithium ions to transport through hopping provided
by the polymer segmental motions.[21, 51, 71, 95] In this manner, Utpalla et al.[21]
investigated the role of free volume and segmental dynamics on the ion conductivity of
PEO based SPEs and found the increase in free volume with the addition of inorganic
nano-fillers enhances the free volume fraction and decreases the crystallinity of pure PEO
by increasing free available spaces between polymer chains, thus promotes the ionic
conductivity. Similarly, Michael et al.[153] reported that the polymer chains leaning to
coil up around nano-fillers added into PEO pawed the way for the transportation of Li*
ions by providing the additional free volume as a result of decreasing crystallization. It is
known that increasing number of branches in the non-linear topologies can result in an
increase in free volume[97, 98] due to enhanced number of chain ends compared to the

linear chains.

Here, we take the advantage of enhanced free volume due to increased number
of free end-groups in non-linear PEOs and suppressed crystallization arising from
branching as well as PMMA addition to facilitate transportation of Li* ions in

PEO/PMMA blend electrolytes.

Very recently, the ionic conductivity in PEO/PMMA based solid polymer
electrolytes (SPEs)[18] was investigated with star PMMA and linear PEO. Glynos and
his co-workers revealed that the star PMMA in blends with linear PEO led to extremely
fewer contacts between PEO and PMMA segments in comparison to the linear
PMMA/PEO blends, giving rise to faster PEO segmental dynamics, thus resulting high
ionic conductivity.[18] However, the key fundamental questions about the role of
polymer architecture on the polymer-polymer miscibility, the component segmental
dynamics and correspondingly the ionic conductivity remain unanswered. In this work,
we used various PEO topologies as shown in Figure 4.1 including linear, 4-arms, 8-arms,
hyperbranched (6" generation, 6G) and bottlebrush, and dispersed in linear PMMA

matrices to make SPEs and investigated the role of polymer compactness, branching and
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interpenetration on phase behaviour, local dynamics, and ionic conductivity in polymer

blend electrolytes.

4.2 Experimental methodology
In this part, materials used in this study are explained and defined, respectively.
4.2.1 Materials

The PMMA homopolymer (MW~120kDa), linear PEO, hyperbranched (6" generation)
PEO, and Lithium bis(trifluoromethane)sulfonamide, LiTFSI salt were purchased from
Sigma-Aldrich. 4-arms and 8-arms star PEO were supplied by Creative PEGWorks. The
bottlebrush PEO was synthesized in Center for Nanophase Materials Science (CNMS) of
Oak Ridge National Laboratory. All polymers were used as received without
modification. Chemical structure of the PEOs is provided by figure 4.2. Table 4.1 displays

their functionality, molar masses, and dispersities.

moozZ>
moOOoOIT=H>0

Figure 4.1: (a) Schematic depicting Li" ions in a semi-crystallized PEO electrolyte. (b)
Sketch of an amorphous blend of Linear PEO/PMMA doped with Li* ions. (c) Schematic

representation of linear and various non-linear topologies of PEO in blends.
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Table 4.1: Molecular characteristics of the PEO samples used in this study.

PEO Sample | Functionality MW Marm Dispersity
architecture ID ) [kg/mol] | [kg/mol] (€2)]
Linear L.20 2 20 10 1.10
4-arms star 4F20 4 20 5 1.03
8-arms star 8F20 8 20 2.5 1.10
Hyperbranched | HB6G | 6™ generation 35 NA <1.5
Bottlebrush BB 80 32 0.35 <14

4.2.2 Preparation of Salt-Free Blend Samples

Blends of various compositions of (PEO/PMMA) with topologies of linear (MW~20
kDa), 4-arms star (MW~20 kDa), 8-arms star (MW~20 kDa), HB6G (MW~35 kDa),
bottle brush (MW~32 kDa) PEO as well as pure PEO and PMMA were prepared by the
solution casting technique. Polymers at desired ratios were first dissolved in chloroform
at 30 mg/ml. Then, the solutions were stirred with a magnetic stirrer at room temperature
for 6 hours. The solutions were then cast onto either glass petri dishes, and evaporated
slowly for overnight at room temperature. Then, the dry films were transferred into a
vacuum oven and annealed for 48 hours at 150°C to remove residual solvent. Finally,
dielectric samples were prepared by hot pressing in a vacuum environment to form discs

of 20 mm diameter and 200x thickness.

4.2.3 Preparation of Polymer Electrolytes

The desired amount of the lithium bis(trifluoromethane)sulfonamide, LiTFSI, was
dissolved in acetonitrile, stirred for 48 hours. Then the disc samples were doped with
(LVEO=0.085) LiTFSI by solution uptake. The electrolytes were first dried at room
temperature for overnight in glovebox filled with Argon and annealed at 120°C in vacuum

oven for 48 hours to ensure complete removal of the solvent.
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Figure 4.2: Chemical structure of the PEO polymers. The structure for the hyperbranched
PEO was taken from the manufacturer (Sigma-Aldrich)’s page.

4.2.4 Characterization

X-ray Diffraction (XRD): The XRD patterns of the pure PMMA, PEO and PEO/PMMA
blends were recorded using the Bruker D2 Phaser — X-ray diffractometer with Cu K (a)
source. The diffraction data were obtained at room temperature with the Bragg’s angles

(20) varying from 10 to 50 degrees.

Modulated differential Scanning Calorimetry (MDSC): The temperature modulated
differential scanning calorimetry (MDSC) samples were prepared by putting ~8-10 mg
of material in aluminium pans provided by TA Instruments. MDSC experiments of the
pure PMMA, PEO and PEO/PMMA blends were carried out with a TA Instruments

DSC2S5 instrument equipped with a liquid nitrogen cooling system. An aluminium pan
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was used as the reference. To get rid of the temperature history completely, all the samples
were heated to 180 °C and waited there for 5 minutes. Samples were then quickly cooled
down to -85°C at the rate of 20 °C/min. DSC scans were then collected during heating of
the sample in modulated temperature mode at the ramp rate of 1 °C/min with a modulation

amplitude +0.5°C and period of 60 s.

Broadband Dielectric Spectroscopy (BDS): Dielectric relaxation spectra are obtained in
the frequency range of 1072 — 107 Hz and the temperature range of 30°C to 90°C using
an Alpha A analyzer (Novocontrol Co.). BDS measurements for linear and non-linear
PEO/PMMA blends were performed with a temperature increase of 10°C and 30°C,
respectively. At each temperature increase, the experiments were started once the
temperature stability was reached within 0.05 K interval. After the experiments at high
temperatures were over, we let the sample cool to temperatures lower than 50°C, and only

then the new sample was placed into the sample holder for the next measurements.

Electrochemical Impedance Spectroscopy (EIS): Impedance characterization was
carried out using an Autolab Potentiostat Galvanostat PGSTAT (Metrohm, Netherlands)
in two-electrode configuration for all PEO/PMMA blend electrolytes. This arrangement

was used to investigate electrode properties in solid-state systems.

The measurement frequency was varied between 1 Hz to 1 MHz. Each SPE blend disc
was sandwiched between two stainless steel blocking electrodes under argon environment
in a glove box located at Ko¢ University Boron and Advanced Materials Application and
Research Center (KUBAM) and sealed in MTI Split Cell to measure the complex
impedance spectra. After waiting for the temperature stabilization of 0.1°C, the
experiments were also carried out at various temperatures including 30, 60, and 90°C,
respectively. The data was analysed to characterize real and imaginary impedances using

the NOVA software.
4.3 Results and Discussion

In this section, we analysed the results and proposed a discussion in relation to the

findings.

4.3.1 Effect of PEO Architecture on the Crystallization in PEO/PMMA Blends



Chapter 4: The Blend Electrolytes of PEO and PMMA 56

The polymer characteristics are displayed in Table 4.1. The total molar masses of linear
and star polymers are 20 kDa, and the molar masses of the hyperbranched and bottlebrush
PEO are about 35 kDa due to excessive branching, yet the backbone molar masses are
close to 20 kDa. We first investigate the crystallization of neat PEO homopolymers and
their blends with PMMA using XRD at room temperature. Figure 4.3 displays the PEO
wt% concentration dependent intensity profiles at the room temperature for blends with
L20, 8F20 and BB PEO architectures and without salt (see the additional experimental
detailed results for 4F20 and HB6G in Figure S1 in the SI). The peaks observed for the
neat PEO samples at 260=19° (120-plane) and 23° (032-plane) confirmed the semi-
crystalline nature of PEO[17, 18, 154] and are the characteristic peaks of monoclinic
lattice as the primary crystal structure.[93] Furthermore, regardless of the structural
changes in PEO topologies, the positions of these peaks did not change, implying the
primary monoclinic crystal structure as well as relative d-spacing of the predominant
(120) and (032) planes are retained. Additionally, we found the degree of neat PEO

crystallinity for different architectures severely decreased with the number of branching.

The representative melting enthalpies and crystallinity ratios for various PEO
architectures with different weight fraction of PEO blended with PMMA are indicated by
Table 4.3.
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Figure 4.3: (a-c) XRD results for PEO/PMMA blends in different PEO wt%
concentrations and with various PEO topologies: (a) linear, (b) 8-arms star, and (c) bottle
brush. (d) Crystallization phase map for various PEO architectures in blends with PMMA

with respect to extensive PEO weight faction.

The addition of PMMA resulted in suppression of semi-crystalline nature of PEOs
drastically, as also shown in previous studies in linear PEO/PMMA blends.[150, 155-
157] However, we show here that the degree of suppression changes differently based on
the PEO architecture. The linear PEO blended with PMMA crystallizes over 35wt% PEO
in the blends whereas in the case of non-linear architectures, the amorphous blends
containing higher amount of PEO (up to 100%) can be formed. Specifically, in the case
of 4-arms and 8-arms stars, the amorphous blends are obtained at 40% PEO
concentrations, whereas this number can even reach up to 50% for the hyperbranched
PEO. In the most extreme case, bottlebrush PEO (BB) was amorphous in its neat form
and in blends with PMMA at all compositions, due to its densely grafted short side chains
impeding formation of close-packed structure. Figure 3d displays the resulting phase
diagram. The degree of crystallinity estimated using MDSC are displayed in Table S1.
All these results indicate that the crystallization in PEO/PMMA blends can be eliminated
more effectively using PEO chains with high degree of branching. To the best of our
knowledge, such a architecture dependent crystallization in miscible blends is
investigated for the first time in this work. As the ion transport is mediated by the

amorphous phase of SPEs, this approach is of practical importance.

We chose 20% PEO concentration, where all blends are in the amorphous phase, to
investigate the role of polymer architecture on dynamics, including glass transition, and

segmental motion.

4.3.2 Effect of PEO Architecture on the Glass Transition

We first investigate the effect of PEO architecture on the glass transition in
PEO/PMMA blends using modulated differential scanning calorimetry (MDSC). Figure
4.4a shows the specific heat capacities (Cp’s) of neat PMMA and the blends with 20%
PEO having different architectures. We found glass transition temperatures of neat
PMMA and PEO with various architectures around 394 K and 220 K, respectively, in
agreement with the previous reports (Additional Modulated differential scanning

calorimetry (MDSC) results section for the details of T, values for different PEO
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topologies are summarized by Table 4.4).[7, 51, 77, 82, 158] Since PMMA is the majority
component, the heat flow in the blends is overwhelmed by PMMA signal. It is seen that
the PMMA glass transition temperature in the blends shifts to lower values due to
enhanced mobility provided by low-T; PEO segments. Even from the raw Cp data, it is

evident that the transition is strongly architecture dependent.

Apart from the experimental techniques, several mathematical methods have been
developed for estimating the glass transition temperature of mixtures from knowledge of
the properties of the pure components. One of the most widely used equations for
predicting glass transition temperatures of amorphous mixtures is the Fox equation given

by the Eq.4.1:
L _9

1-¢
= PP
Tg(d) Tg T

“4.1)

where T, (¢) and T4' as well as Tgb are the glass transition temperature of the mixture and

of the components, respectively, and ¢ is the weight fraction of component a. This model
estimates one Tg, around 340 K for all blend systems, accounts for the glass transition
temperature of the mixture using Ty values of the neat components and their weight
fraction in a binary polymer blend. However, we observed two glass transition
temperatures (7¢’s): one located at lower temperatures corresponding to the glass
transition of the faster component, PEO, in the system and another one positioned at
higher temperatures attributed to the slower component, PMMA. Although these
polymers are miscible at macroscopic level, they are not homogenous at monomer level
due to chain connectivity. Thus this forms a local heterogeneity, leading to concentration
fluctuations in which some local regions spontaneously rich in one of the components in
a binary polymer blend.[83] This results in an average composition of the local
environment around any chosen segment in comparison with the bulk composition is
enriched in the same species, called as effective concentration.[83] This results in two
composition-dependent 7’s (namely ‘effective’ T,’s) in binary blends (see Modulated
differential scanning calorimetry (MDSC) results section in the Supporting Information
for the details of the Lodge-McLeish model).[83] To highlight the effective T, s in the

blends, the temperature derivative of the heat capacities are used (see Figure 4. 4b). We

fit a Gaussian & exp[—(T - Tg)2 / (Z(ATQ)Z) to find Ty and the entire peak widths at
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half-maximum height (ATy) values more precisely.[159] The resulting effective T’s are
given in Table 4.2 and displayed in Figure 4.4c.
Table 4.2: T; and the transition width (AT) for all polymer blends, and its electrolytes

containing 20wt% PEO with various PEO architectures.

BLEND
BLEND ELECTROLYTE
Sample D PMMA PrO FAMA
TgI,;:ff, ATg, K Tgl,gff, ATg, K Tgeff, K Tgeff, K

L20 248.03  38.09 333.15 29.07 259.69 342.12
4F20 24415 4523  338.73 59.8 248.72 347.68
8F20 240.62 30.56 330 22.29 245.75 344.38
HB6G 260 32.48 360.5 36.51 266.15 371.57

BB 218.65 20 387.93 8.94 221.7 388.5

In addition, in comparison of Tj;_,¢; values of PMMA in the blends with the T of neat
PMMA, we found T;;_. ¢ values were greatly shifted to the lower values due to increased
mobility provided by low-T, PEO segments. We also observed this transition was highly
dependent on the PEO architecture. It was seen the highest decrease in Tj;_.¢; values of
PMMA happened to be in blends with L20. The moderate increase in the number of
branching in PEO architecture such as 4-arms and 8-arms stars slightly changed the
degree of this decrease in Ty_. s values. As the degree of branching increased further for
HB6G when compared to linear and star PEO topologies, the change in Tg-eff of PMMA
in the blend became less intense because of lower interpenetration. Nevertheless, in BB
PEO/PMMA blend-the most extreme case in terms of degree of branching, Tg-eff of
PMMA showed the least deviation from Tg of its neat form due to densely attached very
short side chains to the bottlebrush backbone. Higher architectural constraints result
severe reduction in the monomer level mixing between PEO and PMMA chains. These
findings are highly in accordance with our hypothesis that less interaction and

interpenetration between PEO and PMMA was present in the case of non-linear

PEO/PMMA blends.
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Figure 4.4: The dependence of the reversible heat flow (a) and its derivative (b) with
respect to temperature for PEO with various topologies including linear, 4-arms, 8-arms,
hyperbranched and bottle brush in blends with PMMA as well as neat PMMA. (c) The
comparison of the experimental effective glass transition (Tgefr) values for PEO and
PMMA with the estimations obtained from DSC (Red and purple for filled squares and
circles account for experimentally obtained values for Tgerf of PMMA and PEO for
blends and its electrolytes, respectively), Lodge-McLeish model (Red and purple stars
with lines account for LM model estimated values for Tgerr of PMMA and PEO for
blends, respectively) and Fox model (Shaded region represent Fox model estimates for

the blend T, values).

We would like to emphasize that the Lodge-McLeish model has been tested by many
studies with no emphasis on topological changes for these PEO/PMMA.[84, 159-164]
Recently, Lodge et al.[84, 160] investigated the miscible blend system consisting of
poly(ethylene oxide) (PEO) and poly(methyl methacrylate) (PMMA) over the entire
composition range using differential scanning calorimetry (DSC) to further comprehend
the existence of two glass transition phenomenon. In their work, two distinct glass

transition temperatures were clearly found in the mid-composition range.[84, 160] In a
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different work, Colmenero and co-workes[159] examined the same polymer blend system
through Modulated differential scanning calorimetry (MDSC) which depends on the
changes in the heat capacity (Cp) of polymer samples and the presence of two glass
transition temperatures within a certain composition for the PEO/PMMA blend was
validated. Other significant studies applying the Lodge and McLeish model to
PEO/PMMA blends have also confirmed the presence of two effective glass transition
temperatures for the PMMA in PEO/PMMA blends.[162, 163, 165] Our results are also
consistent with these previous findings in terms of the existence of two effective glass
transition temperatures. However, our experimentally obtained results through MDSC
quantitatively differed. In this context, the Figure 4.4c shows the comparisons between
experimentally obtained Ty_.sr values for PEO and PMMA and the estimations obtained
using the prevalent mathematical models including Lodge and McLeish (self-
concentration model) and Fox model. Regardless of the different topological changes in
PEO topologies, both Lodge-McLeish and Fox Models were overestimating Ty_.rr
values for PEO, however they were generally better at predicting Ty_.rr values for
PMMA in all blends investigated. It appears that the theoretical self-concentration
formulations which have been commonly used for linear polymer blends need to be
modified when estimating the effective Tg’s in blends with non-linear topologies.
Nevertheless, the research of this paper is not essentially interested in investigating the
Lodge-McLeish model for non-linear polymer blends, which will be the subject of

another work.

We finally analysed the PEO/PMMA/LIiTFSI based polymer electrolytes for the
same PEO topologies including linear, 4-arms, 8-arms, hyperbranched and bottle brush.
The reversible heat flow (a) and its derivative with respect to temperature (b) for
PEO/PMMA/LTEFSI based polymer electrolytes with regards to various PEO topologies
including linear, 4-arms, 8-arms, hyperbranched and bottle brush in blends are given in
Figure 4.12. Based on the derivative of the reversible heat flow with respect to
temperature, estimated T effective values for PEO and PMMA using the derivative of
the reversible heat flow with respect to temperature are shown in Table 4.2. We observed
the architectural dependent transitions in the Ty_.sr values of PMMA for all blends
containing lithium salt (given in dots symbols in Figure 4.4c), thus the changes in the

segmental dynamics associated with different polymer architectures and observed in salt-
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free samples in dielectric spectroscopy (discussed below) are effective also in the blend

electrolytes.

4.3.3 Effect of PEO Architecture on the Segmental Dynamics and Ionic Conductivity

We next investigated the relaxation behaviour of the blends using broadband
dielectric spectroscopy (BDS). Our aim here is to understand how different polymer
topologies influence the segmental dynamics; thus, we use the salt-free blends at 20%
PEO concentrations. Figure 4.5a and 4.5b display some representative dielectric spectra
along with fits for neat PMMA and its 20wt% PEO blends at two different distinctive
temperatures, specifically 328 K (lower than Ty, efr, pmma) and 348 K (higher than T, efr,
pmma for blends with linear and star PEOs). The dielectric loss spectra of PMMA and its
20wt% PEO blends (Figure 4.5a) at 328 K showed two processes, B-relaxation, and DC
conductivity. However, at 348 K (Figure 4.5b) the a-relaxation of PMMA is also observed
for L20, 4F20 and 8F20. Therefore, at 328 K, one Havriliak—Negami (HN) function was
sufficient to define the PMMA dynamics for its neat form and respective blends with
different PEOs whereas at 348 K, two Havriliak-Negami (HN) functions could define the
relaxation involving B and a processes. In the frequency domain, the HN function is given

as:[166]

&= €0 + P (42)

where w = 2rf is the angular frequency, and w, = 2mf, is a characteristic angular
frequency related with the dielectric loss peak frequency (f,4x)- The relaxation strength
A¢e accounts for the difference between the real permittivity for low-frequency limiting
value and that for high-frequency limiting value ¢,,. The HN fitting parameter a is related
to the broadness of the relaxation spectrum, while the parameter b describes its

asymmetry, (0 < a, b<1).
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Figure 4.5: The frequency dependence of the dielectric relaxation data at 323 K (a) and
348 K (b) along with HN fits in linear and non-linear PEO/PMMA blends. The
temperature dependence of B relaxation (c) for neat PMMA, linear, 4-arms, 8-arms,
hyperbranched, and bottle brush PEO architectures , and a relaxation dynamics (d) for

PMMA in blends with various PEO architectures including only linear, 4-arms, and 8-

arms.

We found shape parameters for high and low frequency domains at 323 and 348 K is
dependent on PEO architecture. The fitted shape parameters for the different PEO
architectures are shown in Figure 4.6. It is well established that the a-relaxation peak
shape 1s correlated with segmental motions and essentially influenced by
heterogeneity[167]. It is seen that values for a parameter in the low frequency domain at
348 K increase with the increasing number of branching while b remains almost

unchanged.
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Figure 4.6: High and low frequency domain fitting shape parameters (a), (c), and (e)
accounting for the broadness of the relaxation spectrums and (b), (d), and (f) accounting
for its asymmetries, for PEO/PMMA blends containing 20wt% PEO from Havriliak-
Negami (HN) function for various PEO architectures. Data are collected for the
temperatures of 323 and 348 K. Comparison of the shape parameters a and b for
Havriliak-Negami (HN) function fitted for relaxation data from different PEO
architectures. (a) and (b) compare the parameters obtained at high frequency and 323 K;
(c) and (d) compare the parameters obtained at high frequency and 348 K; (d) and (e)

compare the parameters obtained at low frequency and 348 K.

These results suggest that the PMMA a-relaxation spectra of the linear PEO/PMMA
blend is broader than the non-linear ones. Furthermore, the values for the low frequency
domain at 348 K are hardly affected by PEO architecture whereas b values decrease in
the case of non-linear blends, indicating that 3 relaxation spectra being more asymmetric
as degree of branching become higher. Also, a parameter for 323 K increase with
decreasing b values as more compact PEO was employed. Smaller a and higher b values
indicate the spectra for the  relaxation becomes narrower and less symmetric when non-
linear PEO/PMMA blends are employed, suggesting more heterogeneous dynamics.
Figure 4.5¢ and 4.5d show the relaxation times as a function of temperature for B and o

processes of PMMA in its neat form and its 20%wt PEO blends ,respectively. For all
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samples within the temperature of investigation, we observed the P relaxation process

following the Arrhenius behaviour expressed as:[149, 166, 168-170]

()
Tp = Toexp\kT 4.3)

where 7, is the reference time, Ep is the active energy of relaxation, and R is the gas

constant number (8.314ﬁ). Based on these Arrhenius fits, the activation energy (Ep)

and 7, for pure PMMA were calculated as 7.55 kJ/mol and 1.86 * 101> s, which is in
very good agreement with the reported results.[166, 168-170] All the results regarding
the activation energy (Eg) and reference time (t,) for L20, 4F20, 8F20, HB6G, and BB

PEO architectures in the blends are plotted in Figure 4.7.
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Figure 4.7: Arrhenius fit parameters of activation energy (Eg) (a) and 7, (b) for the
relaxation in PEO/PMMA blends containing 20wt% PEO.

Furthermore, it was seen that a relaxation for PMMA dynamics in all blends with PEO
decreased with temperature following a Vogel-Fulcher- Tamman (VFT) type of

behaviour given by:[165]

Ty = Tooexp(%) 4.4)
where 7, B, and Ty are VFT constants for a given component in a particular blend. They
account for the factors related to the extrapolated relaxation time at infinite temperatures,
the pseudo activation energy of conductivity which is calculated by the relationship of
E;, =R * B where R is the universal gas constant, and the ideal glass transition
temperature, respectively.[171] VFT parameters for 20wt% blends of 120, 4F20, and
8F20 are given in Figure 4.8.
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Figure 4.8: VFT fitting parameters related to (a) the extrapolated relaxation times (z,) at
infinite temperatures, (b) the ideal glass transition temperatures (Ty), (c) the pseudo-

activation energies (B) for the PEO/PMMA blends containing 20wt% PEO.

We specifically observed PMMA segmental dynamics in blends with L20 to be faster due
to enhanced mobility provided by low T¢-PEO, resulting declines in its relaxation times.
More strikingly, compared to the linear blend, it was found that the a relaxation of PMMA
is slower in the case of non-linear PEO architectures, including 4-arms and 8- arms stars,
(see Figure 4.5d). As the compactness increases with branching, the interpenetrability of
PMMA and PEO decreases with increasing number of arms; thus, PMMA in the presence

of 8 arms-star PEO exhibit slower segmental dynamics.

Using the argument, the influence of PMMA on the slowing down of PEO segmental
motion is also less in the case of non-linear topologies. Therefore, the PEO segmental
dynamics is expected to be faster in the non-linear PEO/PMMA blends when compared

to the linear counterpart.

However, segmental dynamics alone may not account for the ionic conductivity in solid
polymer electrolytes (SPEs).[172] There are other factors affecting the ionic conductivity
such as ion-coordination, free volume, segmental motion, and ion connectivity. We
conducted BDS experiment on the PEO/PMMA blend containing 20wt% linear PEO and
LiTFSI ([Li/EO] =0.085 MR) to understand the effects of lithium addition on polarity,
ion-coordination (solvation), and connectivity at 353 K, which can be seen in Figure 4.14.
As it is apparent in the dielectric loss spectra of the salt containing sample, incorporation
of lithium salt increased the dielectric loss, suggesting the dissociation of the salt in the
blends. In this case, the conductivity part dominates the studied frequency domain, and
no specific relaxation peak is apparent, making it impossible to explore the segmental
dynamic of the sample. Hence, we used BDS results of the salt free blend to discuss about

the segmental dynamics.
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These changes in the dielectric loss and the relaxation peak showed that ion-coordination
(solvation) is present and higher conductivities could be achieved in the blends containing
salt in comparison with salt-free samples, which agrees with previous findings.[172-174]
The enhancement in the ionic conductivity could be also attributed to increased ion
connectivity.[172] The vibrational dynamics of the polymer backbone and side chains
along could be escalated with increased free volume at elevated temperatures.[172] The
increase in the vibrational amplitude can make ion coordination sites closer together and
allow the ions to hop from their site to the adjacent site with less energy.[172] To test this
hypothesis, we prepared PEO/PMMA blend electrolytes containing 50 wt.% PEO and
LiTFSI at [Li*]/[EO] = 0.085 ratio.
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Figure 4.9: (a) The ionic conductivity measurements with corresponding VFT fit lines
for the solid polymer blend electrolytes prepared using neat PEO and 50wt% PEO in
blends with PMMA at various temperatures between 30°C and 90°C with a temperature
increase of 10°C for different PEO architectures (b) Estimated pseudo-activation energies

for the blend electrolyte containing %50 wt PEO with various PEO architectures.

Figure 4.9a illustrates the ionic conductivities of the electrolytes at different
temperatures between 30°C and 90°C with AT = 10°C obtained from electrochemical
impedance spectroscopy (the Nyquist plots for the calculation details of the ionic
conductivity are shown in Figure 4.13).We have also prepared an electrolyte with the
linear PEO only to compare with the blends. The neat PEO/LiTFSI resulted in an ionic
conductivity ~ 107 S/cm at 60°C, which is in agreement with previously reported

results.[9, 12, 18, 21, 76] In the case of the blend electrolytes, the ionic conductivity for
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blend with the linear PEO decreased about an order of magnitude, as expected due to its
slower segment dynamics in presence of PMMA.[18] More importantly, we found that
the temperature dependence of ionic conductivity for the PEO/PMMA blend electrolytes
using different PEO topologies well fit the VFT model well over the temperature range

studied, suggesting that Li ion transfer is mainly correlated to the segmental dynamics.

VFT fitting parameters for the ionic conductivity measurements with respect to

temperature for the blend electrolytes are shown by the Figure 4.10.
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Figure 4.10: VFT fitting parameters related to (a) the extrapolated relaxation times (z,)
at infinite temperatures, (b) the ideal glass transition temperatures (Ty), (c) the pseudo-

activation energies (B) for the PEO/PMMA blend electrolytes containing S0wt% PEO.

Additionally, the ionic conductivity in the blends is strongly architecture
dependent .The electrolytes with 4-arms and 8-arms stars significantly enhanced the
conductivity, specifically 2.5x for 4-arms (2.1 10* S/cm) and 3x for 8-arms (2.6 10™
S/cm) at 60°C, mainly due to faster PEO segmental dynamics compared to the linear one
as predicted from BDS measurements. However, blends electrolytes with the bottlebrush
and hyperbranched PEO resulted in dramatic decrease in conductivity (25x for BB (5.4
10 S/cm) and for 55x HB6G (1.5 107 S/cm) compared to 120 (8.6 10” S/cm) at 60°C ).
This is likely due to high fraction of hydroxyl-terminated end groups which interact with
the salt ions by forming a transient cross-linking and limit its mobility as well as lithium
migration. Previous experimental studies unravel that the unfavourable effect of OH
terminated hydrogen bonds on the ionic conductivity of the PEO/LiTFSI complexes
intensify for lower molar mass PEOs due to the increase in the number of end groups[51,
175, 176]. Since the total mass of the PEOs are the same, further increase in the number
of branching in PEO architectures may dramatically reduce the positive effects provided

by faster PEO segmental dynamics, increasing free volume and lowered degree of
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crystallization provided by non-linear PEO topologies in the blends, and can even
decrease the lithium mobility as seen here for the extreme cases of hyperbranched and

bottlebrush PEO.

The activation energies obtained from the VFT plots in Figure 4.9 suggests that the
lithium-ion transportation in the SPEs is highly affected by the segmental dynamics[177],
regardless of the PEO architecture. However, the estimated activation energies are
strongly architecture dependent. These activation energies for the blend electrolytes are
illustrated in Figure 4.9b for the various PEO topologies. The blend electrolyte with linear
PEO has activation energy 0.49 eV (comparable to the previously reported values ~0.5
eV[178]) whereas it decreases to 0.44 and 0.37 for 4-arms and 8-arms star PEO which
display higher ionic conductivity, supporting the notion that the lower activation energy
means the rapid ionic conduction due to the increase in PEO segmental mobility. On the
other hand, the activation energies estimated for the electrolytes with hyperbranched, and
bottlebrush PEO increase to = 0.82 eV, supporting the argument that increased hydroxyl-

Li" interaction in these highly branched structures impede the ion mobility.

Finally, we would like to note that we used the same [Li*]/[EO] ratio of 0.085 for
all blend electrolytes as the conductivity peaks at this ratio for PEO (See Figure 5.3 in
Chapter 5). However, this might also be architecture dependent and the phase behaviour
or PEO-LiTFSI need to be further investigates with non-linear polymer architectures to
further improve the performance of the homopolymer and blend based SPEs. This is

currently under investigation and will be discussed in another article.
4.4 Conclusions

In conclusion, we studied the effects of chain architecture on miscibility, glass
transition, segmental dynamics, and ionic conductivity for the poly(ethylene oxide)-
poly(methyl methacrylate) doped with lithium bis(trifluoromethane-sulfonyl)-imide
(LiTFSI) blend systems. Various well-defined PEO architectures, specifically linear,
stars, hyper-branched and bottlebrushes, and compositions were investigated. Our XRD
results reveal that room temperature miscibility of these polymers can be significantly
extended by using non-linear architectures of PEO relative to the linear blend which
crystallizes above 35% of PEO concentration. In the amorphous PEO/PMMA blends
including 20%PEO, temperature modulated DSC results suggest tunability of the

effective glass transition temperatures of both PEO and PMMA components with
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polymer architecture. Additionally, our broadband dielectric spectroscopy measurements
show strong dependence of PMMA segmental dynamics on the PEO topologies.
Increasing number of branches in the PEO helps to maintain its fast segmental dynamics
even in the blends with glassy PMMA due to less interaction sites and interpenetration of
PMMA into compact and nonlinear PEO. This manifests as 2.5- and 3-fold higher ionic
conductivity (with respect to the linear PEO at the same molar mass) in blends with 4-
arms and 8-arms stars, respectively. Interestingly, the electrolytes with hyperbranched
and bottlebrush PEO displayed more than an order of magnitude decrease in conductivity,
possibly due to lithium complexation with the hydroxyl terminated end groups and/or
chain connectivity. For all different PEO topologies, the temperature dependence of ionic
conductivity for the PEO/PMMA blend electrolytes using different PEO topologies well
fit the Vogel-Fulcher-Tammann (VFT) model well over the temperature range studied,
suggesting that Li ion transfer is mainly correlated to the segmental dynamics. The
activation energy values decrease with increasing ionic conductivity and vice-versa.
Overall, our results show that the macromolecular architecture can be an effective tool

for improving ionic conductivity in polymer blend based solid electrolytes.

4.5 Supporting Information

X-ray diffraction Analysis (XRD):
(a) 4F20 (b) HB6G
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Figure 4.11: XRD results for PEO/PMMA blends in different PEO wt% concentrations
and with various PEO topologies (a) 4-arms, (b) HB6G.
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Modulated differential scanning calorimetry (MDSC)

Table 4.3: Glass transition temperatures with entire peak widths at half-maximum height

(AT,) for neat PEO with various architectures in the blends with PMMA.

Neat PEO

Sample
Tg,eff,
ATg, K
K

L20 221776 10.62

4F20 22049 949

8F20 | 222.69 10.56

HB6G | 232.84 13.41

BB 215.68  9.99

Calculation of the crystallization (%) in the PEO/PMMA blends

To estimate the degree of neat PEO crystallinity for different polymer structures along

with the effect of number of arms and arm molecular weight on the crystallization, we

AHp,

—) * 100, where fpg( is the weight fraction of
AHc*fpEO

used the following equation X, = (

PEO in the polymer blend, AH,, is the melting enthalpy of the sample, and AH,. is the
melting enthalpy of completely crystalline PEO, which is 196.4 J/g.[157]
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Table 4.4: Melting enthalpies and degree of crystallizations of various PEO architectures

over different weight fraction of PEO in blends with PMMA.

Melting .
Sample wt% of enthalpy Crystallinity
PEO
AHm, J/g Xe¢, %
100.00 143.74 73.19
75.00 88.00 4491
L20 50.00 55.48 28.25
40.00 17.67 9.00
35.00 4.45 2.26
100.00 125.00 63.65
4F20 75.00 46.26 23.55
50.00 10.90 5.55
100.00 120.00 61.10
75.00 76.00 38.10
8F20
50.00 40.00 20.24
40.00 0.96 0.49
100.00 61.13 31.12
75.00 37.04 18.86
HB6G 50.00 14.73 7.50
40.00 7.11 3.62
35.00 2.02 1.03
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Lodge-McLeish Self-concentration Model
T, for each component in the blend could be also estimated via the effective volume

fraction of each component, ¢, determined by the Eq. 4.5,[179]

d)eff =¢s+ A+ Ps)o 4.5)

where ¢, is the self-concentration (volume fraction) of the polymer due to chain
connectivity effects and ¢ is the bulk blend composition. Self-concentration, ¢y, is also
based on the appropriate volume surrounding the polymer segment under consideration.
Even though it is usually to be on the order of the Kuhn length cube