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Abstract

This thesis presents the designs and results of experimental investigations
into gelation and melting point behaviour for polymer gel electrolytes. The
study used one of the most prominent types of materials in the commercial
world—polyvinylidene fluoride-based (PVDF) gel electrolytes—focussing
on the effects of gelation temperature and gel composition on the
properties of its solid electrolytes. While PVDF was used as the polymer
matrix, propylene carbonates (PC) and diethyl carbonate (DEC) were used

as solvents.

Lithium tetrafluoroborate (LiBF4) and lithium bisoxalatoborate (LiBOB) were
used as the electrolyte salts. Gelation from molten PVDF solutions was
studied isothermally, using 30% PVDF/PC unsalted and 30% PVDF/PC/
LiBF4 salted gels to investigate the effect of salt addition on gelation
behaviour. Crystallisation behaviour and subsequent melting was also
investigated. Varying the gel composition involved changing polymer
concentration, solvent nature and salt concentration. The measured
properties included gel structure and morphology, melting point and ionic

conductivity.

The techniques of DMTA, DSC, WAXS, dielectric spectroscopy and optical
microscopy were used to investigate gelation behaviour and gelation
properties. It was found that gelation time is significantly increased at
higher temperatures, and that the addition of salt reduces gelation time at

any given temperature whilst extending the gelation process to higher
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temperatures. Gelation occurs without crystallisation at high temperatures,
whereas it is induced by crystallisation at low temperatures. The sharp cut-

off for crystallisation gives two distinct temperature windows, within which

gelation occurs via different mechanisms.

The addition of salt has found to raise the gel melting point by about 25°C
for 1M LiBF4, and hence to enhance its thermal stability, which is attributed
to the salt affecting the Flory interaction parameter. Salt also reduces
crystal size and gel pore size, and this is attributed to the nucleating effect
of the salt molecules. The incorporation of up to 40% DEC in the solvent
increases the gel melting point by 5 to 10 °C, and is accompanied by a
negligible reduction in ionic conductivity, which shows a possible route for

further enhancing the properties of the electrolytes.
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Chapterl. Introduction and Literature Review

1.1 Introduction

The use of gels for everyday life products has received a large amount of
interest in different areas of material science as a result of both their high
mechanical and thermal stability and the flexibility that they provide, which
means that they can be utilised in a wide variety of applications. Polymer
gel electrolytes are one of the most important types of polymer gels due to
their potential to be used in applications considered to be vital in current
and future everyday life. So, what are polymer gel electrolytes? What
makes them this important? And what methods are there for improving
their properties and hence enhancing the performance of the applications
in which they are used? This chapter aims to answer these questions and
more through a comprehensive general review of polymer gel electrolytes
together with a more focused review of a specific type of them, PVDF-

based gel electrolytes.

The chapter starts by providing a general definition of polymer gel
electrolytes and showing their importance for different applications. This
first section also discusses some other types of polymer electrolytes,
providing an example of each type. An inclusive literature review on the
subject of polymer gel electrolytes is then undertaken, and the role that
PVDF-based gel electrolytes play in its latest employments is described.
Finally, the chapter outlines the main aims of the study and introduces the

techniques that will be used to achieve them.



1.1.1 Polymer gel electrolytes

Polymer gel electrolytes (PGEs) are innovative materials that have a
potentially wide range of applications, such as rechargeable batteries,
smart cards, fuel cells, super capacitors, sensors and display devices [1—
3]. In polymer gel electrolytes, the polymer network envelops the electrolyte
liquid (salt and solvent), and prevents it from escaping. In other words, it
plays the role of a matrix that can trap large amounts of solvent, thus
providing the gel with the properties of a solid although it is more than 50%
liquid. The salt provides free mobile ions, while the solvent’s role is to
dissolve and dissociate the salt and to allow the free mobile ions to move
within the electrolyte system, and can thus be considered as a medium for
the mobile ions[4]. Therefore, for polymer gel electrolyte materials to have
effective characteristics, they must have high specifications that offer
thermomechanical stability together with an effective ionic conductivity.
This means that the polymer matrix, for instance, should be of low density,
with a high dielectric constant and a low glass transition temperature [5].
The solvent, on the other hand, must possess a high dielectric constant, a
high boiling point and a low viscosity, in order to allow the ions to move
easily inside the gel system [6, 7]. Meanwhile, electrolyte salts must have a
large number of anions and a low dissociation energy to allow the salt to

dissociate easily.

Another advantage of using polymer gel electrolytes is that the polymer can
be used to separate the electrodes of a battery in order to prevent short-
circuits [8, 9]. PVDF is often preferred over other polymers by researchers

looking for polymer matrixes for polymer gel electrolyte applications



because its mechanical, thermal and electrochemical stability meet the
above characteristics [5, 10-13]. Despite all these merits, however, adding
solvent to the PVDF during gel preparation may affect these properties
through changing its structure, morphology and crystallisation [3, 14].
Polymers dissolve in different solvents in different ways, depending on the
nature of the solvent [15-17]. However, regardless of the solvent type, the
polymer-dissolving process has a thermodynamic nature [16-18], and
therefore making safe and high efficiency polymer gel electrolyte-based
products (such as rechargeable batteries) requires an extensive
understanding of the polymer dissolution mechanism (i.e. polymer-solvent
interactions). This can be achieved by developing an appreciable level of

knowledge about the thermodynamics of polymer-diluent systems.

This study investigates PVDF gelation and crystallisation mechanisms in
different solvent systems and salts. The parameters that will be considered
comprise polymer concentration, solvent composition, salt concentration
and salt nature. Solvents with varied polarities and viscosities propylene
carbonate PC and diethylene carbonate DEC were selected, and salts
were selected on the basis of their tendency to dissociate in solvent. The
salts selected were Lithium tetrafluoroborate LiBF4 and lithium
bisoxalatoborate LIBOB. The techniques to be used are DSC, to measure
crystals’ melting temperatures and the re-crystallisation of the gel under
different parameters; DMTA, to investigate the gelation phenomena with
and without the incorporation of salt; and ionic conductivity, to understand
how these parameters affect ionic conductivity. In addition to the

advantages outlined above, PVDF-based gel electrolytes were also



selected for this study because of their influential position in the
commercial world, with many applications, such as electrical and electronic
products, requiring materials with a high thermomechanical stability for high

performance.

1.2 Earlier studies on polymer electrolytes

Studies on polymer electrolytes began in 1973, when Fenton et al. began
experimenting with the use of polyethylene oxide-based polymer
electrolytes [19]. These electrolytes were developed until the 80s, at which
time they were first employed within the field of technology. The
development of polymer electrolytes produced three main types: solid
polymer electrolytes, composite polymer electrolytes and gel polymer

electrolytes [20].

The first type of polymer electrolyte to be developed was the poly(ethylene
oxide) PEO, which is a dry solid-state polymer electrolyte. One of the
benefits of PEO is that it can dissolve salt without a solvent, which means
that it can be cast into thin films with solid-state durability without using a
solvent. Despite its useful mechanical properties, PEO is not ideal for using
for technological devices due to its low conductivities (108-10* S.cm™) at
temperatures between 40-100°C, which make it unsuitable for using in

devices that function at room temperature [21, 22].

The second type of polymer electrolyte developed was the composite
polymer-based electrolyte. This was made with a polymer matrix filled with

electrochemical fillers such as Al:Os3, BaTiOs, and TiO2 [23-25], the main



feature of which is to produce ionic conductivity and maintain high stability

within the electrode interfaces [26].

The third type of electrolyte material developed was the gel-based
electrolyte or polymer gel electrolyte, which exhibit both elastic and viscous
behaviours, depending on temperature and/or mechanical loads [27].
Among several polymers, poly(acrylonitriie) PAN, poly(methyl
methacrylate) PMMA and poly(vinylidine fluoride) PVDF represent good
polymer matrices for this type. Gel electrolytes were first successfully
studied in detail in 1985, when PMMA was used for gelation purposes by
Lijima and Toyoguchi [28]. Later, Appetecchi et al. [29] reported that the
complex of PMMA and lithium salt affects electromechanical stability. The
disadvantage of PMMA-based electrolytes is that stronger interactions may
occur between the polymer chains and the conducting electrolyte at higher
polymer concentrations, which can lead to a large drop in conductivity and
a rise in the activation energy of conduction. Moreover, it has been found
that the addition of PMMA increases viscosity and hence reduces
conductivity. However, PMMA electrolytes show good thermal stability in
the temperature range -110°C to +240°C, which gives PMMA a strong
advantage in terms of its practical applications over other polymers used in

this field.

PAN-based electrolytes have been studied by Watanabe et al. [30, 31],
who found that this polymer simply functions as a matrix which holds the
electrolyte liquid and provides mechanical stability to the system without
affecting the ion-transport mechanism. In PAN-based gels, it has been

found that reducing water from the system increases the ion transference



numbers between 0.5-0.7 (this is the number of Lithium free ions that

move across the porous medium to the total number of ions) [32].

Since gel is generally composed of two phases (solid polymer and solvent),
the thermodynamics of gelation is of interest for optimising gel composition.
In 1982, Kuwahara et al. [33] claimed that phase separation could be
induced in polymers through changes in pressure, temperature and/or
solvent concentration. These foundations have been confirmed by Lal and
Bansil [34], who studied the Kkinetics of spinodal decomposition in
polystyrene-cyclohexane (PS-CH) solutions using small angle light-
scattering. Their study revealed that when the sample was quenched to a
temperature below the spinodal temperature, a growth rate in the power
law fashion was observed. In their study, Lal and Bansil [34] used time-
and angle-resolved light scattering to investigate phase separation activity
at low pressure. In 2004, Lee et al. [35] subjected a model of polymer
solution to a linear spatial temperature gradient in a numerical study of
temperature-induced phase separation kinetics and found that gradient

temperature jumps can induce anisotropic structures and morphologies.

1.2.1 PVDF-gel electrolytes

PVDF has frequently been used as a polymer host for polymer gels and
polymer gel electrolytes [3, 8, 14, 36—39]. There are two reasons for using
this polymer in the electrolyte system: first, because of its electrochemical
stability, which is due to its electron-withdrawing functional group; and
second, because it has a high dielectric constant, which reduces or

eliminates any sub-reaction with salt or solution (allowing Li-ions to move



without chemical reaction), meaning that salt will dissolve in the solution
and increase the density of charge carriers inside the polymer matrix [10,
13]. Studies on poly(vinylidine fluoride)-based gel electrolytes showed that
they have good mechanical stability and display significant ionic
conductivity at room temperature. PVDF has been found to undergo
gelation in three distinct mechanisms, which depend on the processes
used and/or the gel’s contents. For instance, Kim et al. [40] who dissolved
PVDF in PC at 90°C and cooled the molten gel gradually to the room
temperature. Prior study by Cho et. al.[41] showed similar behaviour of
liquid-liquid demixing in PVDF-based gels when dissolved in vy-
butyrolactone in the same processes. The second mechanism is the solid-
liquid phase separation, which has been shown in [41] following the liquid-

liquid phase separation at the late stage of gelation.

However, Tazaki et al. [42] found that crystallisation-induced gelation can
be achieved by cooling PVDF solutions directly from 180°C to 30°C in a
water bath for 12h under a different gelation process. In this study, PVDF
was dissolved in aliphatic and cyclic ketones with y-butyrolactone as ester,
and it was found that the gelation in y-buyrolactone was slower than it was
in other aliphatic ketones, while no gelation was observed in DMF or
DMSO. Another phase separation by spindal decomposition was observed
in PVDF-based gels by Hong et al. [43]. By dissolving PVDF in TG at
180°C and then quenching the solution to room temperature, they found
that PVDF gels in this solvent through liquid-liquid phase separation via

different mechanisms, which depend on the spinodal transition point, Ts.

In another study, a new gelation mechanism was found by using different



grades of PVDF [44]. In this case, 3 grades of PVDF were dissolved in
acetophenone and ethyl benzoate at 175°C for 20min and cooled rapidly to
room temperature. This study showed that percolation induced this type of
gelation. Zhang et al. [45] used different solvents including propylene glycol
carbonate (PGC), dimethyl phthalate (DMP), diphenyl ketone (DPK), and
dibutyl phthalate (DBP) to study the gelation of PVDF in these solvents.
They reported the formation of crystallisation-induced gelation in most
systems (PVDF-DMP, PVDF-DBP and PVDF-PGC), while PVDF-DPK

showed gelation by liquid-liquid phase separation.

Polymer gel electrolytes have been researched at the University of Leeds
since the 1990s, and thermoreversible polymer gel electrolytes were
studied in depth by a number of researchers there in 1994 [3]. This study
used dynamic modulus G’ and ionic conductivity o, which have been
utilised for investigating the effect of salt on the structure of the gel. Wide-
angle x-ray diffraction (WAXD) measurements were also applied to the
samples to study the effect of salt on the crystalline phases of the PGE
system. The gel samples were made from poly(vinylidene fluoride) PVDF,
as a polymer matrix mixed with dimethylformamide DMF, and tetraethylene
glycol dimethyl ether (tetraglyme) TG solvents, with different weight ratios
of the polymer and solvent being mixed with lithium-based electrolyte salt.
It was found that G’ decreases with increases in strain amplitude, but
remains constant when the strain rate is increased. It has also been shown
experimentally that 30% by weight of PVDF is the best amount to add to
the electrolyte solvent in order to obtain ionic conductivities in the range of

103-102S.cm™?,



In 1997, Voice et al. [14] studied the structure of poly(vinylidene fluoride)
PVDF polymer gel electrolytes. Their samples were made from PVDF/TG,
with a mechanical modulus of up to 100 KPa. Using DSC measurements,
they found that polymer crystallinity increases with salt concentration, whilst
DMTA showed that the mechanical modulus simultaneously decreases..
Ward et al. [8] found that, in addition to its use as an electrolyte material,
PGE can also be used as a separator for binding the cell laminate together
and forming a rechargeable cell without the need for a case. That led to the
development of rechargeable cells with thicknesses less than 0.1 mm, and

energy densities up to 170 W.h. Kg™.

In spite of all the above studies, there appears to be no comprehensive
research that investigates gelation in the PVDF-based gel both with and
without the presence of commercially effective electrolyte salts such as
LiBF4 and LiBOB. Furthermore, no study has examined the effect of gel

composition on the melting depression of the PVDF gel system.

Thus, the literature review on gelation and melting depression of PVDF gel
electrolytes has shown that very few studies have been undertaken in this
area. Therefore, this thesis will undertake both quantitative and qualitative

research with the aim of contributing to a better understanding of this topic.

1.3 Aims of the study

This thesis has two major aims. The first is to study and understand the
gelation behaviour of PVDF-based gels. To do so, the isothermal gelation

and crystallisation of the gel from a molten solution will be investigated
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through DSC and DMTA measurements of two types of gels 30PVDF/PC
unsalted and 30PVDF/PC/LiBF4 salted gels. DSC will be used to observe
isothermal crystallisation, while DMTA will be used to investigate isothermal
gelation. In addition to these two techniques, optical microscopy will be
used to observe the two above activities within thermal conditions that are
similar to those that will be used for the prior two techniques. The purpose
of these investigations is to develop a good level of understanding about

the gelation mechanism.

The second aim of this thesis is to study the effect of gel components on
PVDF’s properties properties. DSC will also be used in this part of the
study, but this time to measure the melting point of pre-formed gel by
heating it at a slow rate (10°C/min) and observing the resulting traces until
the melting peaks are obtained, so that the melting point and the heat of
fusion can be determined. The gel components will be varied in order to
understand the effects of polymer concentration, solvent quality, salt
concentration and salt quality on the gel. The parameters to be investigated
in addition to the melting point are ionic conductivity, wide-angle x-ray
scattering and optical microscopy, which will be used to investigate the

effect of salt on gel pore size.

The data acquired from both investigation sets will provide knowledge that
contributes to improving the quality of the rechargeable batteries that can
be manufactured, on the one hand, and help to develop a better

understanding of these materials in academic fields, on the other.
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Chapter2. Theoretical Background

2.1 Introduction

In this chapter, the physical aspects of polymer gels and gelation behaviour
will be discussed. This will involve first providing an extensive overview of
gel terminology, and classifying types of gels in relation to the nature of
their junctions and their mechanical properties. In order to develop a good
understanding of their gelation mechanisms, the fundamentals of
thermodynamic phase separation and spinodal decomposition will be
outlined and explained. Crystallisation from the polymeric solutions will also
be discussed, as this, along with phase separation, can be considered to

be one of the gelation-inducing mechanisms.

The second part of this chapter contains a brief discussion of melting
depression in polymer gels and the thermodynamic concepts relating to
this process. The effect of good and poor solvents on melting depression

represent two important sections in this part of the chapter.

This chapter also reviews the major theories that are used to interpret the
above phenomenon relating to the gelation mechanism. The Flory-Huggins
theory and Hansen solubility parameters will be the key for the final

interpretation of the activities above [46].
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2.2 The definition of a ‘gel’ and gelation concepts in

polymers

Although it is hard to provide an exact definition for the term ‘gel’, many
researchers in this field have tried to give a summary-style analysis of it, in
terms of its properties. For instance, Almdal et al. [47] defined a gel as a
material that is composed of two or more components, of which at least
one is a liquid. Similarly, Sperling [48] considers the gel system to be one
in which a swollen network forms in a solvent, where the solvent is
dissolved in the polymeric network, but not vice versa. These definitions
were expanded by Rogovina et al. [49], who proposed that a gel is a three
dimensional polymer network with chemical or physical junctions

(comprising covalent or non-covalent bonding) in a liquid medium.

Polymeric gels can be classified into two types [50]: thermoreversible gels,
which exhibit thermoreversible behaviour when thermal transfer occurs
between solid-like and liquid-like phases; and permanent gels, which
typically do not have the ability to recover their original state after they have
been heated. Thermoreversible gels develop transient physical junctions
when they form, which provide thermal stability for the polymeric network
below the melting point (the temperature at which the physical bonding
breaks up). Permanent gels, on the other hand, form a covalently bonded

network in solvent.
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2.3 The gelation mechanism

Gelation in polymer solutions is the process via which the material is
converted from a viscous liquid into a soft solid material. This may
preferably occur under thermal treatment. Polymer gel can be produced by
several methods, depending on the inducing process, which may involve
either temperature variation, as seen in protein gelation [51]; phase
separation, as seen in block copolymers [52]; ionomer formation [53, 54];
and/or crystallisation [55]. However, phase-separation is commonly used to
produce the polymer gels used in many practical applications, such as
conductive gels. Crystallisation is also a method that is desirable for
producing such gels, since it generates better stiffness in them, which
provides a stand-alone gel system. As the crystallisation and phase
separation methods are the best and most commonly used ones for
producing polymer gel electrolytes, both will be described in detail in the

forthcoming sections.

2.4 Phase separation

Phase separation can be considered as one of the most important
phenomena in thermodynamics of polymer solutions, since it highly affects
their properties as well as the ultimate structure. Many processes
encountered in polymer science and engineering such as polymerisation,
purification, modification and post processing depend on phase separation
process. All solutions that are composed of two or more components can

undergo phase separation induced by temperature or pressure, in which
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the homogeneous mixtures are distinctively separated into two different

phases.

Phase separation boundaries can be illustrated for any polymer solution by

a phase diagram showing the change in free energy of mixing AGmix as a
function of polymer concentration v [56]. The main condition for

components in a solution to be mixed and form one homogeneous stable

phase, is that the change in free energy must be negative. i.e. [57];

AGmix = AHpixy — TASpix <0 Equation 2-1
where, AHmix and ASmix are the change in enthalpy and entropy
respectively. T is the temperature. The other condition for miscibility is that
the second derivative of the free energy with respect to composition must
be positive; i.e.

[OZAGmixl S0
T,P

ov?

; Equation 2-2

where vi is the volume fraction of the component i.

When the free energy is plotted as a function of volume fraction (see Figure
2-1), it can be shown that there are three possibilities for mixing of the
binary systems; total mixing, when the system is totally mixed and in stable
state; the partial mixing region, in which the system is in partially miscible
state and the last possibility, when AGmix >0, when no mixing can take

place.
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AGmx

artial mixing favourable

- Total mixing favourable

Figure 2-1 Free energy of mixing as a function of the volume fraction to show mixing
possibilities in binary systems[58].

Fig 2.2 shows the binodal line, which is the locus of ‘M;T"f"" = 0 and the

2AGmix

spinodal line, which is the locus of g Fv I 0. Two possibilities can exist

for partial miscibility; the first one in which the binodal and spinodal lines
meet at low temperature as shown in Figure 2-2 (a), leading to phase
separation at higher temperatures and miscibility at low temperature,
known as lower critical solution temperature (LCST). The other phase
separation behaviour can be observed when the binodal and spinodal lines
meet at high temperature, in which phase separation takes place at low
temperature, and miscibility at high temperature. This situation is known as
upper critical solution temperature (UCST) and is shown in Figure 2-2 (b).

The latter behaviour is more likely to occur in polymer-solvent systems.
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Figure 2-2 Phase diagram showing (a) Lower critical solution temperature LCST and (b)
Upper critical solution temperature UCST where T1>T2>T3>Ta). [57]

Referring to Figure 2-3 makes this discussion much easier. In this figure,
the free energy phase diagram has been related to the temperature-
composition phase diagram and all phase boundaries are clearly
illustrated. In this diagram, phase separation starts when the temperature is
reduced from Ti to T2, causing transfer from the stable state to a
metastable state which can be found in the binodal region. In the binodal
region, depending on the polymer concentration, the polymeric solution
turns to either a polymer-rich phase which dominates the region with the
presence of liquid-rich pockets; or it may turn to a liquid-rich phase, in
which a discreet polymer-rich clusters are found swimming in a continuous
liquid-rich medium. These two states form by nucleation and growth and
are illustrated in Figure 2-4. Within the spinodal decomposition region the
system spontaneously separates into 2 distinct phases due to the

difference in molecular weight.
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Figure 2-4 Sketch of binodal and spinodal regions in polymer-solvent systems [60].

2.5 Crystallisation from solution

Crystallisation in polymers and polymeric solutions refers to the process
through which the molecular chains undergo partial alignment. This can be
achieved when the chains pack together as a result of being induced by a
thermodynamic parameter, forming an ordered region known as a lamella.
Lamellae can grow radially to form spherical structures called spherulites
(see Figure 2-5) [64]. Crystallisation can occur as the result of different
inducements, such as solvent evaporation, mechanical stretching and
cooling from the melt. The crystallisation of the molten polymer from its

solution through cooling is of importance here, due to its relation with the


http://en.wikipedia.org/wiki/Spherulite_(polymer_physics)
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main subject of this study.

Crystallisation that occurs in solutions via the reduction of the solvent
usually happens with precipitates, typically at temperatures below their
melting points [65]. However, crystallisation from molten solutions typically
occurs when the solution is cooled to a temperature range between the
melting points of the two components. Most polymers are amorphous in
their nature, but folding in polymeric chains is thermodynamically
favourable in polymer solidification. Thus, chains tend to fold together,
forming ordered regions within approximately one micrometre. However,
these regions cannot grow uniformly due to the presence of the entangled
regions that hinder their progress. Therefore, cooling polymers from their
molten states can produce crystalline regions alongside amorphous
regions, leading to what is called a semicrystalline polymer [66, 67]. The
crystallisation point is normally below the melting point, Tm, and above the

glass point, Tg.

Crystallisation from solution may be different, however, in that it depends
on how diluted the solution is, as well as on how concentrated the solvent
is in the solution. The polymer chains in dilute solution are separated into
segments surrounded by the solvent. When the solution is concentrated
(e.g. by the evaporation of the solvent or increasing the concentration of
the polymer), an interaction between the molecular chains that is induced
by this concentration can encourage crystallisation similar to that produced
from the melt [68]. Crystallisation from solution may also lead to a higher
degree of crystallinity. When the polymer is crystallised from the melt in the

presence of a diluted environment, this causes a confined crystallisation to
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occur, which leads to a spherulitic morphology that can be similar to the
above, but with a few morphological differences resulting from the space in

which the spherulites are formed.

2.6 Polymer solutions and the thermodynamics of gel

formation

2.6.1 Gelation from solution

For diluted systems, gelation depends on the polymer concentration and/or
the type of solvent used in the solution. A polymeric gel is a polymeric
network containing solvent. Although this definition seems to be a bit
different from the definition mentioned in the prior section, considering the
condition of the solvent involvement in the polymeric network returns us to
the prior definition of Almdal in section 2.2 According to this, two
approaches can be used to describe polymer gel formation from diluted
systems. Under the first one, a polymeric gel is produced by forming a
polymeric network in a solvent in which the polymeric chains are relaxed.
The rubber elasticity theory is used for interpreting such gels [69]. The
second method proposes that a previously cross-linked polymer is
subsequently swollen in a solvent, and such a gel follows the Flory-Rehner

theory [70].

Physical gels are highly affected by the number and strength of the bonds,
since the physical cross-links may involve dipole-dipole interactions, traces

of crystallinity, multiple helices, and so on. However, in such gel systems,
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the number of cross-links depends on time, pressure, and temperature.
Physical gels are typically thermoreversible i.e. the physical bonds break at
high temperatures and reform at lower temperatures. Thermoreversible
gels may be formed either in point crosslinks, in which gel networks are
bonded at single points; in junction zones, in which the chains interactions
execute over a part of their length; or they may form fringe micelles
junctions. Figure 2-6 shows the three types of thermoreversible cross-links

[71].

Solvent exudes from some gels, producing syneresis, and two types of
syneresis occurs in them [72]: (a) The y-type, which results from poor
thermodynamics of mixing and causes a phase separation between
polymer and solvent—spinodal decomposition is frequently involved in this
type, causing a turbid appearance; and (b) The n-type, in which a rise in
cross-link density causes the solvent to exude. In this latter case, the
equilibrium swelling level decreases, but the polymeric gel still forms one
phase with the solvent, producing a gel with a clear appearance. In both

types, different amounts of fluid remains can surround the gel.

2.6.2 Fundamental theories of gel formation

The property of complete recoverability after a high deformability of elastic
rubber shows that the gel's behaviour is very similar to polymeric networks
in diluted environments. Therefore, the rubber elasticity theory is the best
available theory for interpreting the formation of gel networks in solvents,
and can be used to partially explain the thermodynamic activities involved

in the formation of this type of gel [73—75]. In order to interpret gelation in
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solvents, the rubber elasticity theory locates two conditions under which the
gel can be treated as being elastic or rubber-like: the first is that the
polymer chains must be highly flexible (e.g. in highly concentrated
polymeric solutions); and the second that the polymeric chains must be
joined in a network structure. In this theory, the deformation of the sample
resulting from chain extension is related to the reduction in entropy [76—78],
and this assumption led to calculating the number of polymer chain
conformations in the space. These conformations are reduced when the
chain is extended, and finish with only one conformation when the chain is
rod-like. The thermodynamic approach to rubber elasticity can be illustrated

by the Helmholtz free energy An:

AAy = AU —TAS Equation 2-3

TAS = AU — AAy Equation 2-4

Here, U is the internal energy, T is the temperature and S is the entropy.
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Figure 2-5 Spherulitic structures produced by lamellae formation and grow radially [64].
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Figure 2-6 Types of thermoreversible cross-links: (a) point cross-links, (b) junction zones
and (c) Fringed micelles [71].

External work is needed when the chain is stretched, therefore this

operation is considered to be nonspontaneous, and TAS must be negative.
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However, the temperature is higher than absolute zero at all times, so T
can never be negative. Thus, the change in entropy, AS, must be negative.
This indicates that the elastomer is in a more stable (ordered) state when it
is stretched—i.e. when it is naturally entangled. In contrast, when the
tension is removed, the chain spontaneously regains its original shape,
implying that the change in free energy, AAn, is negative. Referring to
Equation 2-3, it can be seen that this means that AS must then be positive
and increased, since the second term, AAu, will be positive regardless.
Although this equation provides a good interpretation of some polymeric
gels behaviour, it focuses only on the entropic part of the interactions [79],
and it is thus necessary to find a theory that takes all the possible

thermodynamic interactions into account.

When a prior cross-linked polymer immersed is into a thermodynamically
good solvent, it is driven by an entropic mixing force. Another elastic
retractive force then develops, which increases as the volume causing the
deformation to the polymer chains rises. This leads to a reduction in
entropy, which is caused by the lessening of the probability of extended
chain configurations occurring. Therefore, when these two opposite forces

are equal, the system should be in a state of equilibrium [80].

Frenkel produced the first theory based on this phenomena [81, 82], and
this was later developed as a general theory by Flory and Rehner [70, 83].
The Flory-Rehner theory is based on two distinguishable characteristics
taken from other solids that are related to the elastomers: first, their ability
to absorb a large amount of solvent without dissolving; and second, the

elastic deformation that elastomers undergo with small stresses. According
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to Flory and Rehner’s hypothesis, two components of free energy are
accompanied by swollen networks interactions: the free energy of mixing
AGmix and the free energy of elastic deformation AGel. Therefore, the total

change in the free energy, AG, of swelling can be given by [84]:

AG = AG i + AGy; Equation 2-5

Both the theories above suggest undertaking thermodynamic treatments
from different points of view, according to the gel formation approach.
However, these theories both lack thermodynamic interaction parameters.
However, the Flory-Huggins theory provides better interpretations for the

polymer cross-linked in a solvent. This theory will now be discussed.

2.6.3 The Flory-Huggins treatment for diluted solutions

Flory-Huggins theory provides a good treatment for diluted solutions, since
it involves the entropic term in calculating the free energy of mixing [17, 86-
88]. The principle of this theory is based on expanding the concept of the
classical entropy of mixing of the ideal solution to the non-ideal solution
(such as the polymeric solutions), through the statistical thermodynamics. It
also, presents the enthalpic part of the interactions of the mixing, which is
essential in regarding with the regular polymer solution. The entropy of
mixing ASmix, can be determined, according to statistical thermodynamics

using the following equation;
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ASmix = kinQ Equation 2-6

where k is Boltzmann’s constant and Q is the number of possible space

configurations which the molecules may occupy.

The lattice model (shown in Figure 2-7), can be used to illustrate Q. Figure
2-7 (a) shows a lattice contains two different types of small molecules N1

and N2 with identical sizes. For this type of molecules, Q can be given as;

Q= N,!/N;!N,! Equation 2-7

where, No is the total number of molecules (No=N1+N2). Using InNN!=NInN-N

(Stirling approximation), and substituting this into Equation 2-6 yields;

ASmix = k[(Nl + Nz)ln(Nl + Nz) - Nllan - NzlnNz] Equation 2-8

However, when the polymer with x chain segments is mixed with the

solvent (see Figure 2-7 (b) ), the entropy of mixing then can be given by;

ASiix = —k[Nylnv, + Nylnv,] Equation 2-9

which represents the total entropy, where, vi and vz are the volume

fractions of solvent and polymer, respectively.

ie.,
Ny
VIZ N+ N,
xN, Equation 2-10
V2
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Figure 2-7 lllustrates Lattice model for two types of solution; (a) The small molecules
solution and (b) The polymeric solution in a solvent (the polymer segments are
represented by the black liked circles (sectors) while the solvent molecules are shown in
grey circles).

Flory- Huggins theory suggests yr the interaction parameter, which is a

unitless quantity can represent the enthalpy of mixing as follows[17, 88];

_ AHmix
AF = kTN, v, Equation 2-11
or
AHpi = XpkTNyv, Equation 2-12

Therefore, combining Equation 2-12 with Equation 2-9 can give the free
energy of mixing for the polymeric solutions from the rubber elastic theory

point view AGnmix.

AGmix = kT (Nylnvy + Nplnv, + xpNyvy) Equation 2-13
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As shown above, the first and second terms in Equation 2-13 represent the
entropic contribution (which are negative due to the fractional volume
concentrations) while the last term expresses the enthalpic contribution. As
explained in Section 2.4, AGmix must always be negative in order to keep

the mixture in one phase.

2.7 Polymer solubility

Polymer solubility can be defined as the ability for the polymer to be
dissolved in a solvent. When a polymer is mixed with a solvent, it
undergoes several steps before dissolving and forming a homogenous
solution. Dissolving starts by the polymer swelling due to the solvent
diffusion. This process is highly affected by the sample size and
temperature[89]. Diffusion increase then leads to segments breaking apart
and floating within the solvent molecules. Polymer solubility theory has
been founded in 1936 by Joel H. Hildebrand and Scott[90], who used the
concept of cohesive energy density to predict the ability of dissolving.
According to this theory, the degree of interaction of solubility between
materials can be estimated numerically by introducing a parameter called
solubility parameter 6, which can be given as a function of the cohesive
energy Ec of the solvent vaporisation. The cohesive energy, can be defined
as the internal energy needed to eliminate the intermolecular forces per
mole of a material. Cohesive energy density is the energy released when

all intermolecular forces (physical links) in a volume unit are broken.
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According to the definitions above solubility parameter can be given by;

1

Ec\z

0= (—) Equation 2-14
Vu

where Vw is the molar volume of the substance. Cohesive energy is one of
the free energy forms, which can be written according to the Helmholtz free

energy form as;

AE; = AH — RT Equation 2-15

Therefore, Hildebrand solubility parameter can be given by the following

equation;

[AH - RT]l/ 2
Vu

Equation 2-16
Where; AH is the enthalpy of vaporisation, R gas constant, T temperature
and Vn, is the molar volume. As can be seen from the equation above, the
solubility depends on the temperature and the molar volume. Therefore,
the solubility in most of materials changes at elevated temperatures;
similarly the higher molar volume material (such as polymers) requires a
lower solubility parameter to be used. This parameter can give simple
predictions of phase equilibrium for most of the materials. However, this
parameter can be used only for non-polar or slightly polar systems. It also
cannot be used for the polydispersed systems, which shows that Equation

2-5 has a lot of limitations. In 1966, Charles M. Hansen proposed three
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components of solubility parameters that can predict Hildebrand parameter
in more comprehensive way. Each component can deal with different
activity in the solution, which is caused by either; dispersed force, polar
force and/or hydrogen bonding. Hansen parameters can be given by the

equation[91];

2 _ £2 2 2
5t - 6(1 + 6p + 6h Equation 2-17

Where, & is the total solubility parameter, 64, p and 6n are the dispersion,

polar and hydrogen bonding components respectively.

According to Hansen et.al, each one of these components is a function of

temperature according to the following differential equations [92];

p
ar = —1.25a6, Equation 2-18
Sp
d_T = —0.5a6p Equation 2-19
Oy -3 i
ar = -6y (1.22x107° + 0.5a) Equation 2-20

Where a is the coefficient of thermal expansion.

Considering Equation 2-16, and using Equation 2-12 with converting the
molecular form (Nk) form to the molar form (R), Flory interaction parameter

can be related to the solubility parameters by the equation [93, 94];
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Vi

— 2 .

XF = ﬁ (6solvent - 6polymer) Equation 2-21
where, V1 is the molar volume of the solvent, Ssolvent and dpolymer are Hansen

solubility parameters for the solvent and polymer respectively. Xr is an

indicator for the solvent ability to dissolve or mix with the polymer or other

solvent.

Equation 2-21 predicts only ¥r >0 due to the square of the difference in

solubility parameters. Therefore, this equation is suitable only for non-polar
interactions in which only weak Van der Waals interactions can take place
and no strong polar forces or hydrogen bonds are considered. However, in
polymeric solutions all such interactions may occur and have evident effect

on the phase behaviour. Flory-Huggins has solved this problem by using

an empirical expression for ¥r, according to equation 2.22.

Xr=A+

N| ™

Equation 2-22

In Equation 2-22, the parameter A represents the entropic part meanwhile
B represents the enthalpic part of the mixture, which incorporates the

combined effect of interactions and volume changes. It can be shown from

this equation that the sign of B has a major effect on ¥F and hence on the

free energy of mixing AGmix according to equation 2.15. If B is positive
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(B>0), %r decreases with the increase of temperature, which in turn makes

AGmix more negative (according to Equation 2-13) enhancing miscibility at
higher temperatures. In this case, we have upper critical solution
temperature, and this behaviour has been observed in this study.
Conversely, when B <0, this causes AGmix to be less negative when
temperature is increased, which reduces the miscibility and causes lower
critical solution temperature LCST, above which phase separation occurs.

Figure 2-2 in section 2.4 illustrated these two behaviours.

Gels in this work are made by cooling polymer-solvent solutions to room
temperature [12, 61, 62]. Figure 2-8 represents an example of how a gel
forms in a composition of 30%PVDF/PC. At Ti1 the system exists as a
homogeneous solution. At T2 the solution becomes unstable and separates
into a polymer-rich phase and a solvent-rich phase. At Tz crystallisation can
take place by nucleation and growth while the system is in the binodal
region, where structures as illustrated in Figure 2-4 can be observed.
However, if the sample is quenched from the homogeneous phase to
temperatures below Ta spinodal decomposition can take place and

structures like Fig 2.8b can be obtained.
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Figure 2-8 Schematic of PVDF/PC phase diagram.
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Figure 2-9 Optical micrographs of (a) nucleation and growth and (b) spinodal
decomposition in polymer gels[64].
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2.8 Melting point depression

The melting point depression is the reduction in the crystallisation melting
temperature in semi-crystallised polymers. This reduction may occur due to
non-crystallisable impurities, such as solvents or plasticisers. It has been
found that the crystallisation melting points of polymers are depressed
when they are dissolved in solvent. This happens when adding a solvent to
a polymer causes disruption in the intracrystalline forces, which leads to
reducing the free energy of the mixture, thus producing a significant
decrease in melting temperature. Adding solvent may also increase the
mobility of polymer chains and may reduce the thickness of lamellae as
well. Melting point depression is very important here, since it provides
valuable information about polymers’ changes in crystallinity in the
presence of dilution agents. In systems such as gel polymer electrolytes,
the determination of melting depression is necessary for investigating the
thermal stability of devices such as rechargeable batteries, as well as the

materials used within them.

According to Flory [87], the melting point depression of semi-crystalline

polymers can be calculated using the following equation:

1 1 RV
75 = o (v_solv — xviy,)

m TS AH Vo Equation 2-23

Here, Tm is the observed melting point of the diluted polymer; Tm° and AH

are the melting point and the enthalpy of fusion of the pure polymer,
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respectively; R is the gas constant; Vpol and Vsov are the molar volume of
the polymer repeat unit and the solvent, respectively; and vsov is the

volume fraction of the solvent. This equation can be used to predict the

interaction parameter when the other parameters are known.

2.8.1 The effects of good and poor solvents on melting

depression
In the current discussion, a ‘good solvent’ is one that can easily dissolve
the solute (either the polymer or the electrolyte salt). As previously noted,
the solubility parameters play the major role in this profile. A good solvent
does not refer to one that has higher solubility parameters, but it does refer
to one that has solubility properties matching or close to the solute’s
solubility properties. There is thus a solvent dedicated to the solute for
each solution, otherwise little or no dissolving can take place. The reason
for this from the physical point of view is that small differences between the
values of the solubility parameters leads to low interaction parameters at a
constant temperature (as shown by Equation 2-21), which means that a
low potential is needed to dissolve the solute. This converse of this is true
for poor solvents, whose solubility parameters significantly differ from the
solute, and hence require higher energies to dissolve them. Since
crystallisation from the molten solution is highly dependent on both
temperature and solvent quality, it is expected that such poor solvents will
contribute to increasing the melting point, since their effects are limited at
high temperatures (see Equation 2-21). Meanwhile, good solvents will

affect the melting point even at low temperatures as a result of their
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solubility properties, which reduce intermolecular forces and hence depress

melting points.
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Chapter3. Materials and Methods

3.1 PGE components

Polymer gel electrolytes are composed of a polymer, an organic solvent
and an electrolyte salt. The polymer can be used as a matrix that keeps the
electrolyte solution in i.e. that prevents it from escaping or leaking. The
solvent is used to dissolve the polymer and the salt (i.e. it dissociates the
salt components and frees the conducting ions). The salt, which is a
lithium-based one, provides the free ions necessary for conduction after it

has been broken into parts by the polar solvent.

3.1.1 Polymer: polyvinylidene fluoride (PVDF)

Poly(vinylidene fluoride) PVDF (CF2-CH2)n is a semi-crystalline
fluoropolymer with an almost 70% crystalline structure that can form
thermoreversible gels when it is dissolved in a suitable solvent. Its high
mechanical, thermal and chemical stabilities have led PVDF to be chosen
as a polymer host for polymer gel electrolytes [3, 14, 37, 38, 92—-94]. Figure
3-1 shows the structural and chemical formulae of PVDF. In PVDF, the C-F
bond is highly polar, which supports a high dielectric constant (8.4) and
provides better dissociation, releasing Li* ions that are used as charge
carriers in rechargeable batteries. Therefore, PVDF attracts the interest of

researchers and battery manufacturers alike [13].
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Figure 3-1 PVDF’s chemical and structural forms [95]

PVDF crystallises through several different phases, which can be affected

by the conditions and the processing of the polymer. These include the
nonpolar a-phase (form Il), with TGTG’ conformation as trans (T) or gauche
(G) linkages, where G’ is gauche with 120° conformation difference; the
polar f-phase (form 1), with Trans TTTT conformation; and the y-phase

(form 111) the semipolar phase with TTTGTTTG’ conformation (see Figure
3-2). The different crystal phases are associated with a variety of properties
[96—103], and each phase can be obtained in a different process, as shown
in Figure 3-3. The high-polar phase B (form I), for instance, can obtained by
cooling PVDF from melting using a pressure of approximately 350MPa.
Other processes that can be applied to the non-polar form |l (a-phase) to
obtain form | involve applying extensive stretching to it [104-108],
subjecting it to gamma irradiation [109] or subjecting it to a strong electric
field [110]. Moreover, the y-phase can be obtained from both phases g and
a by annealing the solid polymer at a high temperature [111, 112]. More

details about the transformations of the PVDF crystal forms are illustrated
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in Figure 3-3. Table 3-1 shows the unit cell systems of the different
polymorphs of PVDF, while Table 3-2 illustrates the crystal planes of
PVDF’s different crystal phases according to two references [113, 114]. A
number of studies [112-115] have provided detailed analyses of these

crystal forms (see Table 3-1 and Table 3-2).

TGTG' All trans TTTGTTTG

(o-phase) (p-Phase) (y-Phase)

Figure 3-2 The three PVDF crystal forms: a, g and y [116].
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Figure 3-3 a, B and y conformation transitions produced using different processes on
PVDF [103, 117].

Table 3-1 PVDF crystal forms and their corresponding attributes[115]

Crystal Phase
Property

a B y

Crystal system  Monoclinic Orthorhombic Monoclinic

a=4.96°A  a=8.58°A  a=8.66 °A

b=9.64°A  b=4.91°A  b=4.93°A

c=4.62°A  c=256°A  c=2.58°A
°B=90° °B=97°

Lattice constants

c=fibre direction
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Table 3-2 PVDF crystal phases and their corresponding crystal planes

260 (°) Phase

Satapathy et Gregoreo et al.

al. [113] [114]

18.4 (020) 18.3 (020)

19.9 (110) 19.9 (110) a (non-Polar)
26.6 (021) 26.56 (021)

20.7 (200) 20.26 (200) 5 (Polan
20.8 (110) 20.26 (110)

20.3 (101) 20.04 (a and B) y (Polar)

3.1.2 Solvents

3.1.2.1 Propylene carbonate (PC)

Propylene Carbonate (PC) (C4HesO3) is an odourless and colourless organic
solvent that can be used to dissolve PVDF and lithium salts such as LiBF4
and LiBOB in polymer gel electrolytes. PC has been used for such
processes due to its high dielectric constant (64.92), which allows it to
dissolve the polymer and dissociate the salt [118]; its high boiling point
(241°C), which gives it thermal stability and reduces the evaporation rate in
thermoreversible gel production and use; and its low viscosity (at room
temperature), which provides good mobility for the charge carriers in the
electrolyte gel system [118-120]. Despite all these virtues, it is not

advisable to use PC as the only solvent in rechargeable batteries due to its
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determinant effect on electrodes, such as graphite passivation. However,
mixing PC with ethylene carbonate (EC) or diethyl carbonate (DEC) can

effectively solve this problem [121, 122].

3.1.2.2 Diethyl carbonate (DEC)

Diethyl carbonate (DEC) (CsH1003) is a colourless liquid. Although it is
considered to be a poor solvent due to its extremely low polarity (¢=2.84)
[123], it also has a very low viscosity (0.749 mPa.s at room temperature)
[124], which makes it desirable to use as a co-solvent in rechargeable
batteries along with good solvents, such as propylene carbonate (PC) and

ethylene carbonate (EC) [125].

3.1.3 Electrolyte salts

3.1.3.1 Lithium tetra (fluoroborate) (LiBFa4)

Lithium tetrafluoroborate (LiBF4) is one of the most common salts that is
used in polymer gel electrolyte applications. In aprotic solvents such as PC,
LiBF4 can be dissociated by extracting Li* cations, which can work as

charge carriers in rechargeable batteries.

3.1.3.2 Lithium bis(oxalate)borate (LiBOB)

Lithium bis(oxalate)borate (LIBOB) (C204)2 is also used in rechargeable
batteries as the electrostatic force between the Li* ion and the BOB- ion is
weaker than the forces between Li* and BF4 ions, which means that LiBOB

is easier to dissociate in organic solvents that LiBF4, and thus releases
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more Li* ions than it. Therefore, ionic conductivity in polymer gel
electrolytes that contain LiBOB is greater than in polymer electrolytes that

have LiBF4 as lithium ion providers [126].

3.2 Gel compositions

PVDF 1015 provided by Solvay-Solef was used as a polymer matrix for
polymer gel electrolytes in this study, with propylene carbonate (PC) and
diethyl carbonate (DEC) from Sigma-Aldrich being used as solvents to
dissolve the polymer and the salt. Lithium tetrafluoroborate (LiBF4) and
lithium bis(oxalate)borate (LiBOB) from Aldrich (Cat.:24,476-7) was used
as an ionic salt. All gels and electrolytes were prepared in an oxygen-free
nitrogen-filled glove box to protect them from moisturising. Table 3-3 shows

the properties of the polymer, the solvents and the ionic salts.

3.2.1 Unsalted gel preparation

3.2.1.1 30%PVDF/PC unsalted gel preparation

Unsalted gel was prepared by mixing 3g of PVDF with 7g of PC (equivalent
to 5.834ml at room temperature). The mixture was stirred well in a glass
tube using a metal spatula and then heated at 160°C until melted. It was
then stirred again to expel the bubbles and was left to cool and gel. The
polymer content of these PGEs is defined as the mass of polymer to the

combined mass of polymer and solvent (regardless of any salt content).

3.2.1.2 PVDF/PC at different polymer concentrations

Different amounts of PVDF were mixed with 7g of PC to produce a range of
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unsalted polymer gel electrolytes with different polymer concentrations.
The gels were then prepared using the same procedures outlined in
section 3.2.1.1. PVDF masses were determined using Equation 3-1, where
Cpvor is PVDF fractional concentration, and mPVDF and mPC are masses
of PVDF and PC respectively. Table 3-3 shows PVDF concentrations and

their equivalent masses.

Cpypr X Mpc

Mpypr =
(1 — Cpvpr) Equation 3-1

3.2.2 Salted gel preparation

3.2.2.1 30%PVDF/PC/LiBF4

To make the electrolyte solution, different concentrations of LiBF4+ were
mixed with 7g of PC in a glass tube, then the mixture was stirred at room
temperature using magnetic stirrer bars until the salt had dissolved and the
mixture had become clear and transparent. The PVDF was then dissolved
in this electrolyte solution, stirred well using a spatula, and heated until
dissolved. The mixture was left to cool and form the polymer gel electrolyte.
Table 3-5 shows the concentrations of LiBF4 with corresponding masses.

These masses have been calculated as follows:
Taking the conventional definition of molarity, the mass of salt to be made

up to 1L of solvent (msaiv) is given by the equation:

Msqit/r = Msaie ¥ € Equation 3-2

where Msart is the molar mass in g, and C is the concentration of salt in

mole per litre. The volume of salt needed to be dissolved in 1L (Vsaw,) is
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given by the equation:

msalt/L
Psalt Equation 3-3

Vsalt/L

Where p is the salt density, Hence the total amount of solvent in cm?3
needed per litre of solution (Vsonvt) assuming no change in volume on

dissolution of the salt in the solvent is given by the equation:

Vsow/r, = 1000 — Vsgre/, Equation 3-4

The mass of solvent per litre is given by the equation:

Msotv/L = Psotv X Vsotw/L Equation 3-5

where psoiv IS the density of the solvent. The total PC mass for these gel
samples was 7g, and thus the salt masses (msat) can be scaled down

accordingly as follows:

msolu/L _ 7
Msait/t  Msalt Equation 3-6

3.2.2.2 30%PVDF/PC/LIBOB

The procedure for making 30%PVDF/PC/LiBF4 outlined in section 3.2.2.1
was also used to make 30%PVDF/PC/LIBOB polymer gel electrolytes with
different concentrations of LIBOB. Table 3-6 shows LiBOB concentrations

and their corresponding masses.
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3.2.2.3 PVDF/PC/LiBF4 1M, different polymer concentrations

The procedure outlined in section 3.2.1.2 was also used to make
PVDF/PC/LiBF4 1M with different polymer concentrations, using polymer
mass calculations. The new PVDF-based gels were prepared by dissolving
different amounts of PVDF in a glass tube containing an electrolyte solution

composed of 5.834ml PC with 1 molar concentration of LiBFa4.

Table 3-3 Room temperature physical properties of PVDF, PC, DEC and LiBF4

Material Property (unit) value
'I' ’|: Molecular weight Mw
c—C X 570,000
PVDF - (- CH;-CF;-),- [ (g/Mol)
HOFl, 1.78
Density (g/cm3)
Density at 25°C
1.19993
(g/cm?) 18]
0 -55
Mo Melting Point (°C)
PC C4HeO3 i E 240
. s
CH Boiling Point (°C)
¥ 64.96
Dielectric constant(!18]
2.512
Viscosity n (mP.s)*28l
Density (g/cm3)124 0.9691
0 Dielectric constantl*2’l ~ 2.84
DEC Cs5H1003 N )t N\ Viscosity n (mP.s)i*24 0.749
He” 00 ey
Melting Paint (°C) -43
Boiling Point (°C) 126-128
[ F B . -
é Density (g/cm?) 1.6
LiBF4 LiBF4 FF y
- F ™ Molar mass (9) 93.74
[ (5]
Onyo. 07| Density (g/cm?)™ 1.7
. B |
LiBOB LiB(C204)2 >O/ \0<0
" e Molar mass (g) 193.79

* Solvay official website:
** Measured in Leeds due to absence of any data in the literature (£0.1).
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Table 3-4 PVDF concentrations and equivalent masses

PVDF concentration PVDF mass PC mass

(%) (g) (g)
20 1.750 7
25 2.333 7
30 3.000 7
35 3.769 7
40 4.667 7

Table 3-5 LiBF4 concentrations and the corresponding masses.

Salt Concentration mass of PC mass of LiBF4

M g g

0.2 7 0.111
0.4 7 0.224
0.6 7 0.340
0.8 7 0.459
1.0 7 0.581

Table 3-6 LiBOB concentrations and the correspond masses.

Concentration mass of PC mass of LiBOB

M 9 9
0.2 7 0.231
0.4 7 0.474
0.6 7 0.728
0.8 7 0.995

1.0 7 1.276
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Table 3-7 PVDF concentrations and equivalent masses in an electrolyte solution of
PC/LiBF4 1M

PVDF concentration (%) PVDF mass(g) PCmass(g) LiBF4 mass (g)

20 1.750 7 0.581
25 2.333 7 0.581
30 3.000 7 0.581
35 3.769 7 0.581
40 4.667 7 0.581

3.2.2.4 PVDF/PC: DEC/LiBF4 with variations in PC:DEC ratio

When making gels with mixed solvents, the total volume of solvent was
kept constant, and the ratio of the two solvents was defined as a volume
ratio. This procedure involved producing liquid electrolytes by dissolving
LiBF4 (at a concentration of 1M) in a mixture of PC:DEC with volume ratios
from 100:0 to 65:35 in glass tubes, then stirring the solution until the salt
dissolved. Solvent masses were calculated so that the total solvent volume
remained (as previously) at 5.834cm?. 3g of PVDF was then added to each
ionic solution and the mixture heated t0160°C for 15min. The masses of the

salt solution were then calculated as follows.

The mass of PC needed to make 30%PVDF/PC/LiBF4 is 7g. So the volume

of this amount is given by the equation:

m
bC = 5.834cm3

V = =
PC™ ppe ~ 119993 Equation 3-7
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where mpc and ppc are the mass and room temperature density of PC

respectively.

This volume is used as the total volume of the two solvents (Vsol) in the

following calculations:

VSOl = VPC + VDEC = 5.833cm3

Equation 3-8
Letting R be the volume ratio of PC:DEC:
Vpc
Vore R = Vpc =R *Vpgc Equation 3-9

where Vpc and Vpec are the room temperature volumes of PC and DEC

respectively.
Substituting Equation 3-9 in Equation 3-8 gives:

Vsor = R * Vpge + Vpge = 5.833 cm?® Equation 3-10
Hence:

5.833

Vbee = R+1 ¢ Equation 3-11

and

5.833 R

Vee = R+1 cm Equation 3-12

The equivalent masses can then be obtained as follows:

mpc = Vpc * Ppc (9 Equation 3-13
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Mpec = Vpec * Poec () Equation 3-14

Table 3-8 shows the concentrations and masses of solvents, salt and

polymer used to prepare this type of mixed solvent PGE.

Table 3-8 composition of PC:DEC mixed solvents gels.

PVDE PC:DEC Vpc  Vbec Mpc  Mpec LiBF4(1M)

vass (@ YOUMERA @) ©m) @ @
3 100:00 5.834 0.000 7.000 0.000 0.581
3 95:05 5542 0.292 6.650 0.283 0.581
3 90:10 5250 0.583 6.300 0.565 0.581
3 85:15 4959 0.875 5.950 0.848 0.581
3 80:20 4.667 1.167 5.600 1.131 0.581
3 75:25 4375 1.458 5.250 1.413 0.581
3 70:30 3.792 2.042 4550 1.978 0.581
3 65:35 3.500 2.333 4.200 2.261 0.581

3.3 Sample preparation

In spite of the variations in test conditions that were required for some
samples to be processed, all the gel samples were originally prepared in
the same environment—an oxygen-free nitrogen-filled glove box. This was
used to reduce moisture, which affects the properties of some of the
materials used, such as the electrolyte salts. The samples were then
processed according to the test conditions. The techniques that were used
for preparing and processing the gels will now be provided in the following

sub-sections.
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3.3.1 The glove box

An MBraun Labmaster 130 Glove Box was used for preparing gel samples.
This is a box with high strength glass walls that is used to keep the
materials inside under a pressure slightly higher than one atmosphere at
low humidity (~5%), see Figure 3-4 below. The gel was prepared inside the
glove box because some materials (e.g. lithium salts) are very hygroscopic,

and gels need to be made in a water-free environment.

LT

()GloveBox  (2)N;-In  (3) Small antechamber (4) O, &H,O -Out

(5) Big antechamber (6) PC controlunit

Figure 3-4 Schematic view of the glove box
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3.3.2 Hot presser

A hot presser is used to make thin films within a ~50 micron thickness for
use in morphological investigations in optical microscopy and WAXS (Wide
Angle X-Ray Scattering). It can also be used to make thin samples (~2 mm
thickness) for the parallel plate method used for rheological measurements.
This tool consists of two square cross-sectional shaped metallic plates with
a screw at each corner, as shown in Figure 3-5. Hot pressing is done by
heating the two metallic plates to 160°C, and inserting a piece of gel
between them that will be melted using separators to give the required
thickness, as shown below. After the gel has been melted and flattened,
the two plates are screwed together using four screws, in order to let the

sample cool at the desired thickness.

Figure 3-5 Hot pressing plates with gel samples in between.
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3.4 Rheological studies

3.4.1 Introduction

The term ‘rheology’ refers to the science of the deformation and flow of
matter under applied force, while ‘rheometry’ refers to the tools and devices
that are used to measure and determine rheological data [128].
Rheological experiments were undertaken in this research in order to help

determine the gelation mechanism.

3.4.2 Dynamic mechanical thermal analyses

Dynamic mechanical thermal analyses (DMTAS) are techniques that are
typically used to analyse and measure the rheological properties of
materials under thermal conditions. DMTA gives clear information about

phase transitions, viscosity, tensile and/or shear modulus... etc.

In spite of the diversity of DMTA machines, the working principle is always
virtually the same, involving the application of an oscillating deformation

and the resulting force being measured [129].

The applied deformation (e) is given by:

e = e,sin(wt) Equation 3-15

And the resulting force is given by:

F = F,sin(wt + §) Equation 3-16
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where w is the angular frequency (in rad.sec?) and & is the phase angle.

In this research, non-standard geometry was used to allow the
measurement of the mechanical properties in both the sol and gel phases.
The results are presented to show the components of the force, both when
it is in-phase and out of phase with the applied deformation, so that the
relative weighting of the elastic and viscous responses can be seen. The
results are shown as F’ and F”, where:

F' = F, cos(6) Equation 3-17

And

F'" = F, sin(6) Equation 3-18

The DMTA machine used different geometries depending on material
types. For instance, a concentric cylinder was used to measure fluids, while
rectangular torsion was used to measure solids. Similarly, cone and
parallel plates were used to measure rubbery and gel materials. Figure 3-6

below illustrates these different geometry systems.
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Rectangular
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Cylinders Plate
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Fluids Rubbery Rubbrs and
materials gel materials

Soft to Rigid
Solids

Figure 3-6 DMTA Geometries

3.4.3 Rheological instruments: the RSA Il machine

The Rheometric Solid Analyser RSA 1l was used to measure the shear
modulus behaviour that occurred with temperature increases. The machine
was modified to measure the shear modulus of solid gel and its viscous
solution, having been originally designed to measure tensile and
compression moduli for solid polymers. This modification was required so
that the solid gel (with G’ ~ 10° Pa) could be measured with the same
instruments after it had undergone its viscous molten transition (when
G'~10%) through containing the gel in a glass tube. Thus, using this
modification, the gel could be measured in both states at the same time

and under the same conditions.

The modification of the machine involved replacing the tensile grips with a
screw thread and tube (see Figure 3-7), and this was first performed by

Voice et al. [14]. The process involves chopping the gel into small pieces of



56

3-4mm, inserting the pieces into a tube, and heating them they have
melted. The screw thread is inserted into the tube of the molten gel, as
shown in Figure 3-7, then fixed to the transducer from the top, whilst it is
constrained at the bottom by fixing it to the motor. The sample is then
rapidly cooled to the desired isothermal condition and measurements are

taken to show the sample’s mechanical responses over time.

&—— To the Transducer

_—Screw Thread

o

1 1

.fl 1

T -
HitH.

IIII

Two screws to fix the tube i“{_—-— Molten Gel
base to the Motor

Figure 3-7 Screw-thread Tube Method used with RSA 1.
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Figure 3-8 The RSA Il Machine

3.5 Differential scanning calorimetry

3.5.1 Introduction

Differential Scanning Calorimetry (DSC) is one of the techniques that can
be used for investigating thermal transitions of polymers and gels through
melting, crystallisation and glass transition. This instrument measures the
difference in the amount of heat that is required to increase the
temperature between a sample and the reference. The device is sketched
in Figure 3-9 below. As shown, the DSC system consists of a DSC
chamber, which in turn consists of two wells in which the measured sample
and reference (empty pan) are mounted. The sample and reference are
then heated by the electrical furnace that is connected to the bottom of the
wells. During the heat flow, the sample and reference are kept at the same

temperature. Any difference in the amount of heat absorbed or released by
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the sample and the reference is measured as a function of the
temperature. When the sample undergoes thermal transition, it exhibits
endothermic or exothermic peaks (see Figure 3-10), which can be
analysed on the computer using the specified software [130-132]. Before
measurements are made, it is essential that the instrument is calibrated
using an indium standard sample with an onset melting temperature of
156.6°C and a heat of fusion of 28.45J.gt. DSC measurements typically
run under a constant pressure, and therefore heat flow varies equivalently

with the enthalpy changes, which can be calculated as follows:

dQy _ dH
(E)l, B E Equation 3-19
where, dH/dt is the heat flow, measured in J.sec. The heat flow difference

between the sample and the reference is calculated as follows:

AdH B (dH) (dH)
dt  \dt sample dt /reference Equation 3-20

which can be used to interpret the resulting peaks. When A‘;—I: is positive

dH

(i.e. (—) > (d—H) ), this means that the heat absorbed from the
at/ sample dt/yreference

sample is higher than that of the reference, and hence the device shows

endothermic transition. When (‘;—i’) l <(
sample

dH

. dH, -
l.e. (A—) Is
at )reference ( ( dt)

negative), this will appear on the monitor as an exothermic peak.

3.5.2 The enthalpy of melting.
In the DSC programme, the enthalpy of transition, AH, can be calculated as

a function of the transition point and the peak area, i.e. the enthalpy of
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melting or crystallisation can be found as follows:

dQ
Peak area = fEdT Equation 3-21

where T is the temperature, and the heat rate is the time variation of

temperature.

i.e. heat rate = dT/dt.

~ Peak area = heat rate f dQ Equation 3-22
Hence,
Peak area = heat area X AQ Equation 3-23
But,
AQ =m-AH Equation 3-24

Substituting AQ value from Equation 3-24 into Equation 3-23 gives;
peak area = m - AH - heat rate Equation 3-25

Thus,

Peak area
AH=——— _
m X heat rate Equation 3-26
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Where m is the mass of the gel (g). Equation 3-26 shows that the peak
area depends on the heating rate. Therefore, one should take care to
choose a suitable heating rate when running DSC measurements.

Typically, heating rates are between 2 to 20°C per minute. This work used

10°C/min for all samples.

Control Unit

]
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.
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> /
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Figure 3-9 Simplified sketch illustrating the DSC technique
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Figure 3-10 Heat transitions measured by the DSC.

3.5.3 Polymer and gel crystallinity

The latent heat of melting (enthalpy of melting AH) that is obtained using
Equation 3-26 can be used to find out how much crystallinity there is in the
polymer (or gel). This can be done by measuring the ratio between the
latent heat of melting for the gel (AH) and the latent heat of the pure
polymer (100% crystalline polymer) (AH") [133], which is denoted by ygel.
l.e.:

AH
Xgel = rpp Equation 3-27

The crystallinity of the polymer, ypol, is then worked out as follows:

Xgel

Xpol = _
pot mpol/mgel Equation 3-28

where mpo/Mgel is the mass of polymer to the mass of the whole gel (mgel =


http://www.pslc.ws/macrog/crystal.htm
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Mpol + Msolvent + Msat). The AH" of PVDF is 104.7 J/g [134].

3.6 lonic conductivity

3.6.1 The ionic conductivity of polymer electrolyte cells

containing blocking electrodes.
Dielectric spectroscopy can be used to determine the ionic conductivity of
the polymer gel through applying an A.C. voltage and observing the
change in the impedance through a range of frequencies. This technique is
commonly referred to as the impedance spectroscopy. It was theorised by
J.R. MacDonald [135] and established experimentally by Sorensen and
Jacobsen [136]. The major characteristic of a polymer electrolyte cell
containing blocking electrodes is that no reactions occur between the
mobile species and the electrodes. Therefore, the electrodes of the cell are
made from inert metal. To understand the ionic conduction in such
electrolyte/electrode systems, let us consider an idealised lithium ion
conducting polymer with platinum blocking electrodes. If an A.C. voltage
with a variant frequency was applied to the cell, the resulting circuit could
be simulated in the way sketched in Figure 3-11(b) below. The electrodes
would become alternatively positively and negatively charged, and thus the
sinusoidal electric field across the electrolyte would drive the lithium ions
back and forth in phase with the applied voltage. (In Figure 3-11(b), the

resistor, R, represents the migration of the lithium ions.)

Another detectable effect of the applied voltage on the electrolyte polymer

would be the polarisation of the immobile polymer chains, which can be
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represented by the capacitor Ce.

(1) Electrode (2) PGE

"

@)

(b)

Figure 3-11 Model of the ionic conductivity cell illustrating: (a) A simulated circuit for PGE
(2), with thickness (t) and area (A) inserted between two electrodes (1); and (b) The
equivalent circuit for the polymer/electrode interfaces, where Ca is the capacitance of the
anode, Ccis the capacitance of cathode, R is the internal bulk resistance of the gel, and Ce
is the capacitance of the electrolyte.
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Figure 3-12 The imaginary component plotted against the real component of the
impedance for (a) the ideal electrolyte and (b) a typical gel electrolyte.
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The driven ions would then be alternatively accumulated and depleted at
each electrode due to the alternating field, causing a very thin
electrode/electrolyte interface. This would behave as a capacitor with a
high capacitance, and would be considered to be the capacitance of the
anode interface, Ca, and the cathode interface, Cc. The semicircle in
Figure 3-12 represents the electrolyte contribution at a high frequency,
while the spike at the low frequency is due to the blocking
electrode/electrolyte interface. The resistance, R, of the PGE is the value of

the Z' when Z”=0, which is typically 102 to 102 ohms.

In the above discussion, only the ideal behaviours of the cell and the
electrode/electrolyte interface were considered. In the real cell, however,
the complex plot is noticeably different from the idealised plot, as shown in
Figure 3-12 (b). In this case, the semicircle is broadened, and is hard to
detect, and electrode spike is non-vertical. This may be due to the surface
layers on the electrodes, long-term ion migration issues, the inhomogeneity
in the electrolyte and the microscopically rough electrode surfaces. The
measured resistance, R, can be related to the ionic conductivity in Equation
3-29 for a uniform cross-section of a homogeneous substance (like that
shown in Figure 3-12(a)), with thickness t and area A, and is given by the

equation:

RA Equation 3-29
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where o is the ionic conductivity measured in S/cm.

3.7 X-Ray scattering analysis (WAXS)

3.7.1 Introduction

X-rays are electromagnetic waves with wavelengths of 0.1-0.2 nm. X-ray
diffraction occurs due to the reaction of bands of x-ray beams with atoms
and/or molecules. It has been found that x-rays are scattered in different
directions from any material that they are targeted at. When the scattered
beams from the whole crystal structure interfere with each other, this
produces a diffracted beam that is reflected in one direction and can be
picked up by a detector [137]. The principle of interaction between x-rays
and material particles (atoms and/or molecules) has been used to
investigate the crystal structure of materials. There are two methods used
for doing this, depending on the spacing between the crystal planes. When
the wavelength of x-ray A is smaller than the structure spacing, the beam is
scattered at small angles (6< 5°), and hence the method used to
investigate such structures is that of Small Angle X-Ray Scattering (SAXS).
If A is larger than the structure spacing, the resulting beam is scattered at

greater angles (6>5°, and the method is Wide Angle X-Ray Scattering

(WAXS).

3.7.2 Bragg’s Law
A diffracted beam produces a high intensity when Bragg’s condition is
instantiated. Bragg’'s condition occurs when the reflected beams from one

crystal plane are in the same phase with the reflected beams from the next
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plane. This may cause constructive interference, and the wavelength, A, of
any two incident beams reflected from the two successive planes
separated by d-spacing is equal to the path difference between them.
Bragg’s Law can be derived by considering Figure 3-13, which shows
incident beams contacting planes with d-spacing. The first beam is
reflected from the upper plane at angle 6, while the second one continues
to the next plane and is reflected at the same angle 6. Given that the two
beams are equal in their wavelengths, and reflect in the same phase, we

can calculate the difference in their paths [138].

Figure 3-13 Demonstration of Bragg’s diffraction law.

sind = — Equation 3-30

Path difference = 2b
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The condition required for constructive interference to take place is that the

difference between the incident beams be in nA wavelength, where n is an

integer.
l.e.
2b =ni Equation 3-31
Therefore
nAd = 2dsin6 Equation 3-32

This is Bragg’s Law of diffraction.

WAXS refers to the measurement technique that uses wide angle x-ray
scattering diffraction. This technique is usually used to measure the
diffracted x-ray beam from the crystalline structure in order to investigate
the crystal conformations of polymers. It can aid in the examination of the
crystalline structures of crystal planes with smaller separating distances
that produce scattering angles 26 of larger than 5°. On the other hand, the
SAXS (small-angle x-ray scattering) x-ray diffraction technique is used for
investigating structures within spacings of within nanometres, which give
scattering angles 26 close to 0° [139]. Another property that can be
determined from the x-ray spectroscopy is that of crystal size, which can be

determined by using the Scherrer equation:
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L=
B cos@ Equation 3-33

where A is the x-ray wavelength, g is the full width at half the maximum of

WAXS detected peak, and 6 is Bragg’s angle.

3.8 Optical microscopy

Optical microscopy can be used to visually investigate polymer structure.
Typically, it involves the use of a visible light microscope with a system of
lenses set up to provide illuminated magnified images of samples. Optical
microscopes have many shapes and designs that vary with different
manufacturers and because of the purposes for which they were
developed. However, they all work according to the same principle—they
collect light from a sample using a very high-powered magnified lens,
called an objective lens, to form a real image. This real image is then
magnified by a second lens or group of lens called an eyepiece. Figure
3-14 provides a simple image on the left that represents the principle of
optical microscopy in the magnification process [140], and a simple sketch

of an optical microscope on the right.
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Figure 3-14 The principle of optical microscopy principle (left), and a sketch of an optical
microscope (right) [140].

Modern microscopes are usually compound microscopes with
exchangeable objective lenses to adjust the magnification. They produce a
high quality image at large magnifications and reduce chromatic deviation
in comparison to the more simple dissecting microscope. Furthermore, they

provide more magnification setups than dissecting microscopes.

Structures investigated in optical microscopy must be no less than 1um
across in order for accurate information on them to be obtained. This is
because the limitation in resolution is half the wavelength of the light used
(~250nm). It is also difficult to recognise the structures in transparent
samples (even though they are of suitable sizes) because of their lack of
absorption capability in both non-crystalline and crystalline regions, which
leads to a poor contrast between them. Polarised light can be used to solve
this problem, which involves placing a polariser below the sample and an

analyser above so that the analyser is at right angles to the polariser.
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Cross-polarising can be understood by understanding the propagation of
light through a crystal. When polarised light with a light wave of electric
vector D is applied to the sample, the refractive index n of a crystal
depends on the direction of this vector (the polarisation direction) in relation
to the crystal axes. Figure 3-15 shows the difference in the refractive index
with the direction of the incident and the polarised waves. The crystal is
shown as a shaded ellipse placed inside an indicatrix represented by the
ellipsoid with the x1, x2 and x3 axes in, and with a radii proportional to n.
When polarised light with the D-vector is transmitted through the crystal,
then only two possibilities can occur. One happens when D is parallel with
the vertical axis (xs), and the other happens when D is perpendicular to the
refractive index ellipsoid (i.e. x1 or Xx2). This causes a contrast in the
analysed lights according to the resulting difference in the refractive indices
that can be detected by either the eyepiece or by a digital camera fixed to

the top of the microscope.
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Figure 3-15 Refractive index ellipsoid or what is known as the ‘indicatrix’ with the crystal
involved in it, to understand the crossed-polarisation principal.

3.9 Measurement procedures

3.9.1 DMTA

The Rheometric Solid Analyser RSA Il was used to investigate the
isothermal gelation point of the PGE samples using the screw thread
modification apparatus illustrated in section 3.4.3. The samples were
heated until melt at 160°C, and then rapidly cooled to a given temperature,
at which it was observed until gelation point was acquired. A frequency of

1Hz and a strain amplitude of 0.15mm were used.

3.9.2 DSC

A PERKIN ELMER differential scanning calorimeter was used to
investigate the gel’s melting point and the crystallinity of the polymer gel
electrolytes. DSC measurements were also used to investigate the

isothermal crystallisation and subsequent melting of salted and unsalted
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gels. Gel samples with masses between 8-12mg were chopped and put

into sealed aluminium pans.

3.9.2.1 Isothermal crystallisation measurements

These tests were used to study the isothermal crystallisation and
subsequent melting points of the polymer gel samples. The samples were
annealed at 160°C for ~5min to melt the gel and erase any thermal history.
The gel was then cooled rapidly (at 500°C/min) to the required isothermal
temperature, and the data recorded with time. After each isothermal
crystallisation, the sample was again heated to 160°C at 10°C/min, this

time to obtain the subsequent melting temperature.

3.9.2.2 Melting temperature investigations

For these investigations, samples were measured in order to examine the
effect of study parameters such as salt, solvent and polymer content on the
PVDF’s melting point, the gel's degree of crystallinity, and the polymer’s
degree of crystallinity (polymer fraction crystallinity). Each sample was
heated from 20°C to 140°C using a heat rate of 10°C/min. PYRES software
was used to observe and control the measurements, as this has the ability
to analyse and manipulate the resulting curves. Using this software, the
curves were fitted to determine the melting temperature and the heat of

fusion through integrating the area under the melting curve.
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3.9.3 lonic conductivity

Molten gel was poured into a cell to prepare ionic conductivity samples in
the glovebox, as shown in Figure 3-16, and the top metal plate was
pressed down securely to ensure a good electrical contact. The gel was

then left to cool down in the cell before the measurements were taken.

L APlastic
insulator

Electrolyte sample

Figure 3-16 lonic conductivity cell

A Novocontrol Frequency Analyser was used to test the samples at room
temperature. An AC voltage was used, Vims = 1 Volt, with a range of
frequencies from 10°Hz to 10'Hz. The graphs of real versus complex
impedances Z' and Z” were plotted to obtain the resistance for each

sample, R (where Z’~0) (see Figure 3-12).

3.9.4 WAXS measurements

DRONEK4- AXES HUBER Wide Angle X-ray diffraction apparatus was
used to investigate changes in the crystal phase and size in gel with and
without the addition of salt. The gel samples in this test were prepared as
thin films with thicknesses of ~0.8mm and surface areas of ~225mm? via
hot pressing (see section 3.3.2). The samples were then mounted to the

machine using a metallic slide with a hole in its centre to allow the x-ray to
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pass through the sample. The slide containing the gel film was then
inserted into the slot in front of the x-ray path and fixed before the
measurements were made. The system generated 40kV and 30mA to
produce the x-ray. After the gel was fixed in front of the x-ray’s path,
measurements were taken by subjecting the sample to the x-ray in a wide
range of angles 20 between 5-45°, with an angle step of 0.1°, and data
was collected for 1min at each step. By fitting Gausian peaks, the
separate X-ray peals could be characterised. Figure 3-17 sketches the
WAXS technique. The crystal planes were calculated from the reflection
angles using Bragg’'s Law, while the crystal size, L, was detected using the

Scherrer equation.
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Figure 3-17 Sketch of WAXS diffraction technique measurements
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3.9.5 Optical microscopy

Optical microscopy samples were prepared using two different approaches
that were appropriate to the different natures of the tests. The first method
used pre-made gel samples (both salted and unsalted samples that had
been cooled in the glove box as mentioned above) that were hot pressed
(see section 3.3.2). A small piece of gel was inserted between the hot
plates of the press, which were pre-heated to 160°C. The hot presser was
then left with the molten gel inside it until it cooled (which took about 4h),
before being removed and measured. The gels were hot-pressed to form
thin films of ~40um thickness, and these samples were used to investigate

the effect of salt on the pore size of the polymer gel.

The second method involved using a novel apparatus called a ‘hot-stage’
microscope. This apparatus (shown in Figure 3-18) consists of a metal
base with a hole at its centre to allow light beams to pass through the
sample to the observer. The stage contains two air flow paths, which
provide compressed cool air that can cool the sample to the required
temperature very quickly. The hot stage uses an electrical heater with a
thermocouple attached to a small pin near the sample. In this test, gel
samples were taken directly from the pre-made gel container (there being
no need for hot pressing as the sample was going to be melted). The
sample was covered by a transparent thin polyester film with a melting
temperature of 250°C in order to protect the liquid from evaporating when
the gel was melted. The gel was then melted at 160°C and cooled back to
the required temperature so that the isothermal structure formation could

be observed.
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Figure 3-18 Sketch of the hot-stage microscopy
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Chapter4. Isothermal Gelation

4.1 Introduction

This chapter presents and discusses the results regarding the gelation
mechanisms that occurred and the structures of the gel that were formed
through cooling the PVDF-based gels. The discussion includes the data
that was collected from the differential scanning calorimetry DSC.
Isothermal techniques were used to investigate the crystallisation of the
molten gels using a DSC machine, and DMTA measurements were used
for collecting gelation points isothermally from different temperatures. That
is, the procedure from which the data were collected involved cooling
molten gel samples rapidly to a specific temperature and then allowing
them to form gels isothermally. Their formation was then studied using
either a DSC machine or DMTA measurements. The data from the two
techniques were then analysed and discussed individually, before they
were combined together and compared to acquire key information about

the mechanism of gelation.

The structure of the gel was investigated using optical microscopy and
wide-angle x-ray scattering WAXS. Room temperature optical microscopy
and room temperature WAXS were initially used to investigate the gel
morphology and polymorphs respectively, with and without the addition of
salt. Further study involved using a hot-stage optical microscope to

observe phase separation as the molten material cooled. Investigations
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using the optical microscope helped to reveal the nature of the phase
separation, with cross-polarisers being used to show any spherulitic

structures that formed.

4.2 Isothermal formation

4.2.1 Gelation investigations using DMTA

DMTA measurements were used to investigate gel formation through
measuring the response of the sample to shear force during isothermal
phase transition from the melt state to the gel state. The screw-tube
technique described in section 3.4.3 was used to carry out these
investigations for both salted and unsalted gels. Figure 4-1 and Figure 4-2
show the isothermal rheological data for the unsalted gels over a range of
temperatures, including a point above which no gelation was observed.
Figure 4-3, Figure 4-4 and Figure 4-5 show similar traces for the salted gels
at different temperatures. Table 4-1 summarises the data acquired from the

DMTA measurements.

Figure 4-6 shows the gelation time, plotted as a function of temperatures at
which gelation took place isothermally for both salted and unsalted gels. It
shows that gelation is rapid for both salted and unsalted gels at low
temperatures, with unsalted gels taking a slightly longer time to gel. It also
shows that unsalted gels do not form above 100°C, whereas salted gels
keep forming at temperatures up to 150°C. Time of gelation (tgel) was
determined as the point where the storage and loss components of shear

forces cross over, i.e. F’=F”. As mentioned in section 3.4.2, when gel isin a
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molten state, the loss modulus is higher than the storage. Therefore, the
gel shows a resistance to shear force when it transfers from the molten
viscous state to the solid state, and hence the storage modulus comes over
the loose modulus. The point at which this transition occurs is considered
to be the gelation point, and hence the time at which gelation occurs is
supposed to be called as the gelation time. As the gelation temperature is
increased, the time to gel also increases. The gelation time’s dependency
on the gelation temperature in PVDF thermoreversible gels has also been
reported by Cho et al. [41], who observed similar behaviours in gel
behaviour to those seen in the current research in relation to phase
separation during earlier stages of gelation. Guojie et al. [141] also
reported the electrolyte salt having a similar effect on the gelation time to
those found in this study, and attributed the reduction in the time of gelation
with the addition of salt to the variations in the local junctions of the
polymer. They suggested that when the gel forms in the presence of salt,
the salt quickly nucleates the chains, causing shorter but increased

numbers of junctions, leading to less gelation and lower gelation times.
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Figure 4-1 Isothermal gelation using DMTA for 30PVDF/PC unsalted gel, showing the time
at which gelation occurs (F’=F”’), at (a) 30°C and (b) 60°C.
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Figure 4-2 Isothermal gelation using DMTA for 30PVDF/PC unsalted gel, showing the time
at which gelation occurs’ (a) at 90°C, and no gelation in (b) at 100°C.
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Figure 4-3 Isothermal gelation using DMTA for 30PVDF/PC/LiBF4 salted gel, showing the
time at which gelation occurs (F’=F”), (a) at 30°C and (b) at 60°C.
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Figure 4-4 Isothermal gelation using DMTA for 30PVDF/PC/LiBF4 salted gel, showing the
time at which gelation occurs (F’=F”), (a) at 90°C and (b) at 120°C.
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Figure 4-5 Isothermal gelation using DMTA for 30PVDF/PC/LiBF4 salted gel, showing the
time at which gelation occurs (F’=F”), (a) at 140°C, and no gelation is taking place in (b) at
150°C.
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Figure 4-6 Time to initiate gelation for 30%PVDF/PC unsalted gels and 30%PVDF/PC/LiBF4
1M salted gels. Onset of gelation is determined for F’ = F”.



87

Table 4-1 Average values of times of isothermal gelation from DMTA measurements. A
dash shows that the experiment was undertaken but no gelation took place.

Tou Q) e T e

Unsalted Salted

30 6 30 3.66
40 7 40 3.76
50 10 50 3.96
60 12 55 3.74
65 17 60 4.467
70 18 65 431
80 36 75 3.90
90 62 80 4.53
100 - 85 8.14
110 - 86 9.53
95 11.8

100 11.6

105 11.2

110 13.8

115 113

120 30.4

125 24.8

130 36.0

140 29.3

150 -

160 -
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4.2.2 Gelation investigations using DSC measurements

Isothermal DSC measurements were made (in the way that was outlined in
chapter 3) for 30PVDF/PC unsalted gel and 30PVDF/PC/LiBF4 1M salted
gel in order to investigate the crystallisation behaviour of the gels at
different temperatures. The DSC curves in Figure 4-7 and Figure 4-8
represent isothermal crystallisation from the unsalted gels, whilst those in
Figure 4-9, Figure 4-10, Figure 4-11 and Figure 4-12 represent isothermal
crystallisation from the salted gels. Table 4-2 summarises the results of the
isothermal crystallisation process for the two types of gel that were
collected and analysed within the different experiments. Figure 4-13 shows
the increase in crystallisation time with increasing isothermal temperature.
It also shows that the salted gels crystallised more rapidly than the
unsalted ones, and that they also form crystals at higher temperatures than
the unsalted gels. However, as can be seen in Table 4-1, the heat of fusion
(AH) is significantly reduced at higher crystallisation temperatures (see

Figure 4-14).

The DSC traces in Figure 4-8 and the analysed data in Figure 4-13 show
that the unsalted gel takes longer to crystallise than the salted gel at low
temperatures. However, salted gels show crystallisation at higher
temperatures where no crystallisation can be observed in the unsalted
gels. This can be confirmed by comparing Figure 4-8 and Figure 4-7 with
Figure 4-10 and Figure 4-9, in which the exothermic peaks for the salted
gels show slight differences from those for the unsalted gels at low
temperatures. The deeper and sharper peak seen for salted gels concords

with the high nucleation rates taking place at earlier stages of
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crystallisation. The peaks for unsalted gels show less depth, but are
broader within the same range of temperatures, which renders less
nucleation but high growth rates. However, at elevated temperatures, both
types of gels show similar peaks, even though they occur at different
points, which indicates similar nucleation and growth behaviour in these
regions. Figure 4-14 shows that the heat of fusion released from both
salted and unsalted gels drops significantly with the increase in
temperature, with salted gels showing higher values of AH, and hence

greater crystallinity.
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Figure 4-7 Isothermal DSC traces for 30PVDF/PC unsalted gel from 65-75°C, showing no
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Table 4-2 Onset times and areas of crystallisation peaks under isothermal conditions. The
dashes show an isothermal experiment has been undertaken, but that no crystal peak
has been observed.

Unsalted gel Salted gel
Isothermal Crystallisation Crystallisation
|AH| [AH|
temp time (onset) time (onset)

°C mins /g mins /g

30 1.75 10.105 1.033 16.511
35 1.627 9.17 1.035 17.166
40 1.521 9.541 1.047 15.786
45 1.649 5.104 1.053 15.422
50 1.731 7.286 1.056 14.195
55 2.04 8.244 1.077 12.863
60 2.903 1.728 1.07 14.233
65 5 0.662 1.058 13.39
70 - - 1.175 10.733
75 - - 1.33 12.044
80 1.693 12.218
85 2.775 8.137
90 6.043 3.262
95 1.033 16.511

100 1.035 17.166
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Figure 4-13 Time to initial crystallisation under isothermal conditions for 30%PVDF/PC
unsalted gels and 30%PVDF/PC/LiBF4 1M salted gels, as determined by DSC.

. o A  Unsalted
) @ Salted
“““““ o ..
15 - o
e .9
R )
- ° T .
. e O
o A °
S 10 . A
I A °
< 1 LA
5 - A
o
A -
A
0 T T T T T T T T T T T T T
30 40 50 60 70 80 90
Isothermal Temperature (°C)
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4.2.3 Comparing crystallisation and gelation

Figure 4-15 shows a comparison between gelation time and crystallisation
time for unsalted gel as a function of isothermal temperature, while Figure
4-16 shows a similar comparison for salted gel. The two figures show that
crystallisation occurs faster than gelation at some temperatures. The
unsalted gel took much longer to gel at 90°C, and no gelation was
observed above this temperature. For the salted gel, gelation took place at
significantly higher temperatures than crystallisation, and took longer than it
to occur. However, the gelation times for salted gel were low in comparison
to those for unsalted gels. Thus, gelation can occur at higher temperatures
than crystallisation, suggesting that gelation can take place without
noticeable crystallisation. According to Okabi et al. [42], rapidly cooling
molten solutions of PVDF gels to 30°C can contribute to the formation of

high amounts of spherulites.
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4.2.4 Subsequent melting temperature

Samples that were isothermally crystallised (see section 4.2.2) were then
heated again from each isothermal crystallisation temperature until the
molten peaks were obtained for each point. Figure 4-17 shows the
subsequent melting behaviour after isothermal crystallisation for salted and
unsalted gels. The general trend found was that the melting points
increased with increasing crystallisation temperature in both types of gels.
In salted gels, Tm is obviously higher than in unsalted gels. For unsalted
gels, the highest crystallisation temperature at which subsequent melting
was seen was 70°C, whereas for salted gels it was 95°C. Figure 4-18

shows that AH drops rapidly as these maximum temperatures are

approached.
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Figure 4-17 Subsequent melting points plotted as a function of isothermal crystallisation
temperature for 30%PVDF/PC unsalted gels and 30%PVDF/PC/LiBF4 1M salted gels.
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Figure 4-18 Heat of fusion of the melting peak following isothermal crystallisation at Tc for
30%PVDF/PC unsalted gels and 30%PVDF/PC/LiBF4 1M salted gels.

4.2.5 Isothermal optical microscopy

Hot-stage optical microscopy was used to observe the effect of salt on the
gel structure of 30PVDF/PC unsalted gel and 30PVDF/PC/LiBF4 1M salted
gel upon gelation from molten solution. Figure 4-19 and Figure 4-22 show
the optical micrographs ascertained when the salted and the unsalted gels
respectively were heated from room temperature to 160°C, at which
temperature the whole structure disappeared. Figure 4-20 shows the
optical micrographs obtained when the salted gel was cooled from 160°C to
110°C, with no spherulites being detected within this temperature range.
This result concords with those obtained using the DSC machine and
DMTA measurements, in which no crystallisation was found to occur within
this temperature range for the salted gel. Figure 4-21 shows that salted gel
can form gel by both crystallisation and phase separation at 50°C. Figure

4-23 shows that gelation occurred independently of crystallisation when
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unsalted gel was cooled from 160°C to 80°C, and did so by forming annular
structures that are thought to be the result of a type of early meta-stable
phase separation. However, significantly different structures were seen in
the unsalted gel when it was cooled from 160°C to 50°C, as shown in
Figure 4-24. In this case, the structure exhibited a similar behaviour to that
of the salted gel, with crystallisation and phase separation taking place
simultaneously in both. However, the spherulitic structures were bigger and

formed more slowly in the unsalted gel than in the salted gel at 50°C.

4.2.6 Combining DMTA and optical microscopy

The combined data from DMTA and optical microscopy confirm the shape
of the phase diagram shown in Figure 2-8. For 30PVDF/PC unsalted gel, it
can be deduced from DMTA that the binodal line is crossed at above

T2=90°C, and the crystallization curve is crossed around T3=70°C.

The different structures formed in the distinct temperature regions are
shown by the optical microscopy. Figure 4-23 shows isothermal phase
separation at 80°C without crystallization for an unsalted gel, the view
between crossed polarisers confiming the conclusion that no crystalisation
has taken place. However, Figure 4-24, with its bright images between
crossed polarisers, gives evidence of spherulitic structures formed at the
lower temperature of 50°C. Salted samples show similar distinct regimes,
seen in Figure 4-20 and Figure 4-21 respectively. The finer structure of the
salted samples can also been seen in contrast to the coarser structure of
the unsalted samples, providing evidence that the salt has a nucleating

effect.
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Figure 4-19 Optical Micrographs of heating from room temperature to 1600C for 30PVDF/PC/LiBF4 1M salted gel showing structure evolution
isothermally. (The top are normal micrographs while below the crossed-polariser micrographs).
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Figure 4-20 Optical Micrographs of cooling from 1600C to 1100C for 30PVDF/PC/LiBF4 1M salted gel showing no crystallisation occurs at this
point. (The top are normal micrographs while below the crossed-polariser micrographs).
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Figure 4-21 Optical Micrographs of cooling from 1600C to 50°C for 30PVDF/PC/LiBF4 1M salted gel showing gelation occurs via crystallisation.

(The top are normal micrographs while below the crossed-polariser micrographs).
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Figure 4-22 Optical Micrographs of heating from room temperature to 1600C for 30PVDF/PC unsalted gel, showing structure evolution isothermally.
(The top are normal micrographs while below the crossed-polariser micrographs).
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Figure 4-23 Optical Micrographs of cooling from 1600C to 800C for 30PVDF/PC unsalted gel showing low phase separation but no crystallisation
this point. (The top are normal micrographs while below the crossed-polariser micrographs).
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Figure 4-24 Optical Micrographs of heating from room temperature to 1600C for 30PVDF/PC unsalted gel, showing structure evolution isothermally.
(The top are normal micrographs while below the crossed-polariser micrographs).
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4.3 Discussion and conclusions

This chapter presented the results obtained though using a number of
techniques to investigate isothermal gelation in two types of PVDF-based
gels 30PVDF/PC and 30PVDF/PC/LiBF4 1M. The results reveal several

facts and allow us to draw a number of conclusions:

1. Gelation under isothermal conditions takes longer at higher
temperatures (see Figure 4-6), and this concords with the findings of
Cho et al. [41]. Salted samples gel faster than unsalted samples at
corresponding isothermal temperatures. The subsequent melting
temperature (see Figure 4-17) shows that salted gels have higher
melting points at any given isothermal temperature, and the faster
gelation of salted samples could thus be explained by a higher

degree of super-cooling.

2. Figure 4-15 and Figure 4-16 show that there is a temperature window
in which gelation occurs without crystallisation for both salted and
unsalted samples. We assume that gelation occurs via liquid-liquid
phase separation within this window; whilst at the lower temperatures
in which crystallisation was observed, we assume that gelation
occurred via solid-liquid phase separation. This structural difference
is confirmed by the optical microscopy observations shown in Figure

4-19 to Figure 4-24.

3. Figure 4-14, shows that the degree of crystallinity increases as
isothermal temperature decreases, and also that the presence of salt

increases the degree of crystallinity although it may again be that the
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degree of super cooling determines the degree of crystallisation.
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Chapter5. The Effects of Gel Composition

5.1 Introduction

In chapter 2, it was seen that the melting point of the polymer solution is
depressed when solvent is added to the polymer because of changes in
the intermolecular forces that affect their interaction parameters. This
chapter will now examine and discuss the effect of all the gels’ components
on their melting points, including their polymer contents, solvent qualities
and salt concentrations. Flory interaction and Hansen solubility parameters
represent the key solutions for the thermodynamic behaviours of these gels
that will be discussed. The main aim of this chapter is to provide a better
understanding of the thermal stability of these gels that are essential for

rechargeable batteries.

5.2 The polymer concentration effect

5.2.1 Gel melting points

The effects of polymer concentration were studied through preparing and
testing polymer gel samples of PVDF/PC unsalted and PVDF/PC/LiBF4 1M
salted gels, with PVDF concentrations of between 20-40 percent total
sample weight. The PC mass was kept at 7g in all the samples, and the
salt mass was calculated in the way outlined in chapter 3. All the gel

samples were made in the glove box, as also mentioned in chapter 3.
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Melting points were obtained by heating samples using the DSC at a heat
rate of 10°C/min until endothermic peaks were detected. The onset values
of these peaks were then taken as the measured onset melting points.
Figure 5-1, Figure 5-2 and Figure 5-3 show the DSC traces for the unsalted
gels within the range of PVDF concentrations, while Figure 5-4, Figure 5-5
and Figure 5-6 show similar DSC traces for the salted gel samples within

the same range.

Table 5-1 summarises the results obtained using the DSC measurements
for both salted and unsalted gels. As can be seen in the figures, the
heating curve remains straight until the melting point is reached, at which
point an endothermic transition can be seen to occur through the
appearance of a positive peak. This peak represents the melting behaviour
of the gel, where the crystal structure is being lost by the breaking of the
crystals. This operation requires extra thermal energy, which presents as

the nominated endothermic peak.

Figure 5-7 plots the melting points that were obtained against the polymer
concentrations for both salted and unsalted gels. It shows that melting
points slightly increased when the concentration of the polymeric solution
was increased with further polymer additions. However, the presence of
salt in the gel system had a significant effect on melting points. Figure 5-8
shows how the heat of fusion from the melting peaks increased when the
polymer concentration in the solution was increased. At low polymer
concentrations, the presence of salt appears to have a more significant

effect on the heat of fusion that the polymer concentration has. However, at
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high polymer concentrations, the salt has a less dominant effect. Figure 5-9
shows that the degree of crystallinity of PVDF in salted gel decreases when
the concentration of PVDF in the gel is increased, while the unsalted gel

shows little change when the PVDF concentration is increased.
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Figure 5-1 Heating (10°C/min) DSC traces for unsalted gel from (a) 20PVDF/PC and (b)
25PVDF/PC.
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Figure 5-4 DSC traces for salted gel from 20PVDF/PC/LiBF4 1M.
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Table 5-1 The effect of PVDF concentration on the melting point of PVDF/PC/LiBF4 1M
salted gel and PVDF/PC unsalted gel.

Unsalted Salted

PVDF (Wt%) vec" Tm (°C) Tm (°C)

Onset Peak Onset Peak

20 0.856 77.03 88.80 103.16 117.72
25 0.817 77.87 99.08 104.61 119.93
30 0.776  79.21 95.67 107.28 122.20
35 0.734 82.98 98.83 108.40 122.35
40 0.690 88.81 107.2 109.80 124.06

*
VPC is PC volume fraction

According to Ying et al. [142], the reduction in melting points at low polymer
concentrations can be attributed to the change in the morphological
structure of PVDF caused by the diluent effect, while the considerable
increase in melting points with the addition of electrolyte salt is due to its
strong interaction with the lithium ion gel system, which affects its structure
and causes morphological changes in the PVDF gel system. However,
Figure 5-7 shows that the salt affects the PVDF gel's melting point more
than the diluent agent (the solvent). An increase in melting point that
accompanies an increase in PVDF concentration has also been reported
by other researchers [41]. The interaction of LiBF4 with the gel system is
not well understood in the literature, however, and there is not yet any
theory that can predict its interaction. However, the interaction between

PVDF and PC can be predicted using the melting point depression theory
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(see chapter 2). As illustrated in chapter 2, the Flory interaction parameter
XF is a measure of polymer-solvent interactions, which can provide enough
information about the solubility behaviour for different solutions. Table 5-1
includes one of the required parameters for the melting point depression
equation, which is the solvent volume fraction (i.e. PC volume fraction) vpc.

The other parameters will be provided in the next section.

m  Unsalted
_ ® Salted
110 i
] S °
105 + §
] °
100 —+
5
_ 95
@
2
OE 90 -
|_
85 %
80 % W
1 [
75 T T T T T T T T T
20 25 30 35 40
PVDF (W1%)

Figure 5-7 Melting temperature as a function of PVDF concentration for PVDF/PC unsalted
and PVDF/PC/LiBF4 1M salted gels.
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PVDF/PC/LiBF4 1M.
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Figure 5-9 Degree of crystallisation of the polymer in the gel as a function of PVDF
content for PVDF/PC and PVDF/PC/LiBF4 1M



118

Thermodynamic interpretation of the effect of polymer concentration on the
melting depression

The results provided in section 5.2 concord well with those of other
research in this area. Shimizu et al. [143] reported similar findings about
gel melting points in relation to PVDF concentrations. They related the
increase in melting point with the increase in polymer content to the
difference in solubility parameters between PVDF and the solvent. Table
5-2 shows the solubility parameters for PVDF, PC and another solvent
(diethyl carbonate DEC), which also have an effect on the gel properties,
as will be discussed in the coming sections. Since we are studying the
effects that these components have on the melting temperature of the
polymer gel, we need to predict their effects at temperatures above room
temperature (normally on the corresponding melting temperatures).
Therefore, applying melting depression theory to this discussion may help
in interpreting the effects of polymer content on the melting point by
enabling us to calculate the interaction parameter, yr, between the polymer

and the solvent.

Table 5-2 shows that the polarity solubility parameter (&p) of PC is
noticeably higher than that of DEC, and closer to that of the PVDF. This
may explain why PC is a good solvent for PVDF. Moreover, the difference
between &prvpr) and Opprc) is negative (i.e. dppvoF) - Oppc) < 0), while the
difference between &prvor) and Oppec) is positive (Oppvpr) - Oprrc) < 0),
which indicates that PVDF may spontaneously dissolve in PC. However, it
is not only the polarity that plays a role in dissolving the PVDF, as
hydrogen bonding and polydispersion energies also contribute to this

operation, even though their contribution to the process is smaller.
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Table 5-2. Hansen solubility parameters at room temperature.

. Od Op Oh Ot
Material NP2 %
PVDF44  17.2 12.5 9.2 23.2
PCl43] 20.0 18.0 4.1 27.3

DECII 166 3.1 6.1 17.9

Equation 2-23 related melting depression to the interaction parameter and
solvent volume fraction. Therefore, rearranging this equation to solve it with
respect to the Flory interaction parameter can provide a good prediction for
the interaction between the polymer and solvent. The melting point

depression equation is given by:

1 1 RV

2
m — TT% = m (Usolv - XFUsolv) Equation 5-1

Rearranging the above equation gives us:

ol 2 Equation 5-2
Tm Tm RVpol'Usolv C]

1 _ [ 1 1 AH]QVSOZU

This can provide yr values according to the parameters given in the
equation. In Equation 5-2, Tm represents the observed melting
temperatures of the diluted polymer under investigation, while Tm°
represents the melting temperature of the pure polymer. The Tm® of PVDF

was measured by Welch and Miller [146] to be 178°C (451.15K), while
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Rosenberg et al. [147] reported its value to be 177°C (450.15K). As this
latter value is very close to Welch and Miller’s value, 178°C will be taken as
the value for Tm°. Welch and Miller also measured the fusion heat of the
pure polymer to be 3407.14 J/mol, and the gas constant, R, to be 8.3145
J/mol. K. Thus, as noted above, apart from the measured melting
temperature and the solvent volume fraction (which are given empirically),
almost all the other parameters are constants and can be acquired from the
relevant literature. However, the molar volumes of the solvent and the
polymer are dependent on the temperature, since their densities change
with the temperature when mass is constant. Therefore, the temperature-
dependent parameters need to be calculated at the experimentally
determined melting points from Figure 5-7, and Table 3-3 shows some
relevant properties of the polymer and the solvents in the study. The molar
volume V is the ratio between molar mass M and the density of the

substance p. It can be obtained using the following equation:

V=— Equation 5-3

Thus, we need to be aware of the temperature at which we are calculating
the molar volume. Table 5-3 shows the density variation of PVDF with
temperature according to Welch and Miller [146], who suggest the following

relationship:
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p=a—>bT Equation 5-4
where b and a are the slope and the intercept with y-axis respectively. The
data in Table 5-3 shows the densities in ranges between 180-200°C (PVF2
being the name given to PVDF in the older literature). However, the
temperatures at which melting depression should be calculated are less
than the values that are shown in Table 5-1 above. Therefore, acquiring p
within that range of temperatures requires an extrapolation from the data
presented in Table 5-3 to the experimentally acquired melting points shown
in Table 5-1. By plotting Equation 5-4 within the given range and
extrapolating the linear function up to the required temperature, as shown
in Figure 5-10, we can then calculate p. The corresponding p values have

been acquired using this extrapolation, and are summarised in Table 5-4.

Table 5-3 PVDF density and linear parameters [Welch and Miller data][146]

Constants in the Density Relationa
p=a-—bt
10° b, Measurement
Material a, gem™? gem™? deg™! range, “C
DMPh 1.2101 + 0.0002 0.953 + 0.002 22—-140
DMAc 0.96056 + 0.0002 0.946 + 0.002 22-—-144
PVF2 1.706 =+ 0.009 1.23 = 0.05 180200
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Figure 5-10 PVDF densities plotted as a function of temperatures at a range from 180-
200°C. Note that the data has been extrapolated from room temperature measurements,
which gives the densities within the experimental melting points.

The density and molar volume of PC can now be found in a similar way
that it was for PVDF. To ascertain these values, we need to find how
density varies with temperature for PC. Using Barthel [118], we can plot an

extrapolated curve as shown in Figure 5-11 to acquire the desired densities

of PC.

Table 5-5 shows the extrapolated densities and their corresponding molar
volumes according to the measured melting temperatures. All the required
variables for Equation 5-2 have now been acquired, and the equation can
thus be applied to obtain the interaction parameter as a function of the

volume fraction of the polymer (see Table 5-6).
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Table 5-4 PVDF densities and molar volumes in relation to melting temperatures, acquired
from the density extrapolated plot provided by Welch and Miller.

Measured melting

Point (°C) p (glem’) Mevor Vevor (Cm*/mole)
Unsalted salted Unsalted salted (g/mole) Unsalted salted
77.03 103.16 1.61 1.58 64.04 39.69 40.48
77.87 104.61 1.61 1.58 64.04 39.71 40.52
79.21 107.28 1.61 1.58 64.04 39.75 40.60
82.98 108.4 1.61 1.58 64.04 39.86 40.64
88.81 109.8 1.60 1.57 64.04 40.04 40.68

Figure 5-12 shows how the interaction parameter varies with different
concentrations of PVDF From the figure, it can be seen that, in the
unsalted gel, less potential was needed to dissolve the polymer in the
solvent—i.e. the PC is a good solvent in this context. However, the values
of the interaction parameter were higher for the salted gel, indicating that
much more energy would be needed to dissolve the two components.
Moreover, the interaction between the polymer and the solvent in the
unsalted gel shows that its behaviour is unchanged when the polymer
concentration of the solution is increased, unlike in the salted gel, which
shows a positive increase with increasing PVDF concentration. Although
there is a slight increase in the interaction parameter with increased
polymer concentration in the unsalted gel, the significant difference in the
values of the interaction parameter between the salted and unsalted gels
confirms that the difference in meting point curves of the two gels can be
directly attributed to the interaction parameter, and that the salt has a

greater interaction with PC than with PVDF [148, 149].
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Figure 5-11 Density of PC plotted as a function of the temperature [118]. Note the
extrapolated data used to find out p value at the experimental melting points.

Table 5-5 PC densities and their corresponding molar volumes at the measured melting
temperatures.

Measured melting

Point (°C) p (g/cm?) Mec Vpec (Cm3/mole)

Unsalted salted Unsalted salted (g/mole) Unsalted salted
77.03 103.16 1.14 1.11 102.09 89.42 91.73
77.87 104.61 1.14 1.11 102.09 89.49 91.86
79.21 107.28 1.14 1.11 102.09 89.61 92.11
82.98 108.4 1.14 1.11 102.09 89.94 92.21

88.81 109.8 1.13 111 102.09 90.45 92.34
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Table 5-6 Flory interaction parameters for salted and unsalted gels, as obtained from the
melting depression equation.

PVDF Xk
(Y%Wt)

Unsalted Salted
20 0.363 0.613

25 0.349 0.628
30 0.335 0.657
35 0.347 0.669
40 0.387 0.682
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Figure 5-12 Flory interaction parameters plotted as a function of the PVDF content for the
unsalted and salted gel.

5.2.2 lonic conductivity
Figure 5-13 shows how ionic conductivity decreases with increasing
polymer content. This is to be expected, as the volume fraction of the liquid

electrolyte is reduced while tortuosity is increased. This behaviour can also
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be attributed to the increase in the viscosity of the electrolyte system, which
decreases charge carrier mobility. However, this behaviour accords with
Whang et al.’s [150] findings that ionic conductivity is dependent upon the

diluent agent.
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Figure 5-13 Room temperature ionic conductivity versus PVDF concentration for
PVDF/PC/LiBF4 1M gels. The samples were made in the glove box and slow-cooled.

5.3 Effect of solvent quality

5.3.1 Gel melting points

This section discusses how mixing different ratios of solvents composed of
propylene carbonate (PC) and diethyl carbonate (DEC) effects solvent
quality,, taking into account that the total solvent volume must be kept
constant (5.834ml). The current gel has the form 30PVDF/PC:DEC

unsalted gel and 30PVDF/PC:DEC/LiBF4 1M, with different PC:DEC ratios.
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DEC is considered to be a poor solvent for PVDF due to the difference in
their solubility parameters (see Table 5-2). However, its low viscosity is
considered to be a virtue in polymer gel electrolytes because it facilitates
ion mobility. Figure 5-14 shows that the melting point of the gel increases
with DEC content throughout the whole composition. The rise in melting
point is likely attributable to the change in solvent quality affecting the
Flory-Huggins interaction parameter. As DEC is a poor solvent, the
thermodynamics of mixing may thus be the key behind the change in its
melting point. Different mixes of the solvents will have different effects on
PVDF due to the differences in solubility parameters, and the
thermodynamics of mixing will now be discussed in order to examine the

solvent’s effect on the heat of mixing.
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Figure 5-14 Melting temperature (onset) versus DEC:PC ratio (percentage ratio of DEC to
PC) in 30%PVDF/PC:DEC/LiBF4 1M salted and 30%PVDF/PC:DEC unsalted gels.
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5.3.2 Thermodynamics of mixing

The change in melting point may be related to the thermodynamic changes
that occur during mixing when the gel is prepared, so it is essential to
investigate how this affects the gel. The enthalpy of mixing provides a good
method for approaching this task, and can be estimated with another form
of the melting point depression utilising the Flory-Huggins theory, as shown
in chapter 2. The enthalpy of mixing AHmix has been estimated for each

solvent with PVDF, using the following equation:

— 2
AHmix =V. (8501vent - 6Polymer) -vsolventvPolymer Equation 5-5

V is the volume of the mixture (and was calculated for each solvent
individually, i.e. for PVDF/PC V=Vpvpr+Vpc), While vi is the volume fraction
of the species i. The information in Table 5-2, and Table 5-7 was used to
estimate AHmix from the above equation, and the values of AHmix that were
obtained were plotted as a function of the melting points that were acquired
empirically from 30PVDF/PC:DEC unsalted gel (see Table 5-7). Figure
5-15 shows that the AHmix change was positive for both solvents due to the
effect of squaring in Equation 5-5, and this was the case regardless of the
differences between the solubility parameters of PVDF and PC, on the one
hand, and PVDF and DEC on the other. However, the difference in
solubility parameters can produce a noticeable change to the enthalpy of

mixing, and this was confirmed for this case when the Flory-Huggins
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interaction parameter was predicted using Equation 5-6 (see chapter 2)

and plotted against temperature, as shown in Figure 5-16. The figure
shows that higher values of ¥ are produced between PVDF and DEC than

between PVDF and PC, which indicates that the energy needed to break
the polymer structure apart is greater when DEC is added than when PC
alone is added. On the other hand, Figure 5-15 suggests that adding DEC
has a similar effect on the enthalpy of mixing between DEC and PVDF.
However, PC seems to reduce the enthalpy of mixing when the
temperature is increased. The Flory interaction parameter plotted in Figure
5-16 shows a slight decrease with increasing temperature, although this
decrease is too small in comparison with the effect of solvent quality. DEC
displays poor solvent behaviour when it interacts with PVDF, whilst PC

exhibits theta solvent behaviour when it interacts with PVDF, with its ¥

values approaching 0.5.

Vsolvent
— 2 .
AF = RT (6solvent - 6polymer) Equation 5-6
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Table 5-7 PC: PVDF/PC:DEC imperial parameters used to estimate heat of mixing.

: Tm (Onset
PVDF PC:DEC Vec  Vbec  Vpvor m ( )
Vol Rati 5 . VUpc  Vpec Vpvor oc
olume Ratio cm cm
Mass () (cmd) (em?)  (9)
3 100:00 5.834 0.000 1.685 0.765 0.000 0.235 69.16
3 95:05 5542 0.292 1.685 0.725 0.038 0.237 74.31
3 90:10 5250 0.583 1.685 0.685 0.076 0.239 76.42
3 85:15 4959 0.875 1.685 0.644 0.114 0.242 77.94
3 80:20 4667 1167 1.685 0.604 0.151 0.245 79.55
3 7525 4375 1458 1.685 0.564 0.188 0.248 81.59
3 70:30 3792 2.042 1685 0487 0.262 0.251 82.27
3 65:35 3500 2333 1685 0.448 0.299 0.254 85.90
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Figure 5-15 Heat of mixing predicted for 30PVDF/PC and 30PVDF/DEC, showing the
thermodynamic interactions between each solvent and the polymer.
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Figure 5-16 Interaction parameter plotted as a function of temperature for PVDF-PC and
PVDF-DEC.

5.3.3 The effect of solvent composition on ionic conductivity

Figure 5-17 shows the decrease in ionic conductivity that occurs when the
DEC fraction is increased in a PC:DEC solvent in both liquids and gels.
The fall in ionic conductivity is attributed to the reduced dielectric constant
of the solvent (for PC, £€=64.92; for DEC, ¢=2.82 [151]), which results in a
lower dissociation of the salt, meaning that there are less free ions
available for conduction. However, this reduction in ionic conductivity is not
as severe as it could be, since DEC has a lower viscosity than PC, which

allows for greater ionic mobility, as shown in Equation 5-7:

nqz Equation 5-7

7= é6mnr

where n is the concentration of free ions, q is the charge on each ion, r is
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the radius of each ion, and n is the viscosity of the liquid electrolyte.
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Figure 5-17 Room temperature ionic conductivity versus DEC content (percentage of total
solvent) in PC:DEC/LiBF4 1M liquids and 30%PVDF/PC:DEC/LiBF4 1M gels.

5.4 The effect of salt

5.4.1 Gel melting points

5.4.1.1 Effect of salt concentration

Figure 5-18 shows the rise in melting points produced by increasing the
salt concentration in the PGEs. The reasons for this increase in melting
point are not fully understood, but may be due to the salt’s effects on the
solvent quality or to interactions between the polymer and the salt. The
increase in melting point that is produced with the addition of salt may also
be attributed to the increase in spherlutic structures, which can be

enhanced by promoting more nucleation activities.
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Figure 5-18 Melting temperature (onset) versus salt concentration for 30%PVDF/PC/LiBF4
gels.

5.4.1.2 The effect of salt nature
Figure 5-19 shows that the types of salt used has no significant effect on
the melting point of the gels, although a slight increase is seen when

LiBOB is used in comparison with LiBFa.
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Figure 5-19 Melting point as a function of the salt concentration for 30%PVDF/PC/LiBF4
and 30%PVDF/PC/LiBOB. To compare the effect of two types of salts on the melting point
of PVDF-based gels.

5.4.2 lonic conductivity

5.4.3 The effects of salt concentration

Figure 5-20 shows how the ionic conductivity of liquids and gels varies with
salt concentration at room temperature. The maximum ionic conductivity is
attributed to the result of competition between increasing free ion

concentration and increasing viscosity, as shown in Equation 5-7.

5.4.3.1 The effects of salt nature

Figure 5-21 shows that LiBOB-based gels give higher ionic conductivities
than LiBFs-based gels. This is likely due to the easier dissociation that can
occur in LIBOB gels because of the role that the large BOB anion plays in

reducing the electrostatic force between the anion and the cation. This
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leads to easier splitting in the presence of a good solvent, rendering higher

numbers of Li* ions, thus increasing ionic conductivity.
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Figure 5-20 Room temperature ionic conductivity versus salt concentration for PC/LiBF4
liquids and 30%PVDF/PC/LiBF4 gels.
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Figure 5-21 Comparison of ionic conductivity values in the salted gel samples, depending
on the salt type.
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5.4.4 The effects of gel composition on pore size

The effect that salt addition has on the pore size of the sample gels was
investigated using optical microscopy. The details regarding the
preparation and measurement of the samples using optical microscopy
were provided in section 3.9.5. Figure 5-22(a) shows a room temperature
optical micrograph for the unsalted gel samples, while Figure 5-22(b)
shows a micrograph for the salted ones. The two figures show that salt
addition has a significant effect on pore size. This may be due to the
nucleation effect being accelerated by the presence of salt, and hence

reducing the size of liquid pockets.
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(b)

Figure 5-22 Room temperature optical micrographs illustrating the effect of salt on pore
size for (a) 30PVDF/PC (unsalted gel) and (b) 30PVDF/PC/LiBF4 1M (salted gel). Both
optical spectrographs used a magnification power of 500X.
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5.4.5 Wide-angle x-ray scattering

The preparation and measuring procedures for WAXS samples were
provided in section 3.9.4. Figure 5-23 shows room temperature WAXS
crystallographic curves for the 30PVDF/PC unsalted gel and the
30PVDF/PCI/LiBF4 salted gel. Comparing between the two curves in the
figure shows that adding salt to the gel reduces the three peaks found in
the unsalted gel to one peak. To study this behaviour in more depth, these
results were compared with the corresponding DSC curves produced from
melting temperature measurements for independent unsalted and salted
samples. Figure 5-24 provides a comparison of the melting temperature
curves for unsalted and salted gels. Despite the different measurements
used in the tests and the different test conditions, the curves produced
using the different techniques showed similar behaviours, with the unsalted
gel producing three peaks while the salted gel produced only one. Both
curves were subjected to accurate analysis including curve and peak fitting,
which resulted in the data summarised in Table 5-8 for the WAXS Figure

5-25 and DSC trace analyses.

The analysed data from WAXS showed three peaks in the unsalted gel at
16.2°, 20.5° and 27.6°, which were related to the planes of spaces of
5.455%A, 4.341°A and 3.230°A, respectively. In the salted gel, the single
peak was detected at 20.7°, which corresponded to 4.285°A. Using the
Scherer equation, it was found that the crystal size of the gel is reduced to
about half its original size when the salt is added to the unsalted gel (see
Table 5-8). This reduction in crystal size in the salted gels concords with the

finer crystal patterns that were observed in the optical micrographs in
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chapter 4 (see section 4.2.5).

The DSC analysis detected two embedded peaks in addition to the main
peak in the unsalted gel, with a £7°C difference from the main peak. In
contrast with the unsalted peaks, the DSC analysis on the salted gel
confirmed the presence of only one peak. Therefore, unsalted gel is
thought to have different crystallising phases, while salted gel has only one.
Satabathy [113] and Gregoreo [112] studied PVDF crystal forms, and

reported crystallographic positions similar to those found in the current
research (see Table 3-2). They related the peak they observed at 20° to
and y phases with corresponding crystal planes of 200 and 110 for f and
101 for y. Furthermore, they reported that a-phase could be found at 18.8°,

19.9° and/or 26.6°, which correspond to the crystal planes at 202, 110 and

021 respectively.

Abbrent et al. [152] found similar changes in the PVDF gel structure when

lithium salt was added to it to those observed in the current research. They

found that the non-polar phase a in the unsalted gel was converted to the
polar phase S (20°) when salt was added. Therefore, our unsalted gel may

have been crystallised in a form and converted to 3 form when the salt was

added.
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Figure 5-23 WAXS patterns for 30PVDF/PC/LiBF4 1M salted gel and 30PVDF/PC unsalted
gel. The dotted lines in the graph are provided to compare the peaks found in the unsalted
gel with the lack of peaks in the salted one.
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Figure 5-24 A comparison of the melting curves in the salted and unsalted gels, showing
the multi peaks that are present in the unsalted gel with the single peak in the salted gel.
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Figure 5-25 A comparison between (a) unsalted and (b) salted fit peaks, showing the three
peaks that were found in the unsalted gel compared to the single peak that was found in
the salted gel.
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Table 5-8 Crystal sizes found through WAXS for 30PVDF/PC unsalted gel and
30PVDF/PC/LiBF4 1M salted gel.

Unsalted Salted
20° d(°A) Crystal size (nm) 20° d (°A) Crystal size (nm)

16.2 5.455 7+0.092 - B
20.5 4.341 60+0.016 20.7 4.285 34.410+0.091
27.6 3.230 12+0.114 - -

5.5 Discussion and conclusions

The effects of gel composition on the PVDF gel's properties were

discussed in this chapter. The results from different techniques were

informative, providing a good level of understanding regarding gel

properties (mainly in relation to melting point depression behaviour) under

different conditions. Several conclusions can be drawn:

1. Figure 5-7 clearly shows that the melting point of the gel increases

with increasing polymer concentration. This concords with the well-
established effect that diluent has in causing melting point
depression [148, 153]. The addition of salt generates a marked
increase in the melting point of the gel (~25°C), which may be
caused by the salt's effect on the Flory interaction parameter
increasing the interaction energy, resulting in poorer solubility. A
significant increase in the melting temperature of the gel produced by
the addition of salt was also reported by Shimizu [143] for gels

containing less than 14%wt PVDF in PC. This has a much lower
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polymer concentration than the gel investigated in this thesis, but
there is no other discussion of the salt’s effect on gel melting point

behaviour in the literature.

2. Figure 5-8 and Figure 5-9 show that PVDF is approximately 50%
crystalline at all polymer concentrations in unsalted samples.
However, in salted samples, the salt noticeably increases the
crystallinity of PVDF at low PVDF concentrations, but has a much
more negligible effect at higher polymer concentrations. This may
suggest that the salt has a large effect in nucleating crystals and
encouraging the polymer to crystallise at low PVDF concentrations,
whereas the polymer overlap is enough to initiate crystallisation but
too much to give mobility at high PVDF concentrations, allowing so

much of the polymer to crystallise.

3. Figure 5-14 shows that there is a steady increase in the gel melting
point when the proportion of DEC in the gel is increased, although
not such a marked increase as that seen with the addition of salt.
This can be explained with reference to solubility parameters, as the
difference in the solubility between PVDF and DEC is greater than
that between PVDF and PC. This is supported by the heat of mixing

theoretically predicted (see Figure 5-15).

4. Figure 5-17 shows that there is a slight reduction in ionic conductivity
with the incorporation of DEC. This is due to DEC’s lower dielectric

constant than PC being offset by its significantly lower viscosity.

5. Figure 5-18 shows that a significant increase in gel melting
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temperature occurs when salt is added to it (as was discussed in
chapter 4), and Figure 5-19 shows the slight increase in thermal

stability that LIBOB possesses in comparison to LiBFa.

. Figure 5-20 shows the effect that increasing salt concentration has
on ionic conductivity, which reaches a maximum at around 0.8M in
30PVDF/PC/LiBF4 gel. This maximum level is a result of the
competing factors of an increased number of free ions and the
increase of the gel's viscosity. Figure 5.22 shows the slight

advantage that LiBOB has over LiBF4 here.

. Optical microscopy (see Figure 5-22) revealed a difference in the
pore size of salted and unsalted gels, with salted gels having smaller
pores. This again shows that salt has a nucleating effect on many
crystals, and concords with the findings provided in Figure 5-23 and
Figure 5-24, which show that the salted gel has a much finer

structure.
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Chapter6. Conclusions and Future Work

6.1 Introduction

The primary objective of this work was to study the gelation mechanism
and the gel properties for a type of material that is widely employed within
the commercial world PVDF-based gel electrolytes in order to acquire a
better understanding of the thermodynamics and kinetics of PVDF gels.
This has been achieved by using different techniques, chosen for their

suitability for measuring particular properties and activities.

This thesis has engaged with a variety of subjects in essential fields
relating to the study of PVDF gelation, examining widely used solvents
such as propylene PC carbonate and diethyl carbonate DEC together with
the contributions of highly efficient lithium-based electrolyte salts such as
lithium trifluoroborate LiBF4 and lithium bisoxalatoborate LIiBOB. Five
techniques were used to measure the different gel contents and to
determine their characteristics: differential scanning calorymetry (DSC),
dynamic mechanical thermal analysis (DMTA), wide-angle x-ray scattering
(WAXS), optical microscopy, and ionic conductivity. Using these techniques
within different conditions helped to provide answers to key questions that
were formerly unanswered. DSC, for example, was used to investigate two
different behaviours: to compare between the isothermal crystallisation of
salted and unsalted gels from molten solutions in order to identify the effect
of salt on isothermal gelation activity; and to determine the effect of gel

composition on melting point behaviour via heating gel samples of different
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contents and comparing the observed endothermic melting peaks. Creating
variations in gel composition included making qualitative and quantitative
changes to gel elements, such as polymer concentration, solvent quality,

salt concentration and salt quality.

DMTA was used to determine gelation behaviour in a similar way to
DSCusing high temperatures to produce molten samples in order to
remove the thermal history, and then cooling them rapidly to a given
temperature in order to observe gelation isothermally. This was done in
order to determine whether gelation takes place via crystallisation or via
liquid-liquid phase separation. Optical microscopy was used to validate
prior results and to clarify the gel structure visually. Lastly, ionic
conductivity was measured for each composition to determine the effect of
each composition on ionic conductivity, and hence to discover how different
gel structures can affect the gel’s ionic conductivity. Overall, the results
from this study have yielded a variety of important conclusions, which are

summarised in the following sections.

6.1.1 Phase separation and crystallisation behaviour

Gelation from molten solutions can be described through two windows,
depending on the temperature at which isothermal gelation or
crystallisation can take place. The low temperature window was mainly
found at 40°C<Tiso<70°C for the unsalted gel and 40°C<Tisc<100°C for the
salted gel. Within this window, gelation is thought to take place via
crystallisation, since crystallisation takes place before gelation here. The

other window can be found at temperatures well above the nominated
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range (i.e. above 70°C for the unsalted gel and 100°C for the salted gel).
Within this range of temperatures, no crystallisation can be detected, but
gelation is obviously observed, indicating that a liquid-liquid phase
separation is occurring. Optical micrographs supported this finding,
showing clear structural patterns at 50°C, but no specific crystal structures
at higher temperatures—at 80°C for the unsalted gel and 110°C for the

salted gel.

The addition of lithium salts increased nucleation activity over growth within
the low temperature profiles, as was evidenced by the rapid crystallisation

at this range.

Super-cooling also had a significant effect on the subsequent melting
temperature and re-crystallisation of both salted and unsalted gels.
However, the addition of salt competed with this effect, producing

significantly higher crystallisation over the super-cooling behaviour.

6.1.2 The effect of gel composition

The effect of the electrolyte salt does not seem to be limited to isothermal
gelation, with the melting point measurements showing that it provided
good thermal stability for the salted gel samples. The presence of salt may
change gel morphology—as was observed through the WAXS
crystallographs, which showed that adding salt to the gel caused obvious
modifications to the PVDF polymorphs. Increasing the salt concentration
also increases ionic conductivity, but within a limit of concentration, over

which increases in viscosity may supress the mobility of charge carriers
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despite their increase in numbers, thus leading to a reduction in ionic

conductivity.

Polymer concentration also has a negative effect on ionic conductivity, but
progressively increases the gel's melting point. The increase in polymer
content may cause tortuosity and greatly increase viscosity, hindering
charge carrier mobility and causing the ionic conductivity to drop. An
increase in polymer concentration also appears to cause a decrease in the
gel’s nucleation and growth, which can be concluded from observing its
negative effect on crystallisation. When the gel's polymer concentration
increases, it reduces chain mobility and hence decreases the possibilities
for more nuclei to form and grow. However, adding salt appears to
overcome the addition of the polymer, which is shown by the occurrence of
increased crystallisation over the polymer addition. The effect of salt on
crystallisation is supported by the optical micrographs, which show that
adding salt to the gel system considerably reduces pore size, indicating

that the addition of salt greatly promotes nucleation.

Mixing a poor solvent with a good solvent in the gel system significantly
enhances thermal stability, whilst preserving ionic conductivity. This
preservation of ionic conductivity provides good evidence that there is
competition between the high dielectric constant that the good solvent
possesses on one hand (which helps in salt dissociation and frees the
mobile ions), and the low viscosity that the poor solvent provides on the
other (which increase the mobility of the free ions inside the polymer
matrix). The noticeable enhancement of thermal stability can be attributed

to the Flory Huggins interaction parameter, which affects solubility
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parameters.

6.2 Future Work

As stated above, Chapter 4 showed that there are two temperature
windows for different gelation mechanisms, and chapter 5 showed the
effects that gel composition has on the usefulness of its properties. Given
these findings, further work that investigated the effect of gelation
temperature on the mechanical and electrical properties of these gels

would be of particular worth.
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