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ABSTRACT

With increasing demands for renewable materials applications, biomaterials originated
from natural resources have obtained great attention. Among them, plant proteins have been
extensively studied for composites, packaging as well as biomedical applications. Despite the
diverse and complex polar structures, plant proteins have rarely been studied for energy related
applications. In this study, soy protein isolate (SPI), a high protein content product extracted from
soy flour, was used to modify energy storage performances of poly (ethylene oxide) (PEO). PEO
is a type of soluble and biodegradable thermoplastic polymer with good biocompabitlity and low
toxicity, and it is usually considered as an ideal candidate for environment friendly applications.
The pure PEO membranes are highly polarizable, but they also have extremely high energy loss
during charging/discharging cycles. The high loss is not only responsible for the unsatisfactory
energy storage performance, but also responsible for high dielectric heating. The addition of SPI
to PEO leads to greatly reduced polarization and stored energy density determined by monopolar
hysteresis analysis. However, it also largely reduces the current leakage and energy loss of the
resulting membranes, leading to significantly enhanced discharged energy density and energy
efficiency. The strong interactions between PEO and SPI should be the primary reason for the
improve energy storage properties. Meanwhile, such interactions also result in a more brittle
fracture behavior and reduced crystallinity of the PEO/SPI membranes. The enhanced discharged
energy density and low energy loss suggest that PEO/SPI membranes are promising dielectric

materials in high efficiency capacitor applications.

Vi
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CHAPTER ONE

INTRODUCTION

Pieter van Musschenbroek was a Dutch professor who discovered that the electric energy
could be stored and he invented Leyden jar in 1746 to store the energy. Just after that, it transpired
the first capacitor had been designated by Ewald Georg von Kliest before Musschenbroek with the
same structure [1, 2].

Capacitors (also known as condensers) are devices used in electrical circuits to store
electrical energy. Their configuration includes two conducting surfaces carrying equal amount of
opposite charges and a dielectric material in between. When a capacitor is connected to a circuit,
the current flows through the capacitor and charges it where the dielectric material performs a
prominent role. When the capacitor is discharged, the charge on both electrodes will be drained.
While a voltage is applied, new electrons enter one side and repels electrons on the other side to
achieve energy storage (charge Q is moved from one conductor to the other one, one has a positive
charge +Q, and another has a negative charge —Q). This stored energy can be used when the circuit
is off [3].

1.1  Theoretical Background of Dielectric Capacitor

The two conducting surfaces, known as electrodes, are separated by a dielectric material
which is a poor conductor or an insulator. The most common capacitor is a parallel-plate capacitor,
shown in Figure 1.1. The capacitance of a capacitor is proportional to the area of the electrodes
and the distance between the electrodes. When a capacitor is connected to a battery, the charges
transfer from X to Y, instantaneously. As a consequence, there is an aggregation of negative
charges on Y and positive charges on X. As a result, there will be a voltage difference between the

two electrodes. The movement of the electrons makes a current flow. This current is maximum



when the plates have no charge. Once the voltage between the electrodes is equal to the battery

voltage, this current flow will be zero [1, 2].

«—1—
+ > —

X + > — Y
+ > —
+ > _

Figure 1.1. Parallel-plate capacitor connected to a DC source [1].

Each capacitor has two important ratings:
e The capacitor’s ability to store electrical charge at a given voltage, i.e. capacitance (C, SI
unitis Farad, F)
e The maximum voltage that capacitor can handle before it is shorted (electrical breakdown).
If the charge held on the electrodes is g at an applied voltage V, the capacitance can be measured
by equation 1.1:
c=7 (1.1)
1 Farad is the capacitance of a capacitor which needs one coulomb charge to make a potential

difference with the magnitude of one volt. Since one farad is a big unit, some lower units are using



for the measurement of capacitance, such as microfarad (F), nanofarad (nF), and picofarad (pF)
[1].

In order to charge a capacitor and store energy, a work is required to push the charges from battery
to the capacitor. The amount of work (dW) required to transfer an element of charge (dq) from one

electrode of the capacitor to the another electrode can be found by equation 1.2:
_Q
dw = = dq (1.2)
Where the SI unit of work (dW) is in Joules, for the charge (Q) is in Coulombs, and for the

capacitance (C) is in farads.

The stored energy in a capacitor can be measured by integrating the equation 1.2:

2

Wenarging = Jy 2dq = 35 = 2 QV = 3 CV2 = Wiporeq (1.3)
The amount of electrical charges on the electrodes is related to the induced charge separation
(formation of dipoles) within the insulator between the electrodes. The induced charge separations
determine dielectric permittivity (¢) which measures the ability of a material to store electrical
energy in presence of an electric field. Relative permittivity (e,), which is more frequently used,
is the ratio of the permittivity of the dielectric in use to permittivity of the free space (a vacuum).
Each material has its specific value for relative permittivity. The relative permittivity for vacuum
is 1 (¢,=1), and for the other dielectric materials it has a value greater than 1. The higher value of
&, indicates the more capacitance of the material. The capacitance can also be calculated by

equation 1.4:
A _124. A
C = &€y = (8.85 x 10 )STE (1.4)
Where C is the capacitance (F), ¢, is the relative permittivity of the insulator, &, is the permittivity

of the vacuum (8.85x1071? F.m), A is the area (m?) of the electrodes, and d is the distance between

two electrodes (m) [4].



By combining equation 1.3 and equation 1.4, the stored energy can be calculated by equation 1.5:
Wenarging = 5 CV2 = 3 &89 V? (1.5)
According to the equation 1.2, the capacitance of a capacitor is a function of area of the
electrodes and the distance between them. There is more to be considered than that. For instance,
the charge storage can increase by enhancing the voltage. But if that voltage is higher than the
dielectric insulating ability, a breakdown will occur [5]. The insulator breakdown voltage (also
known as striking voltage [6]) is the minimum voltage that leads a portion of the material to
become conductive. Alternatively, the breakdown electric field is used to evaluate the insulating
ability. There are different breakdown electric field ranges for different dielectric materials, for
example mica has a range from 100 MV/m to 300 MV/m. Since the breakdown voltage can be
affected by some factors like electrode geometry, there is a possibility to have local breakdowns.
Hence, for higher voltages a thicker dielectric material is required in compare to lower voltages.
The breakdown leaves carbon behind and can make an explosion in capacitors at high voltages
[7].
1.2 Applications of Capacitors
Capacitors have enormous uses in electrical devices. There are a large variety of capacitors
and insulator materials, and each application takes the advantage of a specific type of capacitor
more than others. The costs, voltage sensitivity, energy capacitance, breakdown voltage, voltage
frequency, and more other factors have effects on the selection process. As a result, one type of
capacitor could not be suitable for all applications. In order to provide an electrical system with

the best capacitor related to the application, these applications should be known and categorized.



1.2.1 Energy Storage

Electrical Energy Storage (EES) for capacitors refers to a process of saving electrical
energy from a circuit into a capacitor and discharging back to the circuit when needed. In this
application, the capacitors can be used as both a charge unit and a discharge unit. In other words,
this application, which is the main usage of capacitors, enables to store energy at times of low cost
generation demand and be used at times of high cost generation demand [8]. However, for
traditional capacitors the main issue is the low energy density. In order to improve the energy
storage, the bigger dielectric surface is one effective approach, which leads to have uneconomical
large capacitors. As a result, nowadays among many different capacitors with good energy storage
capability, those capacitors with higher energy densities and compact designs are better options
for EES application. Today, a vast variety of companies and capacitors developers are working on
the improvement of this application like PowerSystem Co. [8].
1.2.2 Filtering and DC Blocking

There is a definition for electronic filter that blocks a range of signals and passes other
signals. Typically, there are two types of filters based on the frequency range: high-pass filter and
low-pass filter. In high-pass filters, there is a minimum (certain) frequency, and the signals with
lower frequencies are not able to pass this filter, and only those signals, which have higher
frequencies, can pass it. There are a large number of utilities for high-pass filters like DC blocking,
in which the AC signals can pass through the capacitors but the DC signal is unable to pass. In
contrast, the low-pass filter is used to remove high frequency signals, such as in audio applications.
The combination of a low-pass and high-pass filters makes another type of filters called band-pass
filters. In a band-pass filter, there are a range of signals within both minimum and maximum

frequency limits are allowed to pass the filter [9].



1.2.3 RF Coupling

In electronics, coupling and decoupling of frequencies could be done by using capacitors.
An AC coupling capacitor is used to link a number of circuits, in which the DC signal is isolated
and just the AC signals pass. This application causes the fact that the capacitor works as an
amplifier by making continuous amplification. For this application, the capacitor should be small
with low loss and high capacitance per volume, so that the ceramic capacitors and the polystyrene
capacitors are more reliable than other types. The capacitors is also used for decoupling in a power
supply in order to protect the circuit from signals [10].
1.2.4 Power Conditioning

Capacitors can be used for the protection against power impulses as power conditioners in
which the output wave of an AC rectifier is flattened. In a large number of electrical devices, the
capacitors have been set parallel to the DC power circuit in order to smooth the fluctuations of
signals. The car audio equipment is a crystal clear example, in which a number of capacitors are
used to improve the voice quality by reducing the harmonic distortion from AC to DC power
circuits [9, 11]. Figure 1.2 illustrates the unsmoothed and smoothed DC signals by capacitor
charging and discharging. The dotted line refers to unsmoothed DC singles, while the solid line
shows the smoothed DC signals [12, 13].

capacitor charging

2
' capacitor discharging
+ current + o/
—— rdlL v S il .
o I e T A A T
voltage |/ . 2 Vo v vl \
¢ L v . ! P 1
. g W o F '.JI .
_ 0 ! X ’ -
Smoothing time

Figure 1.2. The roles of capacitors in power conditioning [12].



1.3  Classification of Capacitors

Capacitors, as given in Figure 1.3, can be classified based on the dielectric material used,
electrode structure, polarization nature, and device packaging. On the basis of the capacitance,
there are two different types: fixed type with constant capacitance value and variable type with
changeable capacitance [14]. For some low capacitance applications, there is vacuum between
electrodes to have high voltage operation and low loss. This vacuum will be replaced by a dielectric
material for high capacitance applications. Insulators are the most common dielectric materials
which have high permittivity and breakdown voltage. Glass, ceramic, paper, air, mica and polymer
materials are some types of dielectrics used in capacitors [15]. In this section we will introduce

some of these capacitors, their constructions and applications.

Capacitors
On the basis of the On the basis of On the basis of type of
Value of capacitance materials used polarization
Fixed value Variable value Paper Ceramic Glass Polarized Semi-polarized
type type capacitor | €apacitor | capacitor type type
Mica Plastic  Electrolytic Air Non-polarized
capacitor capacitor capacitor  capacitor type
Class Class
X type Y type

Figure 1.3. Different types of capacitors [14].



1.3.1 Ceramic Capacitors

Ceramic capacitors are designed to be used when a small physical size with large
capacitance and high insulation resistance is required. These capacitors are not intended for
precision applications but are suitable to use as bypass, filter and noncritical coupling elements in
high frequency circuits where appreciable changes in capacitance (caused by temperature
variations) can be tolerated [4]. Ceramic capacitors are also used in aerospace, telecommunication
and semiconductor industries [16]. There are a vast variety of ceramic capacitors with different
constructions based on the capacitance values required [14]. Different types of classifications for
ceramic capacitors exist, regarding to the temperature stability, accuracy, and size [3]. One form
of ceramic capacitor with the classical model of a parallel plate capacitor is called ceramic disc
capacitor. There is another type offering much higher capacitance per unit volume than the ceramic

disc capacitor, which is called monolithic ceramic capacitor as shown in Figure 1.4.

electrode

ceramic

diralmtrrlc'ﬂl ,-;f/ ’ ,/i w':l-: ngaelin:rn
terminaﬁul//

edge

5
t

NZ

N

% 5 5
\

Figure 1.4. Monolithic ceramic capacitor [17].

Ceramic insulators have high permittivity that make it compatible with high frequency

applications. These capacitors have capacitance value between 1 pF and 0.1 pF [14]. Ceramic



dielectric materials are good for propagation of electrostatic charge, which is necessary for taking
place the electrostatic attraction and repulsion [16].

Class I Dielectrics. The main material in this class is TiO2, BaO, La203z, and Nd2Os also
belong to this class. The class | dielectrics have low constant and low temperature coefficients.
Moreover, these dielectric materials have low dielectric constant leading to limited capacitance
values.

Class Il Dielectrics. This class of dielectrics consists of ferroelectric dielectrics, such as
BaTiOs, which have high dielectric constant leading to high energy density. However, this class
has some drawbacks in comparison with class | dielectrics, such as being less stable and having
higher losses. Table 1.1 illustrates some differences between these two classes.

TABLE 1.1. COMPARISON BETWEEN CLASS | AND CLASS Il DIELECTRICS [14]

S. No. Class I Class Il

1 Almost linear capacitance/temperature Non-linear capacitance temperature
' function function

5 No voltage dependency of capacitance i
' and loss angle

3. No ageing Slight ageing of capacitance

L . . High insulation resistance, extremely

4 High insulation resistance high capacitance value per unit volume

5. Very small dielectric loss -

6. High dielectric strength -

5 Normal capacitance tolerance +1% to Normal capacitance tolerance +5% to
' +10% +20%

Since the interatomic bonds in ceramics are primarily ionic bonding and covalent bonding,
they have high thermal stability and high melting points, meanwhile ceramic dielectric materials
are hard and brittle materials with low toughness and tensile strength. These properties also play

important roles in the applications of ceramic dielectric materials.



There are an enormous groups of ceramics used as dielectrics. Ceramic dielectric materials
are widely utilized because of their high dielectric constant and energy density. Popular ceramic
dielectric materials are Barium Titanate (BaTiOs3), porcelain, silicon, alumina (Al203), magnesia
(MgO), and boron nitride (BN), etc. Some representative ceramics are introduced below.

Barium Titanate: Barium Titanate (BaTiOz) is the first dielectric material used in dielectric

ceramics capacitors, and it is the most commonly used ferroelectric ceramic. It has been used a
large number of applications because of its brilliant ferroelectric and dielectric properties [18].
These properties are very dependent on the crystal structures of BaTiOs (cubic and tetragonal
crystals). BaTiOs is a type of perovskite ceramics with an ABO3z structure. This name comes from
CaTiOg, the mineral perovskite [19]. The ABOg structure is shown in Figure 1.5. The barium (A),

titanium (B) and oxygen atoms are represented as blue, red, and green spheres, respectively.

Figure 1.5. Cubic perovskite structure [20].
Some of the excellent BaTiO3z characteristics are moderate dielectric loss and high dielectric
constant. As a result, it has been studied for a number of applications aiming at energy storage,
such as capacitors. However, it should be mentioned that its dielectric properties are also highly
dependent on the ceramic processing [21]. Like other ceramic materials, a difficult processing is

regarded as the disadvantage of using BaTiOz in capacitors. For instance, as a conventional solid-

10



state reaction, calcination is a required step in BaTiOz preparation. This calcination process is a
high temperature process usually between 1000 °C and 1300 °C [22-24].

Calcium Titanate: Calcium titanate (CaTiO3) is one of the alkaline earth titanates also

known as Calcium titanate oxide. It can be synthesized by a combination of calcium oxide and
titanium oxide. CaTiOs has a perovskite structure (ABOz) which contributes to good dielectric
properties and is considered as a ferroelectric material [25, 26]. The reported dielectric constant
for CaTiOz has a value of 167 at room temperature [25]. CaTiOs has also been observed as an
illustrative of the low loss dielectric material [26].

Porcelain: The porcelain which is regarded as a ceramic material is a compound consisting
of finely grinded clay, quartz and feldspar (for low frequency) or barium carbonate (BACO3) (for
high frequency). Porcelain has been used in different applications as fuse holders, line insulators,
disconnecting switches, transformer bushing pins, etc. Additionally, porcelain can be used for both
low and high voltage services. Table 1.2 illustrates some properties of these two types of porcelains
at 298 K.

TABLE 1.2. LOW VOLTAGE AND HIGH VOLTAGE PORCELAINS PROPERTIES [27].

S. No. Description Low voltage porcelain | High voltage porcelain

1. Power factor (at 50 Hz) 0.007-0.020 0.008-0.025

2. Dielectric constant (at 50 Hz) 55 5.7

3. Dielectric strength (MV/m) 5 55

4, Volume resistivity (Q-m) 10°-10%? 10%0-102

5. Specify gravity 2.4 2.7

6. Water absorptivity 0.5-2.5% 0.0-0.5%

7. Softening temperature 1300-1270°C 1400-1450°C
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Ceramic materials, in the meantime, have a number of drawbacks that lead to the
exploration of other insulating materials in capacitor applications. For instance, ceramics need a
high processing temperature that makes it highly energy consuming and costly. These materials
are known for their brittleness and high mass density. As a consequence, the life time of ceramic
materials can be very short when a crack appears and the crack propagation occurs at a high speed
rate. Also, the high mass density and rigidity limit the applications of ceramic capacitors.

Today, there is a huge demand for flexible electronic devices. For instance, manufactories
of mobile phones, tablets, and laptops are trying to make their products as flexible, small and light
as possible. As a result, ceramic materials with high mass density and rigidity are not useful
materials to meet these the requirements. The answer is laid behind another category of materials
known as polymer dielectric materials which take the advantages of having light weight and great
flexibility compared with ceramics. In addition, polymer materials can also be used in applications
when a very high breakdown strength is a necessity.

1.3.2 Glass Capacitors

Glass has an amorphous structure with high melting point. The corrosion and chemical
resistivity of the glasses are very high, and based on different applications, there are a number of
commercial glass products including Lead glass, Pyrex (Borosilicate) glass, Soda lime (window)
glass, and Vycor (high silica) glass. These glass materials have found applications in capacitors,
bulbs, bushings and some other applications due to their high dielectric strength and low dielectric
loss. The insulating properties of these glasses are shown in Table 1.3.

Glass capacitors are very expensive and have important applications for highly accurate

and reliable operations, in particular for high performance radiofrequency applications, and they
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offer the highest performance and reliability features in capacitor industry [4, 28]. However, Glass

capacitors have a relatively low capacitance value.

There are three basic elements in a glass capacitor; glass dielectric, aluminum foil

electrodes, and wire leads [28, 29]. The construction of a glass capacitor is shown in Figure 1.6.

The electrodes have been welded by lead [4].

TABLE 1.3. VARIOUS PROPERTIES OF COMMERCIAL GLASSES [27].

S. No. Description Soglzlsi;ne Lead glass Borglseilsiscate Hi%rllas;islica
1. Dielectric constant 7.0 6.6 4.7 34
2 Poxﬂvﬂzfagg%r %t 1 0.004 0.0016 0.0046 0.0002
3, Coif)fgﬁgitoﬂf(tﬁg)ma' 85x107 | 91x107 | 32x107 | 55x107
4. ReSiSﬁVitylg}m at298 | 5065 0.089 0.081 0.12
5, Specmgthzeg; (}2‘;‘" gm K 0.20 0.19 0.18 0.17
6. Density (kg/m®) 1450 2850 2130 2200
7. | Softening Point (°C) 730 630 820 1665
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Figure 1.6. Glass capacitor (Leyden jar) [30].
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Glass capacitors are highly resistant against high temperatures, voltage breakdown, and
nuclear radiation. These capacitors can find applications in many areas where high power
amplifiers, high tolerance areas, and high Q circuits are required [28]. In addition, glass capacitor
is used in applications in which failure is not acceptable, and replacement of the failed part is not
possible.

1.3.3 Paper Capacitors

Paper capacitor is regarded as one of the simplest capacitors with a paper dielectric material
used in high DC and AC applications where the losses are not too important [14]. This type of
capacitor shown in Figure 1.7 is made by wrapping and placing a waxed or impregnated tissue
paper between two aluminum foils [31]. The waxing and impregnation is to prevent moisture
absorption. Moreover, the impregnation enhances the dielectric strength of the paper capacitor. In

the last step, the wrapped paper and foils are encapsulated in a metal can.

Paper

Figure 1.7. Paper capacitor [14].
These capacitors have large dimensions, and tend to absorb moisture without proper impregnation,
which increases the dielectric losses and decreases the insulation resistance [32]. In case of
capacitance stability, they have medium accuracy and their capacitance change dramatically with
the temperature having values between 500 pF and 10 mF.
Paper capacitors have a short working life (shorter than any other capacitors), but excellent

high voltage characteristics. They are also more expensive than ceramic capacitors. Since paper
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capacitors have higher leakage resistance, they are used in single phase motors and power factor
correction devices [14, 33].
1.3.4 Plastic Capacitors

Plastic capacitors contain some plastic film layers between the metal foils, which is the
same construction as paper capacitors. Polymeric materials are widely used as dielectrics in
capacitors due to the uniformity they have and the ability of being thin and nonporous. There is a
vast variety of plastic films to be selected as dielectric materials in capacitors such as
Polypropylene,  Polyester ~ or  Polyethylene  terephthalate ~ (PET),  Polystyrene,
Polytetrafluoroethylene (TEFLON or PTFE), Poly(vinylidene fluoride) (PVDF), etc. [14]. There
are two main methods to manufacture capacitors with plastic materials: metal foil capacitors and
metalized film capacitors.

There are some differences between these two types of plastic capacitors. In metal foil
capacitors, metal foils are placed in between the plastic thin films, while in metalized film
capacitors metallic electrodes are deposited onto plastic films. However, the encapsulation process
is same for both. The capacitance tolerance and voltage ranges for plastic film capacitors are often
between 1 to 20% and 50V to 400V, respectively, depends on its type and materials [14].

Foil capacitors

This type of capacitors is composed of metal foil electrodes and a flexible biaxially aligned
dielectric plastic film. The foil electrodes are extended from two ends, called as extended foil
technique that facilitates electrical contact. This ohmic contact leads to low loss and low
impedance in a capacitor. The construction of a foil capacitor is shown in Figure 1.8.

Polyester is the most well-known polymer insulator for this type of capacitors. Regarding

to the DC applications, polyester film based capacitors take the place of paper capacitors, due to
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the fact that polyester capacitors are much smaller than paper capacitors besides having lower
moisture absorption. However, the temperature stability of PET is inferior to paper capacitor. As
a result, the polyester capacitor with high dielectric heating is not appropriate for radio frequency
applications [32].

Foil electrodes

[ Extended foil

Dielectric

Figure 1.8. Construction of a foil capacitor [14].

Metalized plastic film capacitors

The metallized plastic film capacitor consists of a plastic dielectric film on which thin metal
layers are vacuum deposited. The structure of a metalized plastic film capacitor is shown in Figure
1.9. However, the construction can be either a rolled cylinder or a stacked pack. As can be seen in
Figure 1.9, this construction, called as extended metallization, is the same as the extended foil

structure, and it makes a good connection with the electrodes.

Metallised electrodes

Dielectric

Figure 1.9. Construction of an extended single metallization capacitor [14].
The most common dielectric materials used in metallized plastic film capacitors are polypropylene,

polyester, and their metallized types. Polypropylene has a lower dielectric loss and dissipation
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factor. Moreover, it has higher insulation resistance and higher dielectric strength than polyester.
As a result, polypropylene is usually used at higher AC voltages, and it has also found good
applications in high frequency range. However, polyester can be used where a thinner film is
required and it has a higher dielectric constant than polypropylene [14, 32].

Mixed dielectric capacitors

One of the most common methods to gain better properties for a capacitor is to combine
different dielectric materials such as metalized plastics, metalized paper, separate foil and plastic
films, and so on. The structure of a type of mixed dielectric capacitor is shown in Figure 1.10,
consisting of a mixed dielectric paper and polypropylene. This construction is made by the
combination of a metalized paper and a polypropylene dielectric film, and it has high dielectric

strength, low inductance and low loss at high voltages.

il

Polypropylene

Extended
metallised
Paper

Figure 1.10. Construction of a mixed dielectric capacitor [14].
There is another construction of the mixed dielectric capacitor in Figure 1.11. This structure

consists of a polypropylene film and a double metalized poly(ethylene terephthalate) film.

Single metallised
l! f polypropylene film

Unmetallised
Polypropylene film

Double
metallised
film

Figure 1.11. Construction of a mixed dielectric capacitor by using a double metallized
polymer [14].
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1.4 Polymeric Dielectric Materials

Today, polymers are known as a class of flexible and light weight dielectric materials in a
number of capacitor applications [34-37]. Although polymer dielectric materials have low
dielectric permittivity compared to ceramics, the breakdown strength is much higher for this group
dielectric materials than ceramics. Low dielectric loss is another important attractive property for
polymeric dielectric materials. In addition, they have much better chemical resistance than
ceramics [38]. The advantages of polymer dielectric materials also include the fact that they are
more flexible and lighter weight than traditional ceramic dielectric materials. In case of processing,
polymers are much easier to be produced than ceramics, which also contributes to the increasing
popularity of polymer dielectric materials. Moreover, polymer based capacitors are famed for the
ability of self-healing. This phenomenon makes polymer dielectric materials much reliable for
high electric field applications [39]. In contrast, ceramic dielectric materials not only do not show
the self-healing ability, but also they have some size limitation. They cannot be produced as large
as polymer dielectric materials can.

Polymer dielectric materials can be made into a vast variety of products with different
shapes and sizes, due to their outstanding processibility and adjustable flexibility. Furthermore,
there are different types of polymer materials intended for different capacitor applications, and
one of the basic classification is based on the chemical structures and related behaviors in response
to applied heat: thermoplastics and thermosetting plastics [27].

Thermoplastics

Thermoplastics are those polymers which show a solid-liquid transition when they are
heated up, which is reversible by decreasing the temperature. Typically, thermoplastics have long

linear or branched chain structures, which are connected by physical chain entanglement and
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secondary bonding. They are soluble and fusible. There are a large number of thermoplastics such
as poly(vinyl chloride) (PVC), polytetrafluoroethylene (PTFE), polyethylene (PE), nylon,
cellulose acetate, polypropylene (PP) and polystyrene (PP), etc [40].

Thermosetting plastics

Thermosetting plastics become hardened by heating up the resins, which is not a reversible
process. In fact, instead of melting or softening, the thermosetting plastics will decompose due to
intense heating. Thermosetting plastics have 3-dimensional network structures resulted from
crosslinking of resin monomers, which contributes to the hardening upon heating as well as high
strength and modulus. The increasing temperature will eventually break down the covalent bonds
in the 3-D network, leading to thermal decomposition. Thermosetting plastics include Epoxy,
Polyester, and Phenolic, etc [41].

1.5  Strategies to Improve Polymer Dielectrics

Polymers used for dielectric applications are required to have a large band gap, high
dielectric constant and breakdown strength, applicable glass transition temperature, and low
dielectric loss [42]. While a polymer may not have all these features simultaneously, there are
different strategies to improve the dielectric properties.

Some parameters that can serve integral roles in improvement of polymer dielectrics
include crosslinking, chain polarity, polarizability and free volume. For example, aromatic rings
and sulphur have high polarizability, and presenting them to a polymer leads to a growth in
dielectric constant. In the meanwhile, using fluorine that has small atomic radius and electron
cloud brings a lower dielectric constant due to a low polarizability [43]. Free volume is regarded
as another important parameter which is defined to the not occupied volume of the polymeric

material. The higher the free volume is, the lower the dielectric constant would be. In other words,
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the unoccupied volume (such as microvoids) will act just like air with the relative permittivity of
one. As a result, this free volume should be replaced by some new polymer structures in order to
increase the dielectric constant [44, 45].

It is obvious that synthesizing new polymers contributes to new dielectric properties, and
it can be regarded as an effective strategy to improve polymer dielectric materials. However, the
majority of the studies are based on modification of present polymeric dielectric materials. One of
the strategies comes from the attitude to take the advantages of both dielectric ceramics and
polymer dielectrics. Dielectric ceramics which are brittle and energy consuming in case of
processing can be introduced to the flexible polymeric dielectrics to achieve both high dielectric
constant and more improvements in ease of processing and material flexibility [43]. A number of
studies have been done on polymer/ceramic composites, such as adding Al2Os, BaTiOz and ZrO-
to polyimide, and enhanced dielectric properties were reported [46-48]. Meanwhile, adding carbon
black particles and fibers to a polymeric matrix could also lead to a large dielectric constant [49].

The high dielectric constant of polymer composites is typically from both high dielectric
constant of the dielectric ceramics and interfacial polarization between the polymer matrix and
ceramic materials. Polymer blends is another strategy using muti-phase polymeric materials to
achieve excellent insulting properties and tunable capacitance values.

The space charge formation in a polymer blend made of polypropylene and polyethylene
have been studied by Katsunami et al, and they proved that this polymer blend had a higher
dielectric strength than two homopolymers at room temperature [50]. It should be mentioned that
for polymer blends, the structures of each polymer play an integral role on the dielectric properties
of the blends. For instance, in the blends of amorphous polar polymers and liquid crystalline side-

chain polymers, the former had a very low loss and high energy density below the glass transition
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temperature while the latter had a good dipole mobility contributes to a limitation of electrical
energy after dipole saturation [34].

There are some other methods to improve the dielectric properties of polymeric materials
such as introducing some structural defects like bulky comonomers, so that the lateral unit cell will
be expanded through crystalline lattice [34]. It should be realized that each method has some
benefits and a number of drawbacks, and the selection of these methods for enhancing the dielectric
properties mainly depends on the required applications.

1.6  Soy Protein and Its Applications

Soybean is a low cost crop with great add-on values. There are three different commercial
categories for soy products: soybean flour, concentrate soybean, and soy protein isolate (SPI) with
the protein content of 50%, 70% and 90%, respectively. The major consumption procedures of the
soybean are in the form of traditional soy foods, such as soy milk, soy sauce, kori-tofu, etc. [51].
Due to the physiological properties of soybean, the consumption of soy protein has started to boost
in United States in 1997 as a turning point [52]. Today, soy protein is being used in a number of
foods like cheeses, breads, cereals, pastas and etc., since soy protein is rich in nutrition in case of
essential amino acids.

Soy protein is regarded as an economical and high-quality vegetable protein source found
in soybeans that does not contain cholesterol or high saturated fat [51, 53]. The commercial soy
protein products mentioned above are getting more attention due to their non-food functional
properties. Binding, water absorption, gelation, foaming, fat absorption, and emulsification are
regarded as some of these functional properties [51]. Due to the unique chemical and physical
structures of soy protein, a great number of scientists have been researching on soy protein based

materials, basically on two most popular research areas: one is to make some bio-plastics from

21



those soy protein structures and another one is to produce some bio-based adhesives used for
laminated composite structures.

In the case of chemical structures, there are eight essential amino acids provided by soy
protein and all the amino acids form covalent chemical linkages called peptide bonds which make
linear unbranched polymeric structures [54, 55]. According to the classification based on
sedimentation properties, four protein fractions can be found in soy protein: 2S, 7S, 11S and 15S
fractions which contain 8%, 35%, 52% and 5% of total protein content, respectively [56]. The
highest protein content of soybean is stored in B-conglycinin and glycinin, the former has the
sedimentation coefficients (SC) of 7S while the latter has 11S [51, 56]. The SC of 7S can also be
found in y-conglycinin. The SC of 7S and 11S are regarded as two major components of soy
proteins. Both 7S and 11S fractions belong to the family of globulin shwoing some differences in
point of view of physicochemical properties and structures. For instance, the minimum solubility
of 11S protein happens at pH 6.4, while the 7S is insoluble at pH 4.8 [56].

1.6.1 Denaturation and Modification of Soy Protein

SPI has poor processability and brittleness. When the soybean flakes are defatted and
washed in oil or water, the sugar and other fibers can be removed by washing in alcohol or water.
This process is one of the soy protein modification methods that will be discussed in continue.
Protein has four structure levels as shown in Figure 1.12: primary, secondary, tertiary, and more
complicated quaternary structures.

The primary structure is the linear sequence of amino acids, and the combination of this
chain with the string describes the secondary structure. When the string folds to its final shape, it

makes a three dimensional structure known as tertiary structure. This is where protein shows its
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biological function. A number of tertiary structures construct the quaternary structure of the protein

[57, 58].
Primary Secondary Tertiary Quaternary
structure structure structure structure

Figure 1.12. Protein structures [59].

The stable condition of the protein is to be folded, so that the Gibb’s free energy would be
minimum. The denaturation of protein is linked to the protein structure disorder. In other words,
denaturation happens in order to uncoil the protein structure randomly. As a result, the protein
loses its biological function and other functional properties are achievable [60].

The denaturation process contributes to a better processibility and desired product
properties for the soy protein isolate like strength, water resistance, adhesion, etc. However, from
a dielectric perspective, the soy protein denaturation can induce the changes in the polar structures
of soy protein. In fact, one of the important characteristics of soy protein is that it has really polar
structure in each level. This polar structure is related to internal interactions and chemical bonds
such as hydrogen bonds, ionic interactions, disulfide bonds, hydrophobic interactions, etc. This
polar structure indicates the potential of a strong and adjustable polarization of soy protein based
functional materials. Consequently, this polarizability helps to develop all protein based materials

and also use them in some dielectric polymers to modify those existing dielectric polymers.
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Soybean protein modification can be done by physical, chemical and enzymatic treatments
[56]. The main reason of the treatment is to gain different functional properties. The functional
properties of soy protein can be changed by heating, hydrolysis, pH adjustment (alkalis and acids),
and detergents [51, 56].

Thermal Modification

Thermal treatment is the oldest and most common method for soy protein denaturation
where better functional properties are provided and the proteins digestibility is increased. Studies
proved that heating the soy protein to temperatures above 70°C contributed to some major changes
in structures and the formation of protein aggregates. The structural changes happen via some
electrostatic forces, along with hydrophobic and disulfide interchange mechanisms [51]. Thermal
treatment not only increases the solubility of the protein, but also enhances the emulsifying
properties. In addition, heating does not add any other chemicals to the protein and has not any
effect on its purity. Thermal modification is a really controllable method in comparison with other
modification methods. Moreover, it is a cheap process that provides good enough efficiency.

Thermal susceptibility of glycinin and p-conglycinin as two main protein stores are
different. The thermal transition of 7S globulin is about 71°C, while it is 92°C for the 11S globulin
due to its more stable and compact structures [61]. The protein aggregation does not take place
during heating process where both 11S and 7S basic subunits are presented [62]. During last two
decades, the effect of different conditions such as protein concentration, pH, temperature and ionic
strength on functional properties of SPI have been studied and demonstrated the functionality
highly depends on the degree of denaturation, dissociation and aggregation of 11S and 7S globulins
[63-68]. The SPI has both soluble and insoluble proteins and the functionality of the SPI can be

recognized by studying the types and contents of soluble and insoluble proteins. There are different
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methods for heat treatment but studies show that dry heating does not have an impressive effect
on the denaturation of soy protein isolate. Heating could be more effective on denaturation process
of the SPI when it is accompanied by moisture [69-71].

High Pressure Modification

This is another method used for denaturation of the soy protein isolate by affecting on the
structure and the protein-protein connections. By applying pressure on the SPI, the electrostatic
and hydrophobic interactions are disrupted and the hydrophobicity and solubility of the protein
would be changed [72, 73]. However, there are not many studies working on the dynamic pressure
modification of soy protein because it is a high cost process.

Chemical Modification

Chemical modification of soy protein has become one of the most common research areas
during three last decades. As a result, different methods of chemical modification have been
recognized. Based on the required applications, the purposes of chemical modification could vary,
such as changing the protein solubility and decreasing protease activity, etc. Protein denaturation
involves the breaking of covalent bonds and some destructions in structure caused by various
secondary bonding, leading to the exposure of more hydrophobic structures on the outside of the
protein structures. Consequently, the changes in the protein properties will take place.

The most important issue in using chemicals for modification is the chemical reactions.
Since those changes coming from chemical reactions are often not desirable, the nondestructive
chemical modification should be more ideal. There are some nondestructive chemical reactions
such as acylation, alkylation and esterification, oxidation and reduction, and treatment with

alkalies and acids which we will discuss the last one in pH modification [74].
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There are different chemicals like urea, dimethyl sulfoxide (DMSO), etc. that can be added
to soy protein in order to change protein structure as desired for a specific application. For instance,
maleic anhydride, polyethylenimine (PEI), demethylated kraft lignin (DKL), etc. are some of
chemical materials used for chemical denaturation of soy protein for adhesive applications. They
have some functional groups such as the catechol moiety, primary amino group, and a mercapto
group that can modify the structures of soy protein [75].

pH Modification

Acid-alkali denaturation is a popular modification method which can change the solubility
of glycinin and B-conglycinin in different pH ranges [76]. For example, pH 4.0-5.0 is reported as
the range of the minimum solubility of 7S and 11S globulins [77]. Soy protein has very low
solubility in acidic media, in contrast with the basic media where a number of studies proved that
the soy protein solubility would be increased at pH 11-12 [78]. The pH adjustment is regarded as
an efficient method to modify the functional properties of SPI. However, it should be noted that in
the most cases, adjustment of pH has been accompanyed by the heat treatment to achieve more
effective modification.

1.6.2 Non-Food Functional Properties of Soy Protein

Soy protein isolate is one of the biological materials that can have the ability of storing
electrical energy as well as dissipating it. SP1 is a mixture of complex random copolymers of amino
acids, and comprise a mixture of neutral, polar, and charged side chains. Soy protein has been
increasingly studied in recent years as next-generation biopolymer materials for composites and
packaging applications [79-81], and hydrogels for biomedical applications [82, 83]. As early as
the 1930s, studies on the dielectric properties of protein-containing materials systems have been

proposed [84, 85]. As of today, the studies are generally classified into the following categories:
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protein solutions [84-87], hydrated proteins [88, 89], and amino acids/peptides [90, 91] for
biological or food applications. Meanwhile, protein materials as dielectric components in

electronic devices have been reported, such as transistors [92, 93] and switching devices [94].

However, the application of materials derived from proteins in dielectric energy storage
applications have rarely been explored, although proteins have great potential in storing electrical
energy due to its diverse polar structures [95]. Few studies have attempted to use soy protein for
this application. For example, in a study of Polymethylmethacrylate (PMMA)-g-Soy composites,
the soy protein was used to initiate the surface polymerization of PMMA[96]. Denatured soy
protein was employed to disperse carbon nanotubes, leading to nanocomposites with enhanced

dielectric constant [97].

Zhu et al. proved that using SPI for gel polymer electrolyte contributes to a remarkable
electrochemical performance. That means high ionic conductivity and good electrochemical
permanency. In another recent study, Zhong et al. found the molecular structures in SP1 and having
various functional groups lead to ion transporting through protein macromolecules [98]. Bazinet
et al. did a research work on the effects of soy protein concentration on the performance of bipolar
membrane electro-acidification by using an electric field as the driving force. Their procedure was
to dissociate water molecules and produce protons by using a bipolar membrane. The main purpose
of this study was to improve the method of purifying food productions. However, the results
showed that the high concentration of soy protein could contribute to a resistance change. Based
on this paper, there could be an idea to use soy protein to increase the number of charges in solution
[99]. In 2011, Liu et al. studied the effects of pulsed electric field on the secondary structure and
thermal properties of SPI. They observed a change in secondary structure of SPI after applying

pulsed electric field which led to polarizing some bonds through the SPI as well as unfolding
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molecules and dissociation of its subunits [100]. This change in polarizability of SPI alongside
being a renewable and environment friendly food product contributes to the idea of using SPI for
energy storing and in electrical researches.

1.7  Proposed Research and Objectives

Poly(ethylene oxide) (PEO) is a type of highly polar semi-crystalline polymer with great
solubility in a variety of solvents. It has been a popular polymer material studied for various
electrochemical devices [101-103]. PEO has been frequently blended with SPI to fabricate new
functional polymer materials [104, 105], such as electro-spun mats for wound healing [106, 107],
air filtering applications [108, 109] and polymer electrolyte for lithium battery applications [110].
In recent years, with the increasing demand for transient and disposable electronic devices, the
soluble polymers such as polyvinyl alcohol (PVA) [111] have been gaining increasing attention as
the candidates. PEO, as a type of soluble and biodegradable thermoplastic polymer with good
biocompabitlity and low toxicity [112], has great potential in such applications. The pure PEO
membranes were highly polarizable, but it also has extremely high energy loss during
charging/discharging cycles. The high loss is not only responsible for the unsatisfactory energy
storage performance, but also leads to high dielectric heating.

This study focused on the dielectric energy storage applications of PEO, and SPI was used
to modify energy storage performances of two types of PEO with different molecular weights. The
electrical properties and energy storage performances of the resulting membranes were studied by
current-voltage tests and hysteresis analysis. The microstructures including fracture surfaces and
crystallinity were studied by scanning electron microscope (SEM) and X-ray diffraction (XRD).
In addition, Fourier transform infrared spectroscopy (FTIR) and contact angle analysis were used

to study the SPI-PEO interactions. The objectives of this research include (a) study of the effects
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of SPI on the microstructures of PEO/SPI membranes; (b) investigate the roles of SPI in the
dielectric polarization of PEO/SPI membranes and (c) explore the potential of PEO/SPI
membranes as dielectric energy storage materials. The success of this work will help us explore
non-food functional applications of plant proteins and increase add-on values of renewable natural
resources. Meanwhile, it will lead to new sustainable transient electronic materials and devices

with high performances.
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CHAPTER TWO

METHODOLOGY

2.1. Materials
2.1.1 Poly(ethylene oxide)

Poly(ethylene oxide) powder was purchased from Sigma-Aldrich and used as received.
Two average molecular weights of PEO is used in this study, Mw = 1,000,000 g/mol (denoted as
high molecular PEO (HPEO)) and My = 100,000 g/mol (denoted as low molecular PEO (LPEQ)).
They contain 200-500 ppm butylated hydroxytoluene (BHT) as inhibitor. The melting and glass
transition temperatures are 65 °C and 67°C, respectively.
2.1.2 Deionized Water

Deionized water was purchased from Sigma-Aldrich. The molecular weight of the
deionized water is 18.02g/mol and has the boiling point at 100°C. It also has a density of
1.000g/mL at 3.98°C.
2.1.3 Soy Protein Isolate

PRO-FAM 891 isolated soy protein was generously donated by Archer Daniels Midland
(ADM) and contains 90% protein. The shelf life is eighteen months while the storage temperature
should not exceed 25°C for an extended period of time. The soy protein isolate powder is shown

in Figure 2.1.

Figure 2.1. Soy protein isolate powder.
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2.2

Sample Preparation

The PEO/SPI membranes were made via slide-casting and drying aqueous solutions of

PEO/SPI at 45°C temperature. The amount of water has been used for the all samples is 15ml.

Table 2.1 shows the composition and preparation conditions of different samples.

TABLE 2.1. DIFFERENT COMPOSITIONS AND CONDITIONS USED AS SAMPLE
PREPARATION.

NO.| sty | W) | o o) | e Tremners | O T
1 0 15 60 60 45
2 10 15 60 60 45
3 30 15 60 60 45
4 50 15 60 60 45
5 70 15 60 60 45
Heat Treatment of SPI

The first stage of the process is heat treatment of SPI in deionized water. Soy protein isolate

was added to the water after being weighted. The bottle was put in an oil bath on a hot plate shown

in Figure 2.2 and the solution was mixed by a distributor with the rotational speed of 350 rpm. In

order to have a completely heat treated SPI solution, the solution should be mixed for 4 hours at

the same condition. It should be noted that for the pure PEO samples, the process starts from the

next step directly.

Figure 2.2. Hot plate with magnetic stirring.
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Fabrication of PEO/SPI Membranes

The weighted PEO was added after the heat treatment of SPI in deionized water, and the
mixing process was up to 10 hours to have a homogenous solution. During this step, a large number
of air bubbles are diffused to the solution and a sonication process is needed before casting. The
sonication for 30-45 minutes can remove the air bubbles through the samples. The ultrasonic

cleaner is shown in Figure 2.3.

Figure 2.3. Branson ultrasonic cleaner.

The solution should be casted with required thicknesses. For this purpose, an applicator
shown in Figure 2.4 is used to cast the films on a non-polar and hydrophobic polyethylene surface
for the convenience of the membrane separation. Different samples have various wettability,
undoubtedly. As a result, the shrinkage happens for the samples with high polarity and

hydrophilicity.

Figure 2.4. Film applicator with the range of thicknesses from 5 to 50 mils.
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The last step of the preparation process is drying the wet membranes in the oven at required
temperature for 48 hours. The wet membranes should be placed on a flat surface in the oven in
order to prevent any non-uniformity.

2.3  Characterizations

It is necessary to figure out the structure of the samples in order to track the property
changes. Three different tests have been do ne on the samples to study the structure of membranes
including Fourier Transform Infrared Spectrum (FTIR), X-ray diffraction (XRD), and Scanning
Electron Microscopy (SEM). Moreover, the electric and dielectric properties of the membranes
have been studied by current-voltage (I-V) tests and hysteresis analysis.

It must be noted that the film samples were cut to square pieces with the thickness of
~55um for all tests. In addition, all tests have been done at room temperature. For each case, each
test has been performed at the same condition at least three times, in order to make sure that the
results are reliable and repetitive. The average values were used for analysis and discussion
2.3.1 Contact Angle Measurement

The droplets of PEO/SPI aqueous solutions were injected onto a hydrophobic surface by a
hypodermic needle. In this study, all the contact angle measurements have been collected 75
second after dropping on the surface when the droplets were stabilized on the surface. The contact
angles were measured and the averages data are provided in chapter 3.

2.3.2 Fourier Transform Infrared Spectrum

In order to do the FTIR test on samples, the equipment should be calibrated and a reference
was used for testing membranes. The data collected on 32 steps by the FTIR software. Once the
sample is tested, the data are ready to be gathered and a list of peaks could be extracted from the

software. The results would be plotted by transmitted intensity versus wave numbers.

33



2.3.3 X-ray Diffraction

Rigaku MiniFlex Il Desktop X-ray Diffractometer (CuKa radiation =1.5406 A°, 30kV and
15mA with a scanned step size of 0.05° and scan speed is 4°/min) was applied to the study the
crystal structures of PEOs and PEO/SPI membranes.
2.3.4 Scanning Electron Microscopy

The morphologies of fracture surfaces of PEO/SPI membranes were analyzed using SEM
(FEI Quanta 200F). Cryofracture was conducted in liquid nitrogen after cooling the membranes in
liquid nitrogen for 5 mins. Gold coating was sputtered onto the fracture surfaces before SEM
observation. The compatibility between PEOs and SPI, as well as the fracture behaviors of the
membranes were studied.
2.3.5 Current-Voltage Characteristics

By Current-Voltage test (I-V), the 1-V curve was measured to figure out the electric
field/voltage level where there is a very significant leaking. There are some parameters that should
be set before the 1-V measurement such as the frequency, sample thickness, sample and electrode
areas, temperature, and maximum voltage. Therefore, it is of great importance to know the amount
of these parameters. In this study, the sample and circular electrode areas were equal to 0.16cm?.
The highest voltage applied to the membranes was 2000V. The frequency set as 100s™ and the
sample thickness was 55um. The electrode was cleaned by ethanol after each test in order to
prevent the effect of contaminants on the results.
2.3.6 Hysteresis Measurement

In this study, the monopolar hysteresis behaviors of the membranes were analyzed using a
Precision LC Il Ferroelectric Test System (Radiant Technology,Inc) equipped with a high voltage

amplifier (Matsusada, AMJ-4B10). The polarization behavior and energy storage performances
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were calculated using monopolar hysteresis loops. The testing frequency was 10 Hz, and the

maximum electric field was 80 k\V/cm.

35



CHAPTER THREE

RESULTS AND DISCUSSION

3.1 Contact Angle Measurement
The contact angle of the solutions performs an integral role in the amount of shrinkage,

final film thickness and surface quality. The relation between contact angle and the wetting of a

droplet on a surface is shown in Figure 3.1.
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Figure 3.1. Effect of contact angle on hydrophobicity [113].

When a droplet on a surface has a smaller contact angle than 90°, there is a good contact
between the solution and the surface that means good wettability of the solution. There are three
thermodynamic equilibrium phases between these surfaces, which determine the contact angle
value. Hence, there are three surface energies; solid-liquid, liquid-vapor, and solid-vapor denoted
byyy,7,, and y,,, respectively [114]. The equation 3.1 known as Young’s equation [114]
illustrates the relation between surface energies and the contact angle:

Vs =7a =, 0086 =0 (3.1)
Where 6c is the contact angle.

Since the surface used in this contact angle study is a hydrophobic surface, the lower

contact angle means the more compatibility between the solution and this surface. In other words,

the solution would be more hydrophobic when it has smaller contact angle. That is to say, the
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higher the contact angle is, the more hydrophilic the solution will be. In order to make a good
contact between the solution and the surface, the lower contact angle is desired. The contact angles
of different solvent and solutions have been measured: deionized water, high molecular PEO in
water, pure SPI in water, and the mixture of SPI/HPEO with different contents of SPI. Table 3.1
illustrates the results of the contact angle test:

TABLE 3.1. THE CONTACT ANGLE OF DIFFERENT SOLUTIONS ON A HYDROPHOBIC

SURFACE.

Name Avg. Contact Angle (°) Standard Deviation (°)
Water 100.904 3.00
HPEO 87.59 1.75
HPEO/10wt% SPI 74.842 1.48
HPEO/30wt% SPI 80.052 0.74
HPEO/50wt% SPI 79.048 1.62
HPEO/70wt% SPI 77.176 1.54
SPI 77.188 0.65

Referred to Table 3.1, the water is the most hydrophilic compared to other solutions in this
study. Adding HPEO to the water decreases the contact angle and results in a better wettability.
The SPI solution has smaller contact angle in compare to PEO solution and deionized water. In
addition, it suggests that adding SPI decreases the contact angle of the solutions. In other words,
the difference in surface tension energy between the liquids and the non-polar/hydrophobic surface
is smaller by adding SPI to the HPEO.

The SPI has both hydrophilic and hydrophobic groups in its structure. When the SPI is
folded before the heat treatment in deionized water, the hydrophobic groups aggregated inside of

the SPI, and the hydrophilic groups are the more available on the surface [115]. There is a
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possibility that by heat treatment of SPI, these hydrophobic structures are more available.
Meanwhile, the hydrophilic-hydrophilic interactions between PEO and SPI might also contribute
to the reduced exposure of hydrophilic groups in SP1. Consequently, the hydrophobicity of the
solution increases when SPI is introduced to it. It should be noted here that the heat treatment in
this study was only 60 °C, which could only denature some low molecular weight component in
the SP1 [95, 116]. However, even without high degree heat denaturation, the effects of SPI on the
wettability of the solution is significant with the addition of only 10 wt% SPI.

The shrinkage of the solution during casting is dependent on the surface tension between
the solution and solid surface. Since the pure PEO has a high contact angle, the shrinkage happened
right after casting the solution on the non-polar polymeric surface. The addition of SPI helped the
solution to spread out due to a good wettability. It proves that the differences between the surface
tension of the hydrophobic non-polar polymeric surface and the solution is getting smaller.

3.2 Fourier Transform Infrared Spectrum

One of the first steps of analysis is to figure out the chemical structures of the materials at
their pristine conditions. In this case, the structures of pure PEO and pure SPI before and after heat
treatment have been studied via FTIR. Figure 3.2 illustrates the FTIR spectrum of the pure PEO,
regardless of the molecular weight. The assignment of characteristic peaks of PEO is summarized
in Table 3.2.

The strong absorption band at 2860 cm™ is assigned to symmetric and asymmetric C-H
stretching modes of the CH2 group. Those bands appearing in the region 1335-1340 cm
correspond to the symmetric CH2 wagging mode of PEO. Moreover, the bands observed at 1280
cm™ suggest the symmetric and asymmetric CH, twisting mode [117]. The presence of the

crystalline structure of PEQO is suggested by two peaks of the C-O-C stretching vibration at 1095
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and 1145 cm™[118]. Figure 3.3 showing the FTIR results for SP1 powder. The important vibration

modes are mentioned in Table 3.3.
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Figure 3.2. FTIR spectrum of of pure PEO.
TABLE 3.2. FTIR PEAK ASSIGNMENT OF PURE PEO.
Wave number (cm™) Attributable
945 C-O-C stretch [119]
1095 C-O-C vibration [118]
1144 C-O-C vibration (asymmetric strength mode) [117, 118]
1278 Asymmetric and symmetric CH. twisting mode [117]
1340 Asymmetric CH2 wagging [117]
2860 Asymmetric and symmetric C-H stretching of CH» [117]
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Figure 3.3. FTIR spectrum of as received SPI powder.

TABLE 3.3. FTIR PEAK ASSIGNMENT OF SPI POWDER.

Wave Number (cm™)

Attributable

1535 Amide Il (N-H)
1635 Amide | (C=0) [120]
3276 N-H stretching vibration

In order to find the effect of denaturation on bonds through the SPI, another FTIR test have
been measured on the heat treated SPI sample and the results are provided in Figure 3.4. By
comparing two FTIR figures for SPI powder and heat-treated SPI, it is clear that the only difference
between two results are the intensity of the peaks. Table 3.4 illustrates the most important FTIR

peaks of the heat treated SPI and their attributable.
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Figure 3.4. FTIR spectrum of heat treated SPI.

TABLE 3.4. FTIR PEAK ASSIGNMENT OF HEAT TREATED SPI.

Wave Number (cm?)

Attributable

1063 Out of plane C-H bending [121]

1235 C-N Stretching and N-H bending (amide 111) [121]

1535 N-H bending (amide 1) [121]

1635 Peptide linkage (C=0 stretching) (amide I) [121]

1680 The formation of B-sheet structure [122]

2918 CH; asymmetrical stretching [121],CH2 and CH3z and RCH2 [123]
3000-3500 free and bound O-H and N-H groups [121]
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Those bands observed in the region of 3500-3000 cm™ are assigned to free and bound O-H
and N-H groups, which are able to form hydrogen bonding with the carbonyl group of the peptide
linkage in the protein. The absorption band at 2920 cm™ is attributable to CH, asymmetrical
stretching [121, 123]. The formation of B-sheet structure is assigned to the band at 1680 cm™ [122].
Addition band observed at 1635 cm™ is related to peptide linkage (C=0 stretching) (amide 1),
while the band at 1535 cm™ and 1235 cm™ correspond to N-H bending (amide I1), and C-N
Stretching and N-H bending (amide 111), respectively. The band at 1063 cm™ is assigned to the out
of plane C-H bending [121]. The structural analysis by FTIR has been done to track the effect of

SPI content on HPEO as shown in Figure 3.5.
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Figure 3.5. FTIR spectra of HPEO and HPEO/SPI membranes.

The most obvious changes can be seen at three wavenumbers. Increasing the content of SPI

contributes to new N-H bending (amide Il) and peptide linkage (C=0 stretching) (amide I) at 1535
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cm™? and 1635 cm™ wavenumbers, respectively. Moreover, the higher the SPI content is, the
intensity of asymmetric and symmetric C-H stretching of CH, would be decreased at 2860 cm™.

Figure 3.6 illustrates the effects of SPI content on the structure of LPEO.
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Figure 3.6. FTIR spectra of LPEO and LPEO/SPI membranes.

As expected and can be seen in Figure 3.6, the results for LPEO/SPI samples are the same as those
of HPEO/SPI samples, since both LPEO and HPEO have the same chemical structures.
3.3  X-ray Diffraction

The XRD test has been done on the samples to find the amount of crystallinity of the

structure in different SP1 concentration. Figure 3.7 and Figure 3.8 show the XRD results for the

HPEO and LPEO membranes, respectively.
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Figure 3.7. XRD spectra of HPEO and HPEO/SPI membranes.
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Figure 3.8. XRD spectra of LPEO and LPEO/SPI membranes.
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The relative intensity between 19.3° and 23.3° peak changes. Ye and Woo [124] suggested
that the strong intermolecular interaction between PEO and other incorporate substance would
introduce changes in relative intensity of the (032) crystal plane to (120) crystal plane in the PEO
crystallized. Moreover, there are two weak peaks at around 25° and 26.3° also represent PEO
structures. Their intensity is low, so not much literatures mentioned them. Table 3.5 illustrates the
assignment of each peak to different crystallographic planes in PEO. The XRD results shown in
Table 3.6 suggest that by increasing the SPI content, the membranes crystallinity will decrease for
both HPEO and LPEO. The strong interactions between protein and PEO were also reported as the
main reason for the reduced crystallinity [106, 112].

TABLE 3.5. ASSIGNMENT OF XRD DIFFRACTION PEAKS IN PEO.

Peaks Crystal plane of PEO
19.3° (120)
23.5° (112) / (032)
25° (024)
26.3° (131)

TABLE 3.6. CRYSTALLINITY OF PEO/SPI MEMBRANES.

0% SP1 | 10%SPI | 309%SPI | 50%SPI | 70%SPI
Crystallinity (%) of HPEO |  37.32 26.26 26.39 16.97 5.0
Crystallinity (%) of LPEO |  30.73 31.94 9.29 - -
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3.4 Scanning Electron Microscopy
In order to be able to analysis the structure of membranes and SPI effect on it, the SEM
images have been gotten from the free surface and the fracture surface of membranes. Figure 3.9

and Figure 3.10 show the free and fracture surfaces of HPEO/10wt% SPI, respectively.

Figure 3.9. Free surface of HPEO/10wt% SPI membrane.

As can be seen, the free surface is uniform while it contains some cracks, which probably is caused
during cryofracture. In the meanwhile, the fracture surface shows there are some fiber-like
structures, which are believed to be elongated PEO crystal lamellae formed during cryofracture.

This kind of “fibrillation” reflects excellent ductility of the PEO materials. The morphologies of
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both free surface and fracture surface suggest very good compatibility as a result of PEO-SPI
interactions. Meanwhile, some particulate phases are found in fracture surface. These particulate

phases should be formed by the aggregated hydrophobic structures in SPI.

Figure 3.10. Fracture surface of HPEO/10wt% SP1 membrane.

Figure 3.11 and Figure 3.12 are shown to study the free and fracture surfaces of HPEO.SPI
30%wt, respectively. The surface is still uniform compare to membrane with 10wt% SPI, however,
the crack is propagated and there are some bridges formed during cryofracture. The fracture
surface shows more particulate phase. At the same time, only very few fibrous structures are
observed in Figure 3.12, suggesting reduced ductility compared with HPEO.10wt% SPI

membrane.
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Figure 3.12. Fracture surface of HPEO/30wt% SP1 membrane.
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Figure 3.13 represents free surface of HPEO/50wt% SPI, while Figure 3.14 shows the
fracture surface of the membrane. It is interesting to notice that the free surface of HPEO/50wt%
SPI has a very unique surface morphology. Instead of rather smooth free surfaces in HPEO/10wt%
SPland HPEO/30wt% SPI, at 50wt% SPI loading, the membrane surface is rough. It is not uniform
and contains a large number of branch shaped structures. In the meantime, the fracture surface has
s similar morphology to that of HPEO/30wt% SPI membrane. While a great number of SPI
particles are observed, the PEO and SPI show very good compatibility. However, the fibrous

structures completely disappear.

Figure 3.13. Free surface of HPEO/50wt% SPI membrane.
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Figure 3.14. Fracture surface of HPEO/50wt% SP1 membrane.

Figure 3.15 and Figure 3.16 illustrate the free and fracture surfaces of LPEO/10wt% SPI,
respectively. The free surface is so uniform and smooth. Similar to HPEO/10wt% SP1 membrane
in Figure 3.9, it is hard to observe the SPI phase on the free surface. Although there is no
fibrillation” observed on the fracture surface in Figure 3.16, the fracture surface has some
propagated cracks with a few number of bridges. This structural feature suggests that during
cryofracture, the PEO crystal lamellae in membrane elongated. However, due to the low molecular
weight and the resulting weak chain entanglement, the strain hardening phenomenon is limited in

LPEO membranes, therefore, the “fibrillation” phenomenon is not significant.
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Figure 3.15. Free surface of LPEO/10wt% SP1 membrane.

Figure 3.16. Fracture surface of LPEO/10wt% SP1 membrane.
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Figure 3.17 and Figure 3.18 prove the free and fracture surfaces of LPEO/30wt% SPI,
respectively. Obviously, the free surface is rougher with clear phase separation observation.
Moreover, compared with HPEO/30wt% SPI, a lot of voices and cracks are found on the free
surface of LEPO/30wt% SPI membranes. This might suggest that high molecular weight in HPEO
might form stronger interactions (entanglement) with SPI. Regarding the fracture surface, although
it primarily shows a typical brittle failure, few fibers are found on the surface, corresponding to

the stretched and elongated PEO crystal lamellae.

Figure 3.17. Free surface of LPEO/30wt% SPI membrane.
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Figure 3.18. Fracture surface of LPEO/30wt% SPI1 membrane.

The free and fracture surfaces of the LPEO/50wt% SPI membranes shown in Figure 3.19
and Figure 3.20, respectively. As expected, a rough free surface is found in LPEO/50wt% SPI
membranes. Meanwhile, the surface is full of porous structures with most of the pores in the
nanoscale. The porous structures were not found in HPEO/50wt% SPI. This might suggest the
week entanglement in LPEO and interactions with SP1. In Figure 3.20, surprisingly, there are only
few porous structures found, suggesting that the porous structures are only near the surface layer
of the membranes, which might also relate to the drying process during sample preparation. At
last, the SPI also has very good compatibility with LPEO with many nanoscale particulate SPI

phases found in LPEO.
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membrane.

SPI

Figure 3.19. Free surface of LPEO/50wt%

SPI membrane.

Figure 3.20. Fracture surface of LPEO/50wt%
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3.5  Current-Voltage Characteristics

When the leaking is too much, the membranes are not able to successfully store energy. In
other words, the leaking means to convey the electric charges through the membrane (from one
side of capacitor to another side) and in this situation the electric charges will not be stored as
electric energy. This information assesses the limitation of maximum voltage for the hysteresis
measurement. Moreover, another important characterization can be studied by the I-V curve where
there is a relationship between current, voltage, and resistance as equation 3.2 shows:

R== (3.2)

Where R is resistance (Q2), V is voltage (V) and | is current (A).

In order to plot the I-V curve, the current axis is logarithmic. As shown in Figure 3.21, the
lower the slope is, the smaller the resistance would be. In other words, the lines near to the voltage

axis are shown higher resistivity than the lines near to the current axis.

d—

Voltage

Current
Figure 3.21. Different electrical properties determined by current-voltage curve [125].

Once the resistance of the membranes has calculated by equation 3.2, the resistivity could be found

by equation 3.3:
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A

_Ag
P=T

(3.3)
Where p is the resistivity in Qm, A is the sample area in m?, L is the thickness of the membrane in
m, and R is in Q.

The leakage current is one of the important characteristics that could be obtained from the
I-V curve measurements. Ideally for an insulator, the current should not do a flow while a voltage
is applied. However, in real case there is a current flow known as leakage current. The lower the
leakage current, the better dielectric material would be. The current voltage curve measurement
for different samples are plotted and shown in Figure 3.22 and Figure 3.23 for HPEO and LPEO
samples, respectively.

In order to make a comparison between the electrical properties of the membranes, the
resistivity of the membranes at linear part of the graph (0 <V < 170V) have been calculated by
equations 3.3 and the results are mentioned in Table 3.7. The lower slope in I-V curve means the
higher electrical resistivity. In other words the higher the resistivity is, the better insulator the

material would be.
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Figure 3.22. Effects of SPI content on I-V characteristics of HPEO/SPI membranes.
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Figure 3.23. Effects of SPI content on 1-V characteristics of LPEO/SPI membranes.

TABLE 3.7. ELECTRICAL RESISTIVITY OF THE MEMBRANES.

Sample Resistivity (Q2.m x107) Stan(déig E]e:)/;? tion
HPEO 3.02 0.53
HPEO/10wt% SPI 14.41 3.93
HPEO/30wt% SPI 21.53 1.22
HPEO/50wt% SPI 75.46 70.34
HPEO/70wt% SPI 231.52 115.49
LPEO 13.00 6.63
LPEO/10wt% SPI 30.49 3.02
LPEO/30wt% SPI 31.94 13.40
LPEO/50wt% SPI 61.93 22.68
LPEO/70wt% SPI 540.19 518.56
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As shown in Table 3.7, the resistance of the PEO membranes increases when a content of
the SP1 is added. That means SPI makes the PEO membrane a better insulator. Since the thickness
of all samples were equal, SPI has the same effect on the resistivity of the membranes as well.
3.6 Hysteresis Behaviors of PEO/SPI Membranes

Hysteresis test being used to investigate the polarization and some of the electrical energy
properties such as the energy efficiency, energy storage, and energy lost. As Figure 3.24 shows a
hysteresis loop, at the small electric fields the polarization increases linearly by enhancing the
electric field. This contributes from the fact that at lower field amplitudes there is not enough
energy to switch unfavorable direction of domains polarization. By increasing the electric field,
the energy exceeds the minimum amount to change the direction of domains polarization and as a
result, a dramatic increase in polarization can be seen. At the end of the charging process, there is
a small number of domains with unfavorable directions which leads a smooth change in

polarization by increasing the electric field [126].
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Figure 3.24. Example of a bipolar hysteresis loop [127].
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During the discharging process, some of the domains will back-switch but other domains
cannot. This behavior during charge and discharge process contains some electrical information
about the material. There are some important parameters can be excluded from this hysteresis loop;
the area “A+B” represents the amount of energy that can be stored during the charging process.
The area “B” illustrates the amount of energy can be released during the discharge process, which
means the actual energy we can utilized during discharge process. As a result, the area “A”
represent the consumed energy which is a type of energy lost, since after we stored the energy in
charging process, we cannot release this energy when we need to use it. These three different areas
represent three different information to evaluate the efficiency by using the ratio between them.

Energy efficiency can be calculated by a simple equation shown below:

Efficiency = (3.4)

(A+B)
Basically, the total area (A+B) should be as high as possible to have maximum energy stored
(during the charging process) and at the same time, in order to have a higher efficiency the all
energy should be released (during discharge process). As a result, these are two main goals to have
a good dielectric material in case of efficiency.

As discussed before, ferroelectric hysteresis loop contains a number of important characteristics
of materials. Figure 3.25 shown to illustrate the effect of SPI content on HPEO. The maximum
polarization of the membranes is mentioned in Table 3.8.

Figure 3.25 proves introducing SPI to the HPEO leads to a better hysteresis behavior. In
order to make a better conclusion about the effect of SPI content, Figure 3.26 is provided. As
shown in Figure 3.26, the loop area decreased by introducing higher content of SPI to the solution.
Moreover, Table 3.8 and Figure 3.26 prove that increasing the SPI content leads to a lower

maximum polarization through the HPEO membranes.
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Figure 3.25. Monopolar hysteresis loops of HPEO and HPEO/SP1 membranes.

TABLE 3.8. MAXIMUM POLARIZATION OF HPEO MEMBRANES.

Sample Maximum Polarization (uC/cm?)
HPEO 0.271

HPEO.SPI 10% 0.059

HPEO.SPI 30% 0.056

HPEO.SPI 50% 0.052

HPEO.SPI 70% 0.048

The dielectric behavior of the LPEO in presence of SPI has been studied and the hysteresis
measurements mentioned in Figure 3.27. As can be seen, the figure illustrates that having SPI

through the LPEO membranes contributes to a lower loop area. As discussed in section 2.3.6, the
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smaller loop area means the lower energy loss. The maximum polarization of the membranes is

mentioned in Table 3.9.
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Figure 3.26. Effects of SPI content on hysteresis behaviors of HPEO/SPI membranes.
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Figure 3.27. Effects of SPI content on hysteresis behaviors of LPEO and LPEO/SPI membranes.
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TABLE 3.9. MAXIMUM POLARIZATION OF LPEO MEMBRANES.

Sample Maximum Polarization (uC/cm?)
LPEO 0.0770

LPEO.SPI 10% 0.0503

LPEO.SPI 30% 0.0496

LPEO.SPI 50% 0.0494

LPEO.SPI 70% 0.0465

Same as the HPEO membranes, higher content of SPI contributes to a decrease in maximum
polarization of LPEO membranes. Since the loops for LPEO/SPI membranes are very close to

each other, they are shown in Figure 3.28.
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Figure 3.28. Effects of SPI content on hysteresis behaviors of LPEO and LPEO/SPI membranes.
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It could be excluded from Figure 3.25 and Figure 3.27 that adding SPI to the PEO
membranes decreases the polarizability of the membranes. Moreover, comparing the HPEO/SPI
membranes with LPEO/SPI membranes prove that the maximum polarization of those samples
contain HPEO is higher than that of the samples contain LPEO.

3.6.1 Effects of SPI Content on Energy Performances of HPEO/SPI Membranes

The effect of SPI on the electrical energy performance of the HPEO/SPI membranes can
be tracked by studying the consumed energy, stored energy, released energy, or generally the
energy efficiency. As shown in Figure 3.29 (a), the presence of SPI makes a dramatic decrease in
case of consumed energy.

In addition, increasing the amount of SP1 from 0 %wt to 70 %wt decreases the consumed
energy of the membranes. In the meanwhile, the capacity of energy storage shows the same
behavior as consumed energy, as shown in Figure 3.29 (b). As a result, we need to study the
released energy and efficiency to achieve a better understand of the SPI content effect on the
HPEO membranes. Figure 3.30 (a) proves that increasing the SP1 content to the HPEO leads to
a more energy released by the membrane. At the same time, Figure 3.30 (b) illustrates the
enhancement of the membrane’s energy storage efficiency by increasing the SPI content. In
other words, presenting SPI to the HPEO not only decreases the energy lost, but also increases
the energy efficiency. Since the HPEO had a negative amount of released energyi, it is not shown

in Figure 3.30.
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3.6.2 Effects of SPI Content on Energy Performances of LPEO/SPI Membranes

Figure 3.31 (a) shows that pure LPEO has a huge lost energy in compare with the samples
contain SPI, and this energy lost will even be decreased by more SPI content. At the same time,
the energy stored by membranes prove that having more SPI content through the LPEO
membranes make a smaller stored energy, as shown in Figure 3.31 (b).

The study proves that the SPI has an effect on the energy storage of LPEO and it gets more
importance while having more SPI content leads to a dramatic increase in case of released energy,
found in Figure 3.32 (a). That is to say, although the sample made by 30%wt SPI has not highest
stored energy, it releases much more energy than other samples. This phenomenon comes from
the good ability of the SP1 in compare to LPEO to release the energy. It should be noted that having
more content of SPI on the membrane contributes to the brittleness of membranes which is not
desirable. As aresult, it is of great importance to make a balance between the mechanical properties
and the dielectric behavior of the membranes based on the required application.

Figure 3.32 (b) proves the energy efficiency places at highest amount where 30%wt of SPI
is used. However, there is no big difference in case of efficiency between those LPEO/SPI
membranes contain at least 30%wt SPI. In addition, there is not a dramatic difference between
LPEO/SPI membranes which contain 10%wt and 30%wt SPI in case of electrical energy storage
efficiency, while the LPEO efficiency is almost zero!

3.6.3 Effects of Polymer Molecular Weight on Energy Performances

Obviously, the molecular weight has remarkable effects on the hysteresis behaviors and
energy performances of the membranes. In order to study the effect of polymer molecular weight
on membrane dielectric properties, the HPEO and LPEO membranes should be compared at the

same SPI content. As a result, the comparison will be discussed at different content of SPI.
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Pure PEO: although the amount of energy can be saved in HPEO is much higher than that
of LPEO, since the HPEO has higher amount of consumed energy than LPEO, the released energy
plays an integral role to determine the efficiency. However, the energy recovered area of the HPEO
IS negative. As a result, the efficiency of the HPEO is negative (-0.659), while the efficiency of
the LPEO is positive near to zero (0.0062).

PEO/SPI 10%: Same as the pure PEO, when 10% SPI is introduced to the PEO, the

consumed and stored energy of HPEO/10wt% SPI is still greater than that of LPEO/10wt% SPI.
However, the difference is not as high as before. The released energy of the LPEO/10wt% SPI is
higher than that of the HPEO/10wt% SPI and as a result, the efficiency of the LPEO/10wt% SPI
IS greater.

PEO/SPI1 30% and PEO/SPI 50%: by increasing the SPI content to 30wt% and 50wt%, no

dramatic change was observed in case of energies. However, the efficiency difference is getting
smaller between HPEO and LPEO membranes.

PEO/SPI 70%: Since the differences between the energies for HPEO and LPEO are getting
smaller by increasing the content of SPI, both membranes show the same amount of efficiency
where 70 percentage of the membrane is made by SPI.

In general, it is obvious that although introducing SPI to the PEO membranes contributes
to reduce the amount of consumed and stored energy, it enhances the efficiency. This effect is

more evident for the HPEO membranes rather than LPEO membranes.
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CHAPTER FOUR

CONCLUSION

In this study, the electric and dielectric properties of the PEO/SPI membranes were
investigated. The enhancement of the dielectric constant, resistivity and energy efficiency was
observed in the membranes contained SPI. The enhancement effect was mainly from the presence
of the SPI-PEO interactions. Although the heat treatment did not affect the chemical bonding
through the SPI which was verified by the experimental results of FTIR, it induces the changes in
soy protein polar structures. Moreover, the structural changes happened through the protein
structure contributes to enlargement of the membrane’s wettability due to a better accessibility to
the hydrophilic regions of the SPI after denaturation.

Pure PEOs used in this study are very typical ductile polymers, even the cryofracture
process could not completely suppress the ductile failure in the PEOs. The interactions between
PEOs and SPI tends to make the PEO more brittle. Specifically, “fibrillation” is a very
representative feature of ductile failure in polymer materials, which have been found in a variety
of ductile polymers and is usually related to the elongation of crystal lamellae [128]. In
HPEO/10wt% SPI membrane, we can easily observe the fibrillation of HPEO, However, this
fibrillation phenomenon disappeared in the HPEO/50wt% SPI membrane, suggesting a more
brittle failure mode as the concentration of SPI increased. Meanwhile, the nano-scale particulate
second phase was also observed. These particles are believed to be caused by aggregated non-polar
protein structures in SPI, which repel the polar PEO structures.

In LPEO/10wt% SPI, although the fibrillation of LPEO was not as distinct as that of HPEO,
the elongation of LPEO crystal lamellae was still observed. The more brittle behavior of LPEO

membranes compared with HPEO membranes should be related to the molecular weight. In spite
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of the differences between HPEO and LPEO, the effects of increasing loading of SP1 was the same,
that is, the LPEO/50wt%SP1 membrane shows the very similar brittle fracture morphology as the
HPEO/50wt%SPI membrane. The increasing brittleness of PEO/SPI membranes is likely caused
by two reasons. Firstly, the strong polar interactions between PEO and SPI limited the chain
mobility of PEO, and secondly, the concentration of brittle phase (SPI) increased.

The hysteresis behavior in this study is related to the switch of dipoles in the materials by
high electric field). The reduced polarization suggests that it was getting more difficult to switch
the dipoles, in particular, the dipoles in PEO phase, after the SP1 was introduced to PEOs. This is
somewhat consistent with the microstructure change of the fracture surfaces of PEO/SPIs, which
revealed that the strong interactions between SPI and PEOs led to reduced mobility PEO chains
and increased brittleness. In other words, the strong interactions between SPI and PEO created
large resistance to the switch of dipoles. Although it is unclear now how the molecular weight
affects the polarization behaviors of PEO materials, both PEOs showed high polarizability.
Meanwhile, SPI has highly polarizable structures as well. However, with the addition of only
10wt% SPI, the unexpected reduction in polarization and distinctive hysteresis behavior were
found in PEO/SPI membranes. Such dramatic changes at low SPI content cannot simply be
explained by the effective medium theories [129], and they suggest the importance of PEO-SPI
interactions to the polarization of PEO/SPI membranes. Future work will be needed to explore
their interaction mechanisms.

In semi-crystalline polymers, crystal structures have complicated effects on the
polarization of polymers. With the increasing of polymer crystallinity, both reduced and increased
polarization have been reported [130-133]. Meanwhile, the changes in crystallinity were often

accompanied with the changes in thickness of crystal lamellae and phase transformation and so
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on. It is possible that the dramatic reduction in polarization is related to the changes in crystal
structures of PEOs by the addition of SPI. But XRD results are not very supportive of this
assumption in this study. The addition of SP1 affected the crystal structures of PEOs in two aspects,
regardless of molecular weight: (1) crystallinity and (2) relative intensity of peaks. An obvious
declining trend of crystallinity of PEO in the membranes was found with the increasing loading of
SPI. In particular, when the concentration of SPI exceeded 50wt%, amorphous structures were
dominant in the LPEO/SPI membranes, without observable diffraction peaks. A similar
suppression of PEO crystallization was reported in an early study [110]. This decline in both HPEO
and LPEO might contribute to the reduced polarization. However, it is interesting to notice that
with 10wt% SPI loading, the crystallinity of LPEO barely changed, which is inconsistent with the
greatly reduced polarization at 80kV/cm. Moreover, as the crystallinity decreased, the polarization
of both groups of PEO/SPI membranes did not change much. Based on this observation, the
changes in crystallinity could not be the primary reason for the different hysteresis behaviors of
PEO/SPI membranes. In addition to the reduced crystallinity, the changes in the relative intensity
of both diffraction peaks were observed as well. In this study, it is believed that this was because
of the strong interactions between PEOs and SPI, although the variation of the relative peak
intensity was not monotonic with the increasing SP1 loading. The same interactions should also be
responsible for the brittle behaviors, as well as the reduced polarization Moreover, the strong
interactions between protein and PEO were also reported as the main reason for the reduced
crystallinity [106, 112].

Experimental results of the current-voltage measurement show that introducing SPI to the
both HPEO and LPEO membranes will increase the resistivity of the membranes. In other words,

the presence of the SPI decreases the leakage current which means the membrane would be a better
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insulator. SPI has the same effects on the polarization behaviors of PEO films, regardless the
molecular weight of PEO matrix. Pure PEOs (inserted plots) show a typical high-loss polarization
behavior with high polarization as measured by Pmax (Polarization at the maximum electric field,
which is 80kV/cm in this study). Meanwhile, the hysteresis loops of both PEOs show large loop
areas. This suggests that a great number of dipoles switched during charging process were not
switched back during discharging process. In terms of energy storage performances, the large loop
areas are equivalent to high energy loss, due to a large amount of unrecovered energy stored during
charging. This type of hysteresis behavior means that the current still passes through the sample
after the polarization has quit switching. This kind of leakage phenomenon is not significant in
LPEO sample.

The addition of SPI has remarkably changed the polarization behaviors of both PEO
materials. First of all, both the Pmax and loop areas (energy loss) were largely reduced with the
addition of only 10wt% SPI; secondly, the increasing amount of SPI in the membranes only led to
slight changes in the hysteresis behaviors of PEO/SPI membranes. All the PEO/SPI membranes
have greatly reduced stored energy density, compared with ~ 85.13mJ/cm? for HPEO and ~
19.93mJ/cm? for LPEO. This is in consistence with the reduced polarization. However, the lower
amount of electric energy stored during charging process does not necessarily lead to deteriorated
energy storage performances of the resulting PEO/SPI membranes. This is because besides the
amount of stored energy during charging, the amount of discharged energy is also critical to the
energy applications. The decrease of consumed energy density because of the addition of SPI, led
to enhanced discharged energy density in PEO/SPI membranes. For pure HPEO, because of the
leakage, it was found that the consumed energy density (~141.30mJ/cm?) was even higher than

the stored energy density (~85.13mJ/cm?®), leading to a negative discharged energy density. In
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other words, the stored electric energy cannot be released for use during discharging process.
Therefore, in PEO/SPI membranes, although the stored energy density was much lower in
comparison with pure PEQOs, the enhanced discharged energy density and higher energy efficiency
have been achieved.

The aforementioned effects are significant at only 10wt% SPI loading. The increasing
content of SPI only weakly changed these energy performances. Specifically, the stored energy
density slightly decreased, and the discharged energy density continued increasing in HPEO/SPI
membranes, while the variation of both properties was less obvious in LPEO/SPI membranes. As
the concentration of SPI increases, the differences of HPEO/SPI and LPEO/SPI membranes are
getting smaller, due to the increasing dominance of SPI. The enhanced discharged energy density
and low energy loss suggest that the resulting PEO/SP1 membranes have good potential in energy

storage applications and transient electronic materials.
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CHAPTER FIVE

FUTURE RESEARCH

The exploration of the polymer-protein dielectric materials will be continued in order to
improve energy density. As shown in this study, the presence of the SPI enhances the energy
efficiency of the PEO membranes.

Although both HPEO and LPEO shown very good dielectric properties with the presence
of the SPI, they still do not show signs of polarization saturation. Therefore, new materials design
will be applied to improve the polarization without increasing the consumed energy density. To
achieve this goal, the first step is to conduct in-depth study on the PEO-SPI interactions. According
to the completed research, it has been found the PEO-SPI interactions played a significant role in
the polarization behaviors. Therefore, a profound understanding of the interaction mechanisms
will be necessary. It is possible that different methods of protein denaturation could change the
dielectric properties of the PEO/SPI membranes via altering the interaction mechanisms. Dielectric
spectroscopy within broad frequency and temperature ranges is being used to study the interaction
mechanisms between PEOs and SPI. Equivalent circuits models will be proposed to provide
insights in the dielectric polarization of PEO, SPI and their blends. Various denaturation and
modification methods have been being applied to SPI to achieve different protein structures. The
effects of protein structures together with compositions on the polarization and energy
performances will be studied.

One long term goal of this research is to explore the potential of the PEO/SPI, and similar
materials systems in the applications of transient electronic materials and devices. Related transient
properties will be analyzed including solubility analysis, electrical fatigue properties, as well as

time dependent dielectric properties and so on.
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