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OPTIMIZATION OF TRANSPORT PROPERTIES OF POLY

(ACRYLAMIDE-CO-ACRYLIC ACID) BASED POLYMER ELECTROLYTES

ABSTRACT
Over the last few decades, transport properties of solid polymer electrolytes play vital
role in variety of electrochemical devices such as high energy density batteries, super
capacitors, fuel cells, sensors, and dye-sensitized solar cells. Generally, solid polymer
electrolytes have several advantages such as leakage-proof, lightweight, improved safety,
inexpensive, good thermal stability, high flexibility, and ease of fabrication. In this
research work, polymer electrolyte thin films based on Poly (acrylamide-co-acrylic acid)
(PAAC) doped with Sodium Iodide (Nal) (System A) and system B was prepared by
adding ionic liquid of 1-Butyl-3-Methylimidazolium lodide (BMI) with optimized
PAAC-Nal system in different ratios of polymer, salt, and ionic liquid by using solution
casting method. In both Systems A and B, a fixed amount of additive of Propylene
Carbonate (PC) was added to polymer electrolyte systems. The Propylene Carbonate (PC)
was added to the mixture of the solution to provide more flexibility to the polymer film
by increasing the plasticity of the thin film membrane. The conductivity and dielectric
studies were carried out on these thin films over the wide range of frequencies from 50
Hz to 5 MHz to understand the ionic transport properties of the polymer electrolytes. The
highest ionic conductivity has been found to be 1.88 x 107> Sem™! for the system A
optimized with 30 wt.% of Nal salt-doped polymer electrolyte system at room
temperature and maximum ionic conductivity of 4.73 x 10 S cm™! achieved for system
B containing the optimized 30 wt. % Nal salt-doped polymer electrolyte and 15 wt.%
BMI ionic liquid at room temperature. For both systems, the temperature dependent ionic
conductivity agreed with Arrhenius relationship which shows the ion hopping mechanism
of ions in the polymer matrix. The dielectric properties especially the loss tangent was

analyzed to observe the segmental relaxation of the polymer chain upon incorporation of

il



salt and ionic liquid. Further investigations were made to analyze the behaviour of
thermally activated ionic diffusion and its overall effect on segmental dynamics of solid

polymer electrolyte systems.

Keywords: Impedance Spectroscopy, Dielectric, Modulus Electric, Loss Tangent and

Segmental Relaxation
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PENGOPTIMUMAN CIRI-CIRI PENGANGKUTAN DALAM POLY

(ACRYLAMIDE-CO-ACRYLIC ACID) BERASASKAN ELEKTROLIT POLIMER

ABSTRAK
Sejak beberapa dekad yang lalu, ciri-ciri pengangkutan dalam elektrolit polimer pepejal
memainkan peranan yang amat penting dalam pelbagai aplikasi peranti elektrokimia
seperti sel kering berketumpatan tinggi, kapasitor berkeupayaan tinggi, sel bahan api, alat
pengesan, and sel solar peka pewarna. Secara umumnya elektrolit polimer pepejal
mempunyai beberapa kelebihan seperti kalis kebocoran, ringan, ciri-ciri keselamatan
yang diperbaiki, murah, kestabilan terma yang lebih baik, kebolehlenturan yang tinggi
dan mudah untuk fabrikasi. Dalam penyelidikan ini sistem A, elektrolit polimer pepejal
berbentuk filem nipis disediakan dengan polimer hos, Polyacrylamide-co-acrylic acid
(PAAC) didopkan dengan garam Sodium lodide (Nal) dan turut disediakan sistem B,
dimana larutan ionic 1-Butyl-3-Methylimidazolium Iodide (BMI) ditambahkan ke dalam
system PAAC-NAI yang dioptimumkan mengikut nisbah urutan yang teratur dengan
kaedah penyediaan larutan“casting” . Dalam kedua-dua sistem A dan B, aditif Propylene
Carbonate (PC) ditambah dengan nisbah yang tetap. Di mana Propylene Carbonate (PC)
ditambah kedalam larutan sebati tersebut supaya agar memberikan kelenturan yang
optimum kepada filem polimer dengan menambahkan sifat keplastikan kepada membran
filem tersebut. Kajian kekonduksian dan dielektrik dikendalikan keatas filem nipis dalam
julat frekuensi yang lebar dari 50 Hz hingga 5 MHz, untuk memahami ciri-ciri
pengangkutan dalam elektrolit polimer secara teliti. Kekonduksian yang optimum dicapai
adalah 1.88 x 107> Scm™! bagi system A pada suhu bilik bagi nisbah 30% garam Nal
didopkan ke dalam system PAAC-Nal elektrolit polimer dan kekoduksian terbaik dicapai
adalah 4.73 x 10™* S cm™! bagi sistem B pada suhu bilik bagi nisbah 15% larutan ionik
BM ditambah dengan sistem PAAC-Nal elektrolit polimer. Dimana sifat kekonduksian

yang bersandar kepada terma suhu mematuhi hubungkait Arrhenius yang menunjukkan



mekanisma lompatan ion di dalam kekisi matriks polimer yang menjanakan
kekonduksian elektrik. Cir-ciri dielektrik terutamanya “loss tangent” digunakan untuk
mengkaji sifat relaksasi segmen rantai polimer dengan penambahan garam dengan nisbah
urutan yang meningkat. Penyelidikan yang selanjutnya dilakukan untuk menganalisa sifat
difusi ion yang bersandar kepada perubahan suhu terma dan kesan secara keseluruhannya

kepada dinamik segmen dalam sistem elektrolit polimer pepejal.

Kata Kunci: Spectroskopi Impedans, Dielektrik, Modulus Elektrik, Sifat Relaksasi

Segmental
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CHAPTER 1: INTRODUCTION

Solid polymer electrolyte thin films are solid ionic conductors that are formed by the
dissolution of salts in suitable high molecular weight polymers and naturally possess
better chemical stability and mechanical strength. Due to rigorous study driven by their
prospective uses in various electrochemical device applications, the solid polymer
electrolyte conductors undergone revolutionary research and development in the past few
decades. However, enhanced solid polymer electrolyte transport characteristics are

required to optimize the performance of the electrochemical device applications.

1.1 Background of the research

The most promising technique for understanding the ion dynamics and relaxation
behavior of solid polymer electrolyte systems is the experimental analysis of transport
properties. There are three important basic transport properties that were analyzed in this
work; ionic conductivity, dielectric spectroscopy, and diffusion parameters. These basic
properties play an important role especially in the optimization of the solid polymer
electrolytes in a variety of electrochemical devices such as high energy density batteries,
supercapacitors, fuel cells, electrochemical sensors, and dye-sensitized solar cells
(Agrawal & Pandey, 2008; Singh et al., 2010; Wang, 2009) and quantum dots-based

application devices (Singh et al., 2009).

Generally, solid polymer electrolytes have advantages in commercialization due to
their longer lifetime and high thermal stability, mechanical strength, naturally abundant
sources of synthesis and cost effectiveness. Therefore, it can be easily fabricated as thin
film and has ability to form good electrode/electrolyte contacts. Compared to other types
of aqueous electrolytes, solid polymer electrolytes have very limited problem in leakage

or pressure distortion (Avellaneda et al., 2007).



In this work, a solid polymer electrolyte based on Poly (acrylamide-co-acrylic acid)
(PAAC) copolymer was synthesized where PAAC was used as the host polymer. In
general, copolymers combines the chemical and physical properties of its constituent
polymers. Polyacrylamide (PAM) is a water-soluble polymer that has been extensively
researched due to its advantages as a binder and filler for improving conductivity, as well
as its excellent electrical-thermal properties, which make it suitable for a wide range of
electrochemical device applications (Wieczorek et al., 1995). Polyacrylic acid (PAC) is
also well known as a superabsorbent of water that can hold it even under pressure (Li et
al., 2018; Tang et al., 2012). It is often used as the copolymer as it has the chemical
structure which sufficiently expands the organic sub-phase of the copolymer electrolyte
system. The organic sub-phase is very important in order to facilitate all transport
mechanisms to increase the ionic conductivity of the electrolyte system (Lan et al., 2007;

Stamenkovi¢ et al., 1997).

To optimize the ionic dynamic motion, the host polymer PAAC doped with various
ratios of sodium iodide (Nal) and the optimized PAAC-Nal solution mixture was further
improved by adding various ratios of ionic liquid of 1-Butyl-3-Methylimidazolium lodide
(BMI). Propylene carbonate (PC) was added to the solution mixture as a plasticizer to

fabricate flexible polymer electrolyte thin films (Selvasekarapandian et al., 2005).



1.2 Problems Statements

The challenging task in this research is to optimize the transport properties of solid
polymer electrolytes, where the ion conduction mechanism is still not well known in solid
polymer electrolytes. It is therefore essential to analyze the characteristics of the ion
transport mechanism in polymer electrolytes along with the polymer segmental relaxation
process. Furthermore, a thorough understanding of dielectric relaxation is a valuable tool
for studying the in-depth ion transport mechanism and to carry out further research work

about ion and molecular interactions in solid polymer electrolytes.

1.3 Aims and Objectives of Research

As mentioned earlier, PAAC (host polymer) doped with additive Nal (salt) and BMI
(ionic liquid) with additive PC (filler) with high dielectric constant are the promising
candidate of solid polymer electrolytes to investigate various methods to optimize the

transport properties.

The main aim of this research is to understand the ion transport mechanism in ion
conducting polymer electrolyte systems added with salt and optimized with ionic liquid.
Especially, the research focusses on sodium salt conducting polymer electrolyte, where
the recent development of the sodium ion batteries is largely motivated by its low cost,

high abundance, and non-toxicity behavior.

In order to achieve the aims referred to the above, the following targeted objectives

have been designed:

. To explore and measure the structural and electrical properties of the solid polymer
electrolyte using X-Ray Diffraction (XRD) and Electrochemical Impedance

Spectroscopy (EIS) characterization techniques.



o To examine and analyse the overall mechanism pertaining to ionic transport
dynamics in the polymer electrolytes.

o To optimize the ionic conductivity at ambient temperature and measure the
temperature dependent transport properties via dielectric and modulus electric

spectroscopy methods.

1.4 Outline of Thesis

This thesis consists of five chapters. The first chapter is about the research background,
aim/ motivation, and the research objectives. Solid polymer electrolytes (SPEs) based on
copolymer Poly (acrylamide-co-acrylic acid) system with summarized background
studies on the development of solid polymer electrolyte thin films comprised of co-

polymer, salt, additive, and ionic liquid systems.

Chapter two presents the detailed literature survey on overall conduction mechanism
based on electrochemical impedance spectroscopy techniques including dielectric
properties and electric modulus analysis. In this section, parameters of ionic conductivity,
dielectric constant, dielectric loss, loss tangent spectra, ionic mobility, charge carrier
density, and diffusion coefficient have all been investigated in relation to an appropriate

ion transport model for polymer electrolytes.

Chapter three elaborates the detailed research methodology which not only outline the
experiments and procedures to be carried out to prepare the sample but will also cover

the characterization techniques involved in the study to analyze the samples.

In chapter four, the overall results of transport parameters are discussed

comprehensively for System A and System B as follows:

a)  System A: Poly (acrylamide-co-acrylic acid) (PAAC) doped sodium iodide (Nal)

at various ratios and added fixed amount of additive propylene carbonate (PC).



b) System B: Optimized ratio of Poly (acrylamide-co-acrylic acid) (PAAC) and
sodium iodide (Nal) and propylene carbonate (PC) added with 1-Butly-3-
Methylimidazolium lodide (BMI) with different ratios to identify the highest

conductivity of the system.

Finally, in chapter five, the conclusions of the thesis presented includes the suggestions
and recommendations for future research in this area of study especially to further
optimize the transport properties, which are important for development of good quality

solid polymer electrolytes for the variety of electrochemical devices.



CHAPTER 2: LITERATURE REVIEW

An overview of the literature on polymer electrolytes is presented in this chapter. The
first section highlights the evolution of solid polymer electrolytes and provides an insight
of the various types of solid polymer electrolytes. The second section describes the overall
ionic conduction theory and reviews the parameters governing the transport properties of
the polymer electrolytes and reveals the properties of temperature dependent ionic
conductivity. The third section describes the methods of adding salt, ionic liquid and
plasticizer to increase and optimize the ionic conductivity of polymer electrolytes and the
fourth section discusses dielectric characteristics, including the impact of dielectric
constant and dielectric loss on ionic conductivity and segmental relaxation process. The
last fifth section explains the theory of diffusion model which helps to understand the

nature of transport properties of the polymer electrolyte.

2.1 Solid Polymer Electrolytes

The first solvent-free polymer electrolyte complex with ionic salts was reported by
Wright (Wright, 1975). Unfortunately, this solid polymer electrolyte is known to result in
insufficient performance at ambient temperature, which acted as a barrier to its utility
compared to the existing conventional liquid/hybrid electrolytes (Pradhan et al., 2008).
Therefore, extensive research work was carried out to enhance its mechanical properties
and ambient temperature ionic conductivity through blending with various other
polymers, crosslinking agents (Wieczorek & Stevens, 1997), insertion of ceramic fillers
(Przytuski & Wieczorek, 1989), plasticization (Cherng, Munshi, 1987), and doping with
ionic salts (Hassan & Arof, 2005). This information indicates that the utilization of doping
salts which form low-temperature eutectics with polymers are a useful approach for
obtaining a good flexibility of the polymeric chains which are responsible for the ionic

transport in solid polymer electrolytes.



2.2 General Description of Ionic Conduction Mechanism

Ionic conductivity is one of the important key parameters that determines the
performances of any electrochemical device. It is obvious that the main factors that
control conductivity include the number of charge carriers and their mobility (Kaiser,
2001). This is applicable to all types of polymer electrolyte systems and the relationship

can be described by equation 2.1:

N

o= z nZ;q Wy (2.1)

2

Where n; is the charge carrier density, q is the electron charge, y; is the ionic mobility
and Z; is the valence for the ionic species in the electrolyte system. It is clear that, the
ionic conductivity (o) increases when the charge carrier concentration, n; and/or ionic

species mobility, u; parameters increase in the system, as shown in the equation 2.1.

(Gueye et al., 2020).

The ionic conduction mechanism in polymer complexes can be visualized by
understanding the transitional move/hopping and dynamic segmental motion between
coordinating sites, as well as local structural relaxations of the polymer chain within the

host polymer. (Siva Kumar et al., 2006).

In general, there are three types of ionic conduction mechanisms developed by

theoretical model based on cation transport modes. (Diddens et al., 2010):

o Cation diffusion mechanism along the polymer chain
o Cooperative motion of the cation within the polymer chain

. Transferring cations between the different polymer chains



2.2.1 Electrochemical Impedance Spectroscopy
A variety of techniques, including impedance spectroscopic methods, have been used
to assess ion mobility under an applied electric field to better understand the details of the

ionic conduction mechanism.

To assess the ion mobility, transient ionic direct current measurements have also been
used in the last decade. This technique uses a DC voltage before the voltage is reversed
after a steady state is reached and the current is measured as a function of time to assess
mobility. Nuclear magnetic resonance, NMR, spectroscopy has also been utilized to
analyze the behavior of ionic conductivity, but there are limited to polymer electrolytes
and liquid electrolytes. Therefore, for all forms of ionic species, the NMR method cannot

be employed (Hayamizu et al., 2002).

Despite several attempts, however, ion conduction mechanisms are still not well
known for a decade of year in many systems and, in particular, ion mobility values are
still problematic in some solid-state electrolyte systems. Therefore, a reliable and
convenient method is required to evaluate the ionic conductivity mechanism (Klein et al.,

2006).

Compared to several other methods, Electrochemical Impedance Spectroscopy (EIS)
is a versatile and effective technique for studying the electrical properties of bulk
materials and their interfaces (i.e., electrode-electrolyte interfaces) over a large
alternating frequency range. This method is most successful experimental technique to
measure the ion conductivity and dielectric relaxation in polymer electrolytes (Aziz et al.,

2018).

The EIS offers several advantages, including the fact that during the experiment, a tiny

perturbation of sinusoidal potential is applied throughout the cell or electrolyte, which



reduces the possibility of charge carrier concentration fluctuations. (Schiitt & Gerdes,

1992).

In the EIS analysis, the applied alternating voltage (V) that varies with time (t), is

defined as V(¢) =V, sin(wt) and resulting an alternating current (I) with phase angle (¢ )

is as follows; I(¢) =1, sin(wt + @)

The impedance parameter, Z(w) which is the direct ratio of the applied alternating
voltage V' (¢) and alternating current /(¢) which yields the complex impedance of Z,,, and

V4

imaginary

is as follows in equation 2.2:

Z" = Zreal + JZimg (2.2)

Zrew = Z' = Zcoswt and Ziypg = Z"' = Zsinwt
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The complex impedance data can be analyzed by using Cole-Cole plot of Z, versus

Z .., which was used extensively by many researchers in the past few decades (Cole &

real °
Cole, 1941) where a semicircle is in high frequency region and a linear line is in the low

frequency region (i.e., a spike) (Figure 2.1).

The bulk resistance R, can be evaluated directly from the intercept of real axis of

impedance plot from semicircle in high frequency region. In addition, as the phase angle
reaches zero, the complex impedance is dominated by the DC conductivity (Wan et al.,
2003). The low frequency spike has been attributed by the electrode blocking effect which
is due to the effect of formation of hetero-charge layer accumulated near the

electrode/electrolyte interface (Selvasekarapandian et al., 2005).

222  DC Conductivity and Temperature Dependent Conductivity
The DC conductivity deduced from the basic relationship of electricity flows through

any conducting medium can be calculated from equation 2.3:

l
O4qc = Rb < A (23)

Where / (cm) and A (cm?) are the thickness and cross-sectional area of the solid polymer

electrolyte sample which is under investigation and Ry, is the bulk resistance.

Overall, conductivity is seems to be increase as the degree of crystallinity decreases
or, in other words, the polymeric backbone structural flexibility significantly increases as
the salt and 1onic liquid added to the polymeric system. Since PAAC is a polar polymer,
it ionizes the Nal salt into anions and cations under the influence of applied electric field

and temperature.

The Arrhenius-like relationship reported for the temperature dependent DC

conductivity represents the fact that the motion of cations does not arise from the
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molecular motion of polymer host (Carvalho et al., 2000). In this section, the relationship
between the DC conductivity and temperature is explained in accordance with the well-

known Arrhenius model, given by the equation 2.4:

o= o,exp(—E,/kT) (2.4)

Where o, is the pre-exponential factor, E,is the activation energy, k is the Boltzmann

constant and T is the absolute temperature in Kelvin.

As a result, as soon as the DC conductivity increases linearly with increase of
temperature for all compositions of polymer complex and compatible with the Arrhenius
relationship, the ionic transport properties can be associated with that which occurs within
the crystalline polymer complex area where ions jump to the closest unoccupied sites,

which enables a linear increase of DC conductivity. (Fattah et al., 2016).

When the temperature rises, the segmental vibrational energy is sufficient to push
against the hydrostatic pressure exerted by the adjacent atoms and creating a small amount
of space around its own volume in which vibrational motion can occur. At the same time,
the polymer chain grows faster as the amorphous phase expands at high temperatures and
when the bond rotation induces a segmental movement. This favors inter-chain and intra-

chain ion hopping and enhance the ionic conductivity (Michael et al., 1997).

2.3 Methods to Enhance the Ionic Conduction Mechanism
2.3.1 Effects of Adding Salt, Ionic Liquids and Plasticizers

The sodium element (Na) in the ionic form found in the Sodium Iodide salt is
extremely promising and has the ability to meet future energy demands. It is the sixth
most plentiful element (found in 2.64 percent of the earth's crust) with low reduction
potential (-2.7 V), low toxicity, softness, and low cost (seven times cheaper than lithium)

that are the key strengths of sodium. Besides that, Sodium Iodide (Nal) added in System
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A with various ratios which iodide salt acting as the effective charge carrier in the polymer
electrolyte to improve the ionic conductivity. When sodium iodide salt is added to the
electrolyte polymer, it starts to breakdown into free cation (I') and anion (Na") pair. In
addition, the increased of pair charge carriers are able to generate free ion mobility more

efficiently (Ling et al., 2020).

Various ratios of ionic liquid of 1-Butyl-3-Methylimidazolium Iodide (BMI) added in
System B order to enhance further its ionic conductivity. Based on the findings, the ionic
conductivity and the dielectric behaviors of the solid polymer complex improved upon
incorporation ionic liquid until certain maximum ratio. The optimized conductivity-
temperature plot revealed that the effectiveness transportation of ions in these films in

System B obey Arrhenius theory (Chong et al., 2016).

Finally, plasticizer propylene carbonate (PC) of low molecular weight, high dielectric
constant added to host polymer electrolyte system A and system B in a predetermined
amount (Table 3.1 & 3.2) to improve mechanical strength flexibility, thermal stability,
viscosity reduction, and improving by increasing the number of charge carriers

(Sangeetha et al., 2017).

24 Dielectric Properties and Fundamental of Electric Modulus

In general, the study of complex dielectric permittivity (¢* (w)) is an essential method
to probe and analyze the electrode polarization effect and understand the energy
dissipation in terms of dielectric constant €'(w) and dielectric loss €"(w), respectively of
ionic polymer electrolyte system The definition for dielectric constant relates to the
permittivity of the polymer electrolytes, €'(®). The permittivity expresses the ability of a
polymer electrolyte material to polarize in response to an applied field. It means the
greater the polarization developed by a material in an applied field of given strength,

greater is the dielectric constant. The permittivity of a polymer electrolyte expresses its
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ability to polarize in response to an applied electric field. It means that greater the
polarization effect created by a material in a given applied field, greater is the dielectric

constant.

In the dielectric analysis, the interfacial polarization suppresses conductivity
relaxation processes. Further analysis can be conducted using modulus spectroscopy
which elucidates charge transport mechanisms such as the conductivity relaxation
phenomena and ion dynamics as a function of frequency and temperature (Aziz, Brevik,

et al., 2020).

2.4.1 Dielectric constant and Dielectric Loss

The dielectric constant €'(w) or the real part of electrical permittivity of the system
represents the charges stored near the electrode-electrolyte interface in each cycle and
dielectric loss €"() is the quantity that measure the energy losses due inability to polarize

the ions quickly to follow the frequency of the oscillating electric field swiftly.

The dielectric constant and dielectric loss of the ion conducting polymer electrolyte
system can be described by the real and imaginary part of the complex permittivity €* (o)
expressed in equation 2.5:

1
JwC,Z*

(2.5)

e =¢(w) —je" (w) =

The real (¢') and imaginary part (") of dielectric permittivity can be expressed in 2.6

and 2.7, respectively:

ZII

a’(a)) = (z"2+ z"%)wc,

(2.6)

ZI
(z%+ z2"?)wC,

" (w) = (2.7)
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Where z'and z"'are the real and imaginary part of impedance, capacitance of free space

defined as C, = g‘jTA, € 1s the permittivity of free space, d is the thickness of the solid

polymer electrolyte film and A is the area of the blocking electrode and w = 2nf, w is

the angular frequency of the oscillating electric field.
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Figure 2.2: Dielectric Constant ¢’ and Dielectric Loss €’ versus log f plot over broad
range frequency (Sangeetha et al., 2021).

The variation of dielectric constant versus temperature is different for non-polar and
polar polymers. For non-polar polymers, dielectric constant is generally independent of
temperature. But in the case of polar polymers, the dielectric constant increases with the
increase of temperature. Indeed, for polar polymers, there is a direct relationship between
dielectric permittivity and temperature. The dielectric permittivity of non-polar polymers,
on the other hand, is temperature independent. This is a property of polar dielectrics, in
which the orientation of dipoles of the polar polymers will be induced and facilitated as
temperature rises, resulting in an increase in dielectric permittivity. (Hougham et al.,
1994). A clear comparison of dielectric constant and dielectric loss is shown in Figure
2.2. It can be observed that the dielectric loss values are greater than those of dielectric

constant. This phenomenon can be explained through the fact that the orientation of
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dipoles was facilitated with the rise in temperature and thus permittivity increased as well

(Kumar et al., 2020).

2.4.2  Loss Tangent Spectra and Relaxation Time
The loss tangent defined from the above equations (2.4) and (2.5) as “the ratio of
dielectric loss factor €"(w) to the dielectric constant €'(w)” which can be derived using

equation 2.8:

tand = - =— (2.8)

The loss tangent is able to measure the ratio of the electrical energy lost to the energy
stored periodically during oscillation of electric field. From these relationships, it can be
concluded that dielectric loss €"(w) is exactly in proportion to the real part (Z" or R) of
the impedance function, which is further elucidated through the equation 2.9:

ZI

#(0) = 7T 7 Dac,

(2.9)

In this study, the lost peak of tan & was analyzed to observe the relaxation behaviour
in the polymer electrolytes. Relaxation behavior is a momentary delay as the charges and
dipoles recover from their unperturbed state upon removal of AC stimulus. This is due to
the segmental relaxation time (t) occurs in a polymer chain, which is the time required
for the dipoles to revert to their original random orientation. It does not happen instantly,

but the polarization effect decreases exponentially.

The dielectric loss tangent (tand) as a function of frequency has been displayed in
Figure 2.3 for better understanding the segmental relaxation process. The basic principles
behind the plot shape of loss tangent (tand) can be interpreted in terms of Koops

phenomenological principle (Koops, 1951). It is clearly seen that tan o increases with
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frequency and reaches a maximum value at frequency fmax, and thereafter decreases in
high frequency region. The shortest relaxation time t is recorded at the peak of the

conductivity curve in Figure 2.3.
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Figure 2.3 : Loss Tangent tand versus log fplot over broad range frequency (Koops,
1951).

In the loss tangent analysis, the details of the capacitive and resistive components of
the solid polymer electrolyte system can be explained from the shape of the tano plot. The
complex impedance relationship is Z* = R-jX. where R is the real part of the impedance
or resistor element and X. is the capacitive element (Aziz et al., 2018). The imaginary part
of the impedance (X, = 1/2rnfC), which the frequency dependent -capacitive
component's reactance reveals that at low frequencies, the reactance increases
dramatically, and the majority of the current goes through the resistor element, where the
ohmic component of the current increases more sharply than its capacitive component

reactance.
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On the other hand, at the higher frequencies, loss tangent (tand) decreases with
increase in frequency because ohmic portion of the resistance is independent of frequency
and the capacitive component of current increases as a consequence of the value of X

which decreases to lower value at high frequency region (Louati et al., 2009).

2.4.3  Electric Modulus

Many researchers have used the electric modulus to examine and interpret electrical
relaxation data in a wide range of materials. Transformation of dielectric spectra into
electric modulus is an effective method to explore the behaviour of ionic conductivity
relaxation mechanism to understand the electrode polarization effect (Swiergiel &

Jadzyn, 2011).

The electric modulus is the inverse of electric permittivity and can be described by

equation 2.10 as the real and imaginary part of the complex permittivity M* (®):

1 1
M (@) = M) =M (@) = &= G

M*(w) = jwC,Z* = wC,Z" + jwC,Z' (2.10)

The real M'(®w) and imaginary part M" (o) of electric modulus can be expressed further

using equation 2.11 and 2.12:

!

, _ &
M) = G (2.11)
c'

In comparison with the pattern of dielectric loss €”(w) and dielectric constant €'(w), the

real M'(®w) and imaginary part M"(®) of electric modulus spectra demonstrate contrast
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behaviour at low and high frequency region. Large values of dielectric spectra were
observed at low frequency region compared to electric modulus spectra indicated the
lowest values at low frequency region (Ramesh & Arof, 2001). The lowest values of
electric modulus at the low frequencies, indicating the negligibility of electrode
polarization effect, has been explored by Woo et al., and could be attributed to the
suppression of low frequency electrodes/sample double layer effects, originating from the
large capacitance established at the low frequency region (Woo et al., 2012). The peak in
the M"(w) spectra indicates the regions where the carrier ions can mobile along the long
distance (left of the peak) or where the carrier is confined (right of the peak) (Mohd Faiz

Hassan & Yusof, 2014) (Figure 2.4).
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Figure 2.4: Modulus electric real M’ and Modulus electric imaginary M"" versus log
fplot over broad range frequency (Woo et al., 2012).

However, by comparing the behaviour of the asymmetric peak of the M"(w) agrees
with the non-exponential behavior of the conductivity relaxation, which can be described
by the Kohlrausch-Williams-Watts function (Williams & Watts, 1970), ¢ (t) = ¢,; (0 <
B < 1), where T,and S are the conductivity relaxation time and Kohlrausch exponent

respectively.
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The B parameter (corresponding to all the composition) has been estimated using the
formula f=1.14/FWHM. Where the full width at half maximum (FWHM) of the modulus
peak displaying the stretched exponential function that reveals the non-Debye behaviour
of the materials which corresponds to long-time slow polarization and relaxation of

hopping charge carriers.

2.5 Transport Properties and Diffusion Model for Ionic Conductivity
The ionic transport properties mainly depend on the degree of salt dissociation and its
concentration, dielectric constant, degree of ion aggregation, and the mobility of polymer

chains.

2,51 Transport Model Analysis

By evaluating the peak value of loss tangent graph (Figure 2.3), the transport
parameters of charge carrier density, mobility, and diffusion coefficient were determined
using the Trukhan model (Munar et al., 2011). The diffusion coefficients of cations and
anions are considered to be identical in this model, hence the diffusion coefficient was
calculated using a simple expression from the peak value in the loss tangent plots . The

expression of the Trukhan model is given in equation 2.13:

_ znfmax LZ
32(tan36) ;max

(2.13)

where L is the sample thickness, fuax is the frequency at loss tangent peak value which can

be directly calculated from loss tangent graph depicted in Figure 2.3.

Another key metric in relation to conductivity, the ionic mobility (i), which may be
calculated using the well-known Nernst-Einstein relation and the Trukhan model for

diffusion coefficient given in equation 2.14:
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eD e 21 L?
U= = ( ) fm;" (2.14)
kgT kgT) |32(tan>8) max

The charge carrier density () is also another parameter that can be calculated from the

following conductivity and mobility relations and the Trukhan model given in equation

2.15:
__0Op du= eD
h= e e p= kgT
_ O-DCkBT
~ e2D

(2.15)

B (O’DCkBT) 32(tan®8) max
n= e? 27 finax L?

Based on above relationship, the carrier density, 7 is almost constant if the (tan36)qx

do not change significantly as the temperature changes.

2.5.2 Relationship between carrier charge density (n), ionic mobility (p) and
diffusion coefficient (D)

The frequency corresponding to the maximum value of (tand),q4, can be fitted into

Arrhenius equation as follows; figy = foe"Em/¥T) where fiqy is the frequency at

relaxation peak, f, is the constant and E,,, is the ion migration energy at certain absolute

temperature (Ravi et al., 2011).

The expression for the temperature dependent diffusion coefficient can be derived

based on the Arrhenius relationship given in equation 2.16:

27Tfmax LZ

32(tan36)max fmax fOe
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(~Em/KT)
32(tan36)maxl foe

2nf, L?
D = D,e“Em/KD): ywhere D, = 2a Z‘; 5 (2.16)
max

The temperature dependent ionic mobility can be derived further as given in equation

2.17:

eD
=" & D=D eEm/kD
‘Ll kBT Oe

eDO e (—Em/KT)
b= T

u = p,(T)eEm/KD): where u, (T) = % (2.17)
B

From the above expressions for the temperature dependent diffusion coefficient and
ionic mobility, it is found that both transport parameters exhibit the direct relationship

between each other.
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CHAPTER 3: METHODOLOGY

This chapter consists of three main sections. In the first section, chemicals used for the
preparation of the sodium iodide based solid polymer electrolytes are described. The
second part is about the detailed explanation of sample preparations of two types of solid
polymer electrolyte which comprises of System A: Poly (acrylamide-co-acrylic acid)
(PAAC) incorporated with sodium iodide (Nal) and System B: Poly (acrylamide-co-
acrylic acid) (PAAC) incorporated with sodium iodide (Nal) optimized with 1-Butly-3-
Methylimidazolium Iodide (BMI). The last part of the experimental work describes the
characterization techniques to identify the structural and morphology of the above stated
polymer electrolyte samples and also to analyze the electrochemical impedance properties

of both system A and system B.

3.1 Materials and Sample Preparation

Generally, the solid polymer thin film membranes were prepared using a single solvent
by the solution casting technique (Figure 3.1). The details of the compositions of the
system A are PAAC (Aldrich, average molecular weight ~5 x 10° powder) doped with
Nal (Sigma-Aldrich, 99.99%) and a fixed amount of propylene carbonate (PC) was added
to the mixture of the solution as per listed in Table 3.1. The fixed amount of PC was added
to provide more flexibility to the polymer film by increasing the plasticity of the thin film
membrane, where the PC has a low molecular weight and a high dielectric constant, which

improves mechanical strength, thermal stability, and ionic conductivity overall.
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Table 3.1: The Compositions of the System A: PAAC-Nal polymer electrolyte

System A PAAC (g) Nal (g) PC (g) Total (g)
N10 0.80 0.10 0.10 1.00
N20 0.70 0.20 0.10 1.00
N30 0.60 0.30 0.10 1.00
N35 0.55 0.35 0.10 1.00
N40 0.50 0.40 0.10 1.00

In System B, the polymer thin film membrane samples were prepared by using the

same solution casting technique. The solution of N30 compositions of the PAAC doped

with sodium iodide (Nal) and fixed amount of propylene carbonate (PC) optimized by

adding ionic liquid of 1-Butly-3-Methylimidazolium Iodide (BMI) as per listed in Table

3.2.

Table 3.2: The Compositions of the System B: PAAC - Nal - BMI polymer electrolyte

System B BMI (g) PAAC (g) Nal (g) PC (g) Total (g)
BMI 10 0.100 0.540 0.270 0.090 1.000
BMI 15 0.150 0.510 0.255 0.085 1.000
BMI 20 0.200 0.480 0.240 0.080 1.000
BMI 25 0.250 0.450 0.225 0.075 1.000

For both System A & System B, the mixture of each sample was stirred continuously

with a magnetic stirrer for 24 hours at room temperature to obtain the homogenous

solution. The solutions were then casted in glass Petri dishes, and the samples were dried

at 60 °C in oven. After 24 hours, mechanically strong, transparent, and free-standing films
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were obtained (Figure 3.2) and peeled off for the physico-chemical characterization and

transport property studies (Figure 3.3).

Figure 3.1: (a), (b) and (c) System A [PAAC-Nal] solutions stir uniformly with
magnetic stirrer and the casted solution after stir 24 hours respectively.

Figure 3.2: Free standing solid film after dried in oven at 60 °C for System B.
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Figure 3.3: The clear and transparent solid electrolyte film peel off from petri dish.

3.2 Characterization
3.2.1 X-Ray Diffraction Analysis

X-ray diffraction presents the dual (particles/ waves) nature of X- rays which is used
to attain information regarding crystallinity of the material. This technique is mainly used
to identify and characterize the materials based on the diffraction pattern. However, it
does not provide information about chemical composition of the testing material. The
samples' crystallinity in this work was determined via X-Ray diffraction (XRD; D5000,
Siemens) where samples were exposed to an accelerating voltage of 40 kV and current of

30 mA using Cu Ko radiation (1.5406 A) at a scan rate of 1° min™'. The diffraction angle

was varied from 5-55° at 20 at a temperature of 25 °C.

33 Electrochemical Impedance Spectroscopy (EIS) Analysis

The electrochemical impedance spectroscopy (EIS) was used to probe the overall
conductivity and to investigate the ion transport mechanism, complex impedance
spectroscopy and temperature dependent DC conductivity measurements. EIS study was

performed on stainless steel two blocking electrodes configuration. The prepared samples
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were cut in to 2 cm diameter size and placed between two stainless steel blocking

electrodes of the sample holder as shown in Figure 3.4.

Figure 3.4: (a) The two-electrode parallel blocking stainless steel electrodes plate
configuration system & (b) The prepared samples sandwiched between the sample
holders.

The 1onic conductivity was measured using HIOKI 3532-02 LCR Hi-Tester which was
interfaced to the computer and the complex impedance spectroscopy Z,,, versus Z,,, of
the polymer thin film membrane measured over the frequency range from 50 Hz to
5,000,000 Hz. The experiment was performed at room temperature and repeated for the
interval of 10 °C up to 100 °C to analyze the temperature dependent electrochemical

impedance properties.
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CHAPTER 4: RESULTS AND DISCUSSION

This chapter has been divided into five main sections. The results and discussion based
on system A: PAAC-Nal and optimized system B: PAAC-Nal-BMI has been described.
In the first section, DC ionic conductivity was observed based on impedance data yields
from electrochemical impedance spectroscopy of the system A and the second section
reveals the optimized DC conductivity of the system B. In the third and fourth sections,
the broadband dielectric characterizations including electric modulus of both System A
and System B respectively are discussed. In the fifth and final part of this chapter, brief
transport parameters of diffusion coefficient and ionic mobility results of system A and
system B are compared to evaluate the factors playing key role to optimize the transport

properties of the solid polymer electrolytes.

4.1 Characterization
4.1.1  Structural Characterization (X-Ray Diffraction Analysis)

XRD analysis was conducted to investigate the structural and phase studies of all
the fabricated solid polymer electrolyte thin films containing different contents of sodium
1odide. The XRD patterns of pure sodium iodide is demonstrated in Figure 4.1 (a) and the
patterns of solid polymer electrolyte thin films are shown in Figure 4.1 (b). Sodium iodide
reveals the sharp crystalline peaks at 17.5°, 19°, 22°,23°,27°,29°,33°, 36°, and 47° owing
to the crystalline nature. The JCPDS numbers have been identified and included in the
figure (Tan et al., 2020). However, solid polymer electrolyte thin films exhibited one
broad peak around 20°-23° which is evidence for the amorphous nature of the solid
polymer electrolyte thin films even in the presence of purely crystalline sodium iodide
salt having numerous sharp peaks at 20. All the sodium iodide peaks disappeared in the
solid polymer electrolytes because of the complete dissociation of salt. The amorphous

hump shows a minimal shifting in position with the addition of salt, which indicates that
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the polymer has become more flexible (amorphous) with the availability of more vacant
sites for the ease of ion transport through the polymer backbone. This ion hopping
enhances the overall ionic conductivity. These amorphous humps could be assigned to a
long-range chain order due to the strong polar intra- and intermolecular interactions. With
the incorporation of sodium iodide up to 30 wt.% (N30), the diffraction peaks broaden
which indicates a decrease in crystallinity of solid polymer electrolyte. This increase in
the amorphous nature is due to the breakage of cohesive forces between the polymer
chains from the salt. As a result, there is more available free volume to enhance the
segmental motion and higher charge carrier mobility (Jingwei Wang et al., 2020).
However, a further increase in the salt content again causes an increase in the crystallinity
(N35). Thus, it is concluded that the ionic conductivity increases with a decrease in
crystalline nature due to reduction in energy barrier. The ionic conductivity of the
polymer electrolytes has an inverse relation with the crystallinity of the samples (Ahmad

etal., 2011).
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Figure 4.1: X-Ray diffractogram of (a) sodium iodide and (b) solid polymer
electrolyte thin films.
4.2 Ionic Conductivity and Activation Energy

In this section, the ionic conductivity and the activation energy were used to compare
the performance and electrical properties of both system A and system B by means of
impedance plots at different temperatures. The ionic conductivity (o) of the polymer
electrolytes were calculated by using the equation 2.3. The highest ionic conductivity at
ambient temperature was found to be 1.88 x 10 Scm™! for the 30 % Nal-doped polymer
electrolyte for system A with the lowest activation energy of 0.48 eV as shown in Figure
4.2. On the other hand, the conductivity increased up to maximum value of 4.73 x 10

Scm™! and lowest activation energy of 0.26 eV for the optimized system B containing
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15% ionic liquid BMI. The ionic conductivity and activation energy of System B are

expressed in Figure 4.3.

The enhancement in ionic conductivity of the developed polymer electrolytes can be
explained by physical interactions between polymeric chain and salt, especially the
transition from a semi crystalline phase to an amorphous phase of the polymer complexes
due to the dispersion of Nal. The increase of Nal salt increases the segmental mobility of
polymeric chain until a maximum salt concentration and the ionic mobility decreases
further due to higher salt concentration, where the ion pairs aggregate to form ionic
clusters. These ionic clusters are less mobile and can promote the formation of

crosslinking and stiffening of the polymeric matrix.
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Figure 4.2: Log (conductivity) and activation energy plots of different [PAAC-Nal]
electrolyte system.

The ionic conductivities of the PAAC-Nal polymer electrolyte systems with different
concentrations of salt at room temperature are given in Figure 4.2. It has been observed
that the ionic conductivity increases with the increase in concentration of salt up to 30%
followed by significant decrease in ionic conductivity at higher concentrations. The
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increase in conductivity with increasing salt concentration was due to increase in the
number of mobile charge carriers and increase in the amorphous nature of the polymer
electrolyte. On the other hand, the decrease in conductivity was observed for composition
of'35% of salt. This was due to the aggregation of ions, leading to a decrease in the number
of mobile charge carriers per unit volume leading to decrease in the mobility of ions
(Nithya et al., 2014). Additionally, decrease of free volume in polymer matrix due to
accumulation of the Nal salt can make conformational changes of the polymer chains
leading to the hindrance of insertion/de-insertion of ions on polymer electrolyte surface
(Jingping Wang et al., 2014). Therefore, the decrease in the ionic conductivity can be

correlated with decrease of free volume as the salt concentration exceeded from 30%.

The energy needed by ion clouds to overcome the barrier to move freely is activation
energy. The lower the activation energy, the higher the conductivity, as more electrons
and ions are excited, and the current increases because of the higher electron mobility.
From the Figure 4.2, the activation energy decreases with increase in salt concentration
until 30%. This indicates the increase in amorphous nature of the polymer electrolyte
membrane with addition of salt that eases the ionic transport mobility in the polymer
network, where the polymeric chain in the amorphous nature becomes more flexible due

to which the segmental motion of the host polymer increases (Zhang et al., 2007).

Similarly, the ionic conductivity increased upon adding ionic liquid BMI. This
increase was observed until 15 wt.% ionic liquid and then started decreasing. It is owing
to the aggregation of ionic liquid which hindered the ions mobility. The results are shown

in Figure 4.3.
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Figure 4.3: Log (conductivity) and activation energy plots of different [PAAC-Nal-
BMI] electrolyte system.
42.1 Temperature Dependence Arrhenius behavior of Ionic Conductivity

The characteristic advantage of choosing solid polymer electrolytes in a specific
electrochemical system application is practically based on the DC conductivity value. The
relationship between DC conductivity and temperature in accordance with the well-
known Arrhenius model is explained in this section and results are demonstrated in Figure

4.4.
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Figure 4.4: Temperature dependent ionic conductivity of different [PAAC-Nal]
electrolyte system A.

The characteristic of Figure 4.4 represents the temperature dependent ionic
conductivity of PAAC:Nal polymer electrolyte systems with different concentrations of
the Nal salt. It has been observed that when the temperature was increased, the bulk
resistance Ry was decreased which led to increase in ionic conductivity due to the ionic
transport mechanism of solid polymer electrolytes. In fact, when the temperature was
increased, the ionic mobility of the polymer chain was enhanced and the fraction of free
volume in a solid polymer electrolyte was also increased accordingly, which led to an

increase in ionic conductivity of polymer electrolyte (Zhu et al., 2001).
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Figure 4.5: Temperature dependent ionic conductivity of different [PAAC-Nal-
BMI] electrolyte system B.

It has been observed that the conductivity increases linearly with increase of
temperature for all compositions of ionic liquid containing polymer electrolytes. Where
the DC conductivity values follow the Arrhenius type thermally activated process (Fattah

et al., 2016). The activation energy for all the prepared polymer electrolytes was

calculated by linear fit of the Arrhenius plot using equation: g4.(T) = erxp(;—E;) ;
B

where o,is the pre-exponential factor, E,is the activation energy, and kg is the

Boltzmann constant.

The Arrhenius relationship as indicated by Figure 4.4 and Figure 4.5, shows that DC
conductivity of cation motion is not solely due to the segmental motion of the polymer
host. As a result, temperature and ionic conductivity data closely follow the Arrhenius
relationship, and the cation transport mechanism can be correlated to ionic hopping

mechanism to the nearest vacant site, allowing DC ionic conductivity increases as the

temperature increases.
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The ion hopping process mainly governs the mobility of ions in this system. Some of
the electrons in the electrolyte gain energy and become free electrons when the
temperature rises, promoting conduction. When the temperature of electrolytic solutions
is raised, the viscosity of the solution decreases and the mobility of the ions in the solution

increases.

4.3 The Broadband Dielectric Spectroscopy Analysis

The definition for dielectric constant relates to the permittivity of the polymer
electrolytes, €'(w). The permittivity expresses the ability of a material to polarize in
response to an applied field. The dielectric constant or the real part of electrical
permittivity of the system represents the charges stored in each cycle. It's actually the
ratio of the dielectric permittivity to the permittivity of a vacuum. It means that the more
the polarized ionic cloud induced by the applied electric field, the higher the dielectric
constant. Study of complex dielectric permittivity (¢*) is an important tool for
understanding the electrode polarization effect and energy dissipation in terms of
dielectric constant €' and dielectric loss €”, respectively of ion conducting polymer

electrolyte materials.

The broadband dielectric spectroscopy analysis of the System A composed of PAAC:
Nal electrolytes were analyzed in view of the dielectric permittivity and dielectric
modulus of the electrolytes. In principle, during the EIS experiment, an AC electric signal
is applied to the polymer thin film and the corresponding impedance response of polymer
electrolyte thin film is plotted in its rectangular form (with real and imaginary
impedance). Basically, the dielectric studies revealed that the transport mechanism of Nal
salt ions through the PAAC polymer chain electrolytes was mainly due to ion hopping

mechanism coupled with the segmental motion of the polymer chain (Chong et al., 2017).
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It is clear from the Figure 4.6 (a) and Figure 4.7(a), for both System A and System B,

the values of dielectric constant &' are very high at low frequency region that means &'

increased rapidly by polarization effect due to the accumulation of charge carriers near

the blocking electrodes (Campbell et al., 2001; Kim, 2001; Mishra & Rao, 1998). This

will lead to increase in the storage of the dipole electric charges per unit volume at low

frequency region. As the frequency of applied alternating electric field was increased, the

dielectric constant ¢’ decreased and became constant at higher frequency region. At this
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higher frequency region, the periodic reversal of electric field occurs at fastest rate until

there is no excess ion diffusion in the direction of the field (Macdonald JR, 1992).

With increased frequency, there was almost no time for charge accumulation at the
interface, but only for build-up charges at the boundaries of conducting species in the
material and at the ends of conducting channels. The variation of the dielectric loss &”
with log f exhibited in Figure 4.6 (b) and Figure 4.7 (b) clearly indicates the energy losses
as the polarity of AC electric field reverses which causes the ion translational diffusion
and dipole orientation undergoes deceleration and acceleration in the reverse directions.
This reverse polarization creates heating effect through internal friction and causes the

dielectric loss dissipated as the heat energy (Macdonald JR, 1992).

The dielectric losses increased with the addition of salt content, as the increased
density of charge carriers underwent internal friction and generated huge amount of heat
energy dissipation until 30% of the Nal salt concentration (Figure 4.6 (b)). Dielectric loss
was then reduced for the salt concentration more than 30% due to re-association of the

ion clusters.

43.1 Temperature Dependent Dielectric Spectra

Both of the dielectric constant and dielectric loss increase non-linearly with rising
temperature, especially at low frequency region, according to a temperature-dependent
dielectric study. Based on the analysis made from Figures 4.8 and 4.9, the overall
dielectric €’ and dielectric loss " always exhibit high values as the temperature increased.
The high values of €' and €"” may be correlated to the interfacial structure at the bulk and
the electrode region of the sample. From these figures, it is seen that both dielectric
constant and dielectric loss decrease with increasing frequency but increase with

increasing temperature (Singh et al., 2020). At all temperatures, high values of €’ and "
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were observed at low frequencies, but at higher temperatures and frequencies, €’ and &’

became relatively constant (Kumar et al., 2020).

800k d ¢ (a s T=303K (b) s T=303K
5 o T=313K| 400k o T=313K
) 700k - ) a2 T=323K 4 T=323K
- 600kd > v T=333K | | v T=333K
= P + T=343K | * 300k + T=343K
Esom(-.t <« T=353K| @ 4 T=353K
S 400k ’,‘ » T=363K | S » T=363K
© \A o T=373K | .2 200k - e T=373K
S 300k 4 ©
()
% A g
2 200k o 100k
100k ve
‘M
04 H el 04
2 3 4 5 6 7 5 : 4 5 6 7
log f (Hz) log f (Hz)

Figure 4.8: The temperature dependent (a) &’ versus log f and (b) &” versus log f
respectively for optimized N30 electrolyte system A.
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Figure 4.9: The temperature dependent (a) &’ versus log f and (b) &” versus log f
respectively for optimized BMI15 electrolyte system B.

By comparing Figure 4.8 (a) and Figure 4.9 (a), the frequency dependent dielectric
constant and dielectric loss were recorded for the highest values for the optimized System
B (BMI15) at high frequency region. It indicates, there is strong correlation between the
ionic conductivity and dielectric constant. According to most of research findings, the

charge carrier density, n is primarily determined by the dissociation energy (U) and
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dielectric constant (¢') of the polymer electrolyte, as represented in equation 4.1

(Awadhia & Agrawal, 2007):

U
n =n, exp (— . T) (4.1)
B

The relationship highlights the strong correlation between dielectric constant (¢') and
the density of charge carriers. Indeed, there is an increase of dielectric constant directly
related to the increase of charge concentrations in the electrolyte as mentioned in equation
(4.1). Therefore ionic conductivity (c) depends upon both the number of charge carriers
(n) and the mobility of the ionic species in the system as highlighted by equation (2.1).
The increase in the value of dielectric constant with optimized salt concentration at N30
and optimized ionic liquid concentration at BMI 15 indicates that there is an increase in
charge carrier concentration and hence an increase in DC conductivity as well (Dhatarwal

& Sengwa, 2020).

4.3.2 Tangent Loss Spectra Analysis at room temperature

The variation of the loss tangent as a function A.C. frequency for the System A: PAAC
incorporated with different concentrations of the Nal salt and the optimized System B:
with various ratios of BMI are presented in Figure 4.10 (a) and Figure 4.10 (b),
respectively. The loss tangent also consists of well-defined peak characteristics
frequency, fm. For System A and System B, it is clearly seen that tan 6 increased with
frequency and reached a maximum value at frequency fn, and thereafter decreased in high
frequency region. At low frequency region, tan 6 increased with increase in frequency as
the ohmic resistance was more dominant than reactance component for capacitance of the
dipole charges. At the higher frequency region (MHz), tan 6 decreased with increase in
frequency because ohmic portion is independent of frequency and the reactance

component decrease with frequency (Chopra et al., 2003). In this study, the lost peak of
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tan 0 was analyzed to observe the relaxation behaviour in the polymer electrolytes.
Relaxation behaviour is a momentary delay as the charges and dipoles recover from their
unperturbed state upon removal of AC stimulus. The shortest relaxation time 7 is recorded
for system A and system B at the peak of the conductivity curve which is expressed in

Figure 4.10 (a) and Figure 4.10 (b), respectively.
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Figure 4.10: Variation of loss tangent versus log f plot for (a) System A and (b)
System B respectively at room temperature.

As more concentration of the salt was incorporated, the amorphous region expanded
and PAAC molecular structure became loose and weak. Polymeric chain became more
flexible to orient, resulting a reduction in relaxation time. For PAAC: Nal, polymer
electrolyte systems, the loss peak tan o shifted towards higher frequency region with
increasing salt content until 30 wt.%, thus, reducing the relaxation time. It is often
behaving as the resonance effect of an oscillator. In general, a resonance dipolar
relaxation is expected to occur when the frequency of the applied electric field is
comparable to the characteristic or natural frequency of the dipoles (Tiller, 1992). By
taking Debye equation in an ideal case, and assuming the static dielectric constant and

high frequency dielectric constant are almost the same (Chopra et al., 2003), the
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segmental relaxation time t can be calculated from the frequency, f» corresponding to the

peak according to equation 4.2;

ot = 2nft =1; 2'=L 4.2)
2rf

Table 4.1 indicates that the lowest relaxation time of 3.73 x 107 s was observed for
the sample A with salt concentration of N30 which led to the maximum DC ionic
conductivity at room temperature. The low relaxation time indicates the faster ion
migration from one coordinating site to another and hence high ionic conductivity. On
the other hand, the results for the relaxation time for N10 sample was unable to be derived
from the experiment because the peak of tan 6 was beyond frequency range of measuring

instrument.

Table 4.1: The peak frequency, f,» and the relaxation time, 7 for system A

Sample A Peak Frequency, f» (Hz) Relaxation time, 7(s)
N10 ) | _
N20 4.074 x 10? 3.91 x 10
N30 4.266 x 10* 3.73 x 10°°
N35 1.096 x 10* 1.45 x 107

In comparison to analyses, the effect of adding ionic liquid BMI into the optimized
system A, Table 4.2 indicates that the lowest relaxation time of 2.10 x 10”7 s was observed
for the system B with the optimized ionic liquid BMI 15 wt. % which is consistent with

highest DC ionic conductivity at room temperature.
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Table 4.2: The peak frequency, f,» and the relaxation time, 7 for system B

Sample B Peak Frequency, f» (Hy) Relaxation time, (s)
BMI 10 6.761 x 10° 2.35x 107
BMI 15 7.586 x 10° 2.10 x 107
BMI 20 2.884 x 10* 5.52 % 10°

4.3.3

Temperature Dependent Tangent Loss Spectra Analysis

The plots of Loss Tangent of system A and system B with change in frequency are

shown in Figures 4.11 at some selected temperatures 313 K, 323 K, 333 K, 343 K, 353K,

363and 373 K respectively.
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Figure 4.11: Variation of loss tangent versus log f plot for (a) System A and (b)

System B respectively at 313 K.
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Figure 4.13: Variation of loss tangent versus log f plot for (a) System A and (b)
System B respectively at 333K.

Figure 4.11 (a), Figure 4.12 (a), and Figure 4.13 (a) are comparing the Loss Tangent
graphs for temperature ranges from 313 K until 333K, which clearly show the shortest
segmental relaxation time observed for N30 sample of system A and similarly Figure 4.11
(b), Figure 4.12 (b) and Figure 4.13 (b) are indicating the shortest relaxation time

observed for the optimized ionic liquid BMI 15 wt. % containing sample of system B.
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Figure 4.15: Variation of loss tangent versus log f plot for (a) System A and (b)
System B respectively at 353K.
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Figure 4.16: Variation of loss tangent versus log f plot for (a) System A and (b)
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Figure 4.17: Variation of loss tangent versus log f plot for (a) System A and (a)
System B respectively at 373K.

Figure 4.14 (a), Figure 4.15 (a), Figure 4.16 (a), and Figure 4.17 (a) comparing the
Loss Tangent graphs for temperature ranges from 343K until 373K. It’s clearly highlights
how the segmental relaxation time varied as the temperature increases. It is also indicating
that the segmental of motion of the PAAC has been significantly changed at high

temperatures.

43.4 Modulus Electric Analysis at room temperature

Generally, both plots of M’ and M"” show an increase at the higher frequency range. It
has been observed that there are well-defined dispersion peaks in M"” plots which shows
features of an ionic conduction (Hadi et al., 2020). Both M' and M" decreased at low
frequencies due to the negligible contribution of electrode polarization (Ramesh & Arof,
2001). In Figure 4.18 (a), the trend shows that M" approaches to zero at low frequency
region and this long tail is attributed to the large capacitance associated with the electrode
polarization. A similar result has been reported by Woo et al. (Woo et al., 2012). In the

high frequency region, M’ shows a sigmoidal shape for N10. As the salt content increased,

the overall spectra were shifted to the right beyond the frequency window of this
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experiment, thus showing the dispersion part, which demonstrate the reverse conductivity

trend.
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Figure 4.18: Variation of (a) M’ versus log fand (b) Variation of M" versus log f for
different [PAAC-Nal] electrolyte system A at room temperature.

Figure 4.19: Variation of (a) M’ versus log fand (b) Variation of M" versus log f for
different [PAAC-Nal-BMI] electrolyte system B at room temperature.

In Figure 4.18 (b), M" plot presents a single, broad, and asymmetric peak in the high

frequency region for N10 and N20 salt concentration. The single well-defined resonance

peak is an indication of long-range conductivity relaxation in good ionic conductors. As

more salt was added, the peak was shifted to the higher frequency region prior to the
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shorter conduction relaxation time. Overall, the reduced value of conduction relaxation
time accompanied with the tremendous increase in the M” at the higher frequency region
in Figure 4.18 (b) and Figure 4.19 (b) for system A and system B which can be related to
the hopping of ions from one site to other site over a long distance with the natural jump
frequency (Druger et al., 1985). When the frequency of the external field was matched
with the natural frequency of the polymer electrolyte systems, maximum energy was
transferred resulting due to the resonance effect. However, the asymmetric peak of the
M" in Figure 4.18 (b) clearly indicates the non-exponential behavior of the conductivity
relaxation, which can be described by the Kohlrausch-Williams-Wattslfunction

(Williams & Watts, 1970).

43.5 Temperature Dependent Modulus Electric Analysis

It is also observed that with increasing the temperature, the value of real Modulus
Electric M" and imaginary modulus Electric M" decreases at high frequency region due
to increase in mobility of charge carriers with temperature (Kumar et al., 2020) . The
value of M" and M" in Figure 4.20 (a) and (b) shows the conduction relaxation peak shifts
towards higher frequency with increasing temperature because of faster ionic motion,
leading to decrease in the conductivity relaxation time. This also suggest that at higher
frequency region of the M" graphs in Figure 4.20 (b) & Figure 4.21 (b) for both system
A and system B, the dispersion peaks shifted towards higher frequencies as the
temperature increases (Aziz, Hamsan, et al., 2020). Where the dispersion effect as a result
of bulk relaxation effect is expected to appear at frequency > 1 MHz. Once the dispersion
effect was confirmed, the ionic conduction and polymer segmental relaxation were

coupled together and resulted a single conduction relaxation peak in the M" spectra.
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respectively for optimized N30 electrolyte system A.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

The polymer electrolyte thin films based on Poly (acrylamide-co-acrylic acid) (PAAC)
has been prepared successfully with solution casting method by adding sodium iodide salt
with various weight percentage (System A) and other thin films has been prepared by
optimizing system with adding ionic liquid of 1-Butly-3-Methylimidazolium lodide
(BMI) (System B). In both systems, the highest ionic conductivity evaluated 1.88 x 107
Scm™! at room temperature for the 30% Nal salt-doped polymer electrolyte for system A
with the lowest activation energy of 0.48 eV were attained and the conductivity optimized
up to maximum value of 4.73 x 10* Scm™ at room temperature for the system B

containing 15% ionic liquid BMI with lowest activation energy of 0.26 eV were observed.

For both system A and system B, the temperature dependent DC conductivity obeys
Arrhenius relationship which indicates the DC conductivity increases gradually as the
temperature increases due to the cation transport mechanism. As the temperature
increased, the vibrational energy of a polymer chain caused the amorphous phase
expansion and induced the segmental motion, which exhibited the shortest relaxation time

for the optimized samples N30 and BMI up to 333K.

In conclusion, the transport properties of host polymer Poly (acrylamide-co-acrylic acid)
(PAAC) added with salt and ionic liquids has shown increasing trend of DC conductivity
and exhibited high dielectric constant with long range conductivity relaxation of modulus

electric as the temperature increased.

5.2 Future Work
The transport properties and segmental dynamics of the host polymer especially at
high temperatures of Poly (acrylamide-co-acrylic acid) (PAAC) can be further

investigated. The results of Loss Tangent analysis indicated for the optimized samples
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with salt (System A) and ionic liquid (System B) show the segmental relaxation time
showing increasing trend above 333K temperature. Future work can be established to
study and understand the molecular dynamics of segmental motion correlated with

cationic motion to optimize the transport properties at the high temperature region.
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